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EFFECTIVE INTERACTION AND THE REACTIONS "Li(p, p’)"Li(478 keV)
AND "Li(p, n)"Be(431 keV)}

P. J. Locard,* S. M. Austin, and W. Benenson
Department of Physics, Michigan State University, East Lansing, Michigan
(Received 28 August 1967)

The total cross sections for the reactions TLi(p, p’)'Li(478 keV) and TLi(p,n)'Be(431
keV) have been measured for proton energies between 23 and 52 MeV and compared
with the predictions of a microscopic model of the reaction. The spin-flip, isospin-flip
part of the effective interaction is found to be essentially independent of energy, where-
as the pure central part appears to decrease with increasing energy.

In the distorted-wave theory of inelastic scat-
tering the transition amplitude has the form®?

- (=) -~ (B> -
T,=J X EE AV 1w )x P Rr.

The x; and Xy are distorted waves describing
the elastic process and are generated from
optical-model parameters which fit the elas-
tic scattering from the target nucleus. This
expression neglects particle exchange.

If one wishes to obtain detailed spectroscop-
ic information, one must use a microscopic
model in which ¥r and ¥; are shell model states
and Vg is the effective interaction causing
the transition from ¥; to ¥r. Except at ener-
gies well above 100 MeV, where one can with
good accuracy set Vegf €qual to the free nucle-
on-nucleon interaction,® there is no simple
way to determine Vetf from external informa-
tion.®* For this reason it is difficult to iso-
late properties of the nuclear wave function
from uncertainties in Vggs. Several authors?*®
have suggested that in this situation one should
attempt to determine Ve from a comparison
of experiments with theory in cases where the
wave functions are known. The present Let-
ter describes a measurement of V¢ and an
attempt to make the first determination of its
energy dependence. '

The reactions

"Li+p ~"Li(478 keV) +p,
"Li +p ~"Be(431 keV) +n,

leading to the mirror first excited states of
"Li and "Be, are well suited for investigations
of Veg- These states have J" =1~; so the an-
gular distributions of the de-excitation gam-

ma rays are isotropic in the rest frame of the
recoiling nucleus. In addition, these states
are the highest energy particle-stable states;
so they are not fed with appreciable probabil-
ity by gamma-ray transitions from above.

For these reasons a measurement of the inten-
sity of the de-excitation gamma ray at a sin-
gle angle is a measure of the total cross sec-
tion for the reactions.® This method enables
one to measure the total cross section of a
(p,n) reaction in a case for which standard
techniques would not have sufficiently high res-
olution. :

Protons from the Michigan State University
sector-focused cyclotron bombarded a 59 mg/ -
cm® thick, self-supporting target rolled from
natural lithium metal. The gamma radiation
was detected in a 3-cm® Ge(Li) detector which
was placed at the largest possible angle (166°)
from the beam to reduce the Doppler broaden-
ing of the peaks and the neutron background.

At each energy, spectra were recorded both

with the target in the beam and with the target
removed to permit the subtraction of backgrounds
which did not originate in the target. Figure

1 shows spectra taken at 25 and 52 MeV.

The cross sections obtained after correction
for the relative detection efficiency of the 431-
and 478-keV gamma rays and normalization
to a total "Li(p, p')’Li(478 keV) cross section
measured at 24.4 MeV” are shown in Fig. 2.

In order to relate these results to an effec-
tive interaction, Vegf is assumed to have the
formx,z,s .

-

Veff:zi'i’

where {; is the scattering amplitude from the
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FIG. 1. Gamma-ray spectra taken at 25 (bottom) and
52 (middle and top) MeV, The peaks at 431 and 478
keV arise from the reactions "Li(p,p’), "Li(478 keV),
and "Li(p,n)"Be(431 keV), respectively, while the 511«
keV peak arises from g+ annihilation. Other peaks ap-
pear also in the background not associated with the tar-
get and can be traced to proton-induced reactions in
the beam pipe and Faraday cup. The detector resolu-
tion was about 5 keV, but the 431~ and 478-keV peaks
are Doppler broadened.

ith target nucleon and

ti=Voo+V10=o-ap

*Vor's Tp* V11 G 5p); Tp):

The operators &p and &; are the Pauli spin
operators for the projectile and struck parti-
cle, respectively, and the 7’s are the analo-
gous operators for the isospin. In this param-
etrization of V¢s the subscripts on the Vgp
are the transferred spin S and isospin 7. Mec- .
Manus et al.**® have obtained the Vg7 from
a fit to the Hamada-Johnson nucleon-nucleon
potential. In this case the interactions are
local and complex, and have a Yukawan radi-
al dependence. Each Vg7 has a different strength .
and range, both of which are energy dependent.’
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FIG. 2. Total cross sections for the reactions 7Li(p,
p’)'Li(478 keV) and "Li(p,n)"Be(431 keV). The top
graph shows the ratios of these cross sections with
their statistical errors and the lower.graph shows the
cross sections normalized to Ref. 7 plotted with their
total errors (exclusive of normalization errors). The
dashed and solid curves are theoretical predictions
discussed in the text. S ‘

Other authors? have fitted inelastic scattering -
data by varying the strength of a real, Yuka-
wan potential with a range of 1.0 F.

The selection rules allow eight amplitudes

. [labeled by (L, S, J, T): the transferred orbi-

tal, spin, and total angular momentum, and
the transferred isospin] to contribute to the

- (p,p’) cross section while four contribute to.

the (p,n) reaction. As a first step we calcu-
lated all of these terms in the zero-range plane-
wave impulse approximation using the ¢; of
McManus et al.>»* Harmonic-oscillator wave-
functions with a length parameter b=1.72 F°
were used in the L-S coupling limit. The re-
sults are shown as solid curves in Fig. 2. Since
plane-wave calculations are not expected to -
predict the magnitudes of the cross sections
correctly, the curves have been normalized

to the (p,p’) cross section at 44.7 MeV. These

HZ523 2-4



VoLUME 19, NUMBER 19

PHYSICAL REVIEW LETTERS

6 NOvEMBER 1967

curves indicate that both the ratio of the cross
sections and the energy dependence are given
approximately by the interactions of McMan-
us,

These calculations fit the data somewhat bet-
ter than one might expect considering the crude-
ness of the model. To determine whether this
is fortuitous we have made some preliminary
distorted-wave calculations using the same
wave functions and the finite-range McManus
interaction. These calculations give cross sec-
tions that are roughly correct in magnitude.
They agree with the plane-wave calculation
in the identification of which terms are the most
important contributors to the cross sections
and in the energy dependence of the cross sec-
tions. However, the ratio of the (p,n) to the
(b, ') cross sections is about 0.6, roughly
twice the experimental value. This effect can
be traced to the fact that the (LSJT) = (2020)
amplitude is smaller relative to other ampli-
tudes in the distorted-wave calculations. Since
this amplitude is more important in the (p,?")
reaction, it appears that the inclusion of a quad-'
rupole enhancement which might arise from -
core polarization effects!® would decrease the
discrepancy. ‘

Both the plane- and distorted-wave calcula-
tions show that a single Vg dominates the cross
sections. In the (p,p’) reaction V,, contributes
70 % of the cross section while V11 accounts
for 20 % of the cross section in the (p,n) reac-
tion. Although the percentages presumably
depend upon the choice of wave function, we
may regard the two processes as rough mea-
sures of V;, and V,,, respectively. Under the
assumption that V,, and V,, are real, indepen-
dent of energy, and have a Yukawan shape with
a range of 1.0 F, distorted-wave calculations
give the dashed curves shown in Fig. 2. The

strengths of the potentials required to fit the to- -
- tal cross sections at 44.7 MeV are V,,=90 MeV~~ .

and V,, =15 MeV. A comparison of the results
of the calculation with the data shows ‘that V,,
should be taken to be energy dependent. At

25 MeV a strength of 113 MeV would fit the
data. The shape of the angular distribution
calculated with V=113 MeV at 25 MeV is in
fair agreement with the data of Crawley and
Austin’ at 24.4 MeV. There is no evidence for
an energy dependence of V,,.

Other analyses®' of inelasiic scattering da-

“ta have given values of V,, between 100 and
200 MeV depending upon whether or not core

HZ523 ;-4

polarization was taken into account. A value

of Vy, of 7 MeV (assumed range of 1.4 F) has
been derived from measurements of the “C(p, n)
cross sections near 14 MeV." An analysis

of inelastic scattering from *®Pb gives a val-
ue of 10 MeV. %0 '

We are continuing the distorted wave analy- _
sis with an emphasis on the use of form factors -
which account for the core polarization of TLie -

The authors wish to thank Professor H. Mc-
Manus and Mr. F. Petrovitch for many illum-
inating conversations and for assistance with
the calculations, and Dr. T. Tamura and Dr.

R. Haybron for making available their distort-
ed-wave code. We also wish to thank M. J.
Kolata for putting this code into operation at
Michigan State University. Useful discussions .
were held with Professor G. M. Crawley. We

are grateful to Mr. S. H. Fox, Mr. R. A. Pad-
dock, and Mr. I. Proctor for assistance in tak-
ing the data. »

Note added in proof.~The value of V,, given
in this paper is in good agreement with an anal-
ysis of measurements of the total cross sec~
tion for the reaction ®Li(p, p’)°Li to the T=1
second excited state.’? In this case V,, is the
only term which contributes to the cross sec-
tion.
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Sfu’dj of Reactions YB(p,d)°B and UB(p,d) "Bt

_ L. A Kuir* anp E. Kasay
Cyclotron Laboratory, Michigan Staie University, East Lansing, Michigan
(Received 11 September 1967)

Excited states of *B and B were studied by means of the (#,d) reaction, using 33.6-MeV incident protons.
Deuteron groups were observed corresponding to strongly excited levels in ’B at 0.0-, 2.35-, 7.1-, and 11.75-
MeV excitation and in "B at 0.0-, 0.72-, 1.76-, 2.15-, 3.57-, 4.75-, 5.10-, and 6.04-MeV excitation. Small
deuteron yields were observed corresponding to excited states in B at 2.8 and 14.6-MeV excitation and
B at 6.57- and 7.5-MeV excitation. The angular distribution for the elastic scattering of 33.6-MeV protons
from B was measured and fitted with an optical-model calculation to provide parameters for a distorted-
wave Born-approximation (DWBA) analysis of the (p,4) data. Angular distributions were taken for all

. thelevels strongly excited in the (p,d) reaction, and the results compared to a DWBA calculation. Spectro-
scopic factors were extracted and compared with theoretical intermediate-coupling calculations in the 1p
shell and with other (p,d) and (d,¢) results. Spin assignments were made for the levels of *B strongly excited
in the (p,d) reaction. Difficulties in matching the shapes of the experimental angular distributions to DWBA
calculations for pickup and stripping reactions involving light nuclei are discussed. '

INTRODUCTION

HIS paper describes the results from the reactions

IB(p,d)""B and “B(p,d)*B, using a 34-MeV inci-

dent proton beam. It represents the continuation of a

study of neutron pickup reactions on 1 shell nuclei;

an earlier paper describes the results of (p,d) reactions

at an incident proton energy of 34 MeV with targets
of 6Li, 7Li, and ®Be.!

The (p,d) reactions on B and B have been investi-
gated previously with incident proton energies in the
range 11 to 155 MeV.** However, a considerable
amount of additional information could still be obtained
by using a sufficiently high incident-proton energy and
a solid-state detector system with good resolution capa-
bilities. With this arrangement, the observable range of
excitation energy in the residual nucleus included
those levels known to be strongly excited in this reaction,
and angular distributions for these states have been
measured. Spectroscopic factors were extracted from
the data and compared to the theoretical calculations
of Kurath® and Balashov.% :

EXPERIMENTAL METHOD

The experimental setup for these measurements was
the same as that described in a previous paper.! A proton
beam with an energy of 33.640.2 MeV was extracted
from ‘the Michigan State University cyclotron. The
reaction products were detected by a AE-E counter
telescope; the E counter was a 3-mm-thick lithium-
drifted silicon detector, and the AE counter was a silicon

1 Work supported in part by the National Science Foundation.

* Present address: Gulf General Atomic, San Diego, Calif.

! L. Kull, Phys. Rev. 163, 1066 (1967). :

*T. Lauritsen and F. Ajzenburg-Selove, Nucl. Phys. 78, 1
(1966).

*D. Bachelier ¢f al., J. Phys. (Paris) Cl, 51 (1966). -

4 University of Minnesota Linac Laboratory  Progress Report,
1964, p. 61 (unpublished).

5 D. Kurath (private communication).

¢ V. V. Balashov, A. N. Boyarkina, and I. Rotter, Nucl. Phys.b
59, 417 (1964). :
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surface-barrier detector-with a thickness of 270 . The
energy resolution obtained was 160 keV for the !B-
(9,4)'°B deuteron spectra and 120 keV for the 1°B ($,d)'B
deuteron spectra. The apparatus used to measure the
elastic scattering of protons from B was identical to
that described in an earlier paper.! .
The B target was purchased from the Nuclear
Division of the Oak Ridge National Laboratory. It
consisted of a self-supporting boron foil, isotopically
enriched to 92.15%, B, with a thickness of 1655
ug/cm?, The !B target was made by evaporating iso-
topically enriched boron (98.05%, B) on a carbon )
backing ~ 50 pg/cm? thick, using an electron gun. Since
the Q value for the reaction 2C(p,d)!'C is ~7.2 MeV
more negative than the Q value for 'B(p,d)!°B, deu-
terons from the carbon backing do not interfere with
the observation of the strongly excited levels of 1°B.
In addition to these targets, natural-boron targets were
made using a suspension of finely ground natural boron
(80.22%, “B and 19.789%, 1°B) in a polystyrene binder.
The natural-born targets were used to obtain the ratio
of the ground-state cross sections for the 'B(p,d)"B
and *B(p,d)°’B reactions; this ratio was then used

. together with the °B(p,d)*B data to normalize the
-differential cross sections from the 'B(p,d)!*B reaction

data, and yielded a value of 534 ug/cm? for the thick- -
ness of the 1'B deposited on the carbon backing.

EXPERIMENTAL RESULTS
““B(p,d)’B

A deuteron-energy spectrum from the reaction
1°B(p,d)°B is shown in Fig. 1. Deuteron groups were
observed corresponding to strongly excited levels of *B
at 0.0, 2.35, 7.1, and 11.75 MeV, and small deuteron
yields were noted corresponding to weakly excited levels
at 2.8 and 14.6 MeV (Fig. 2). The very broad, weakly
excited level observed with a °B excitation energy (E.)
of 14.6 MeV may correspond to the level observed at
E;=14.9 MeV in the same reaction, using 156-MeV
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Fr6. 1. YB(p,d)*B deuteron spectrum at 25°. Deuteron groups
corresponding to levels of B are excited by. the reaction MB-

($,9)B and arise from an 8% YB impurity in the target. The

counts have been summed for every four channels in order to show
more clearly yields corresponding to B levels at 7.1- and 14.6-
MeV excitation. -

protons.?> With the higher incident proton energy,
however, the 14.9-MeV level was reported to be strongly
excited, with a cross section comparable to that of
ground state at forward angles, whereas the present
34-MeV data show the 14.6-MeV level to have a cross
section ~y% that of the ground state at forward angles.

The two known positive-parity ?B states at excitation
energies of 1.5 MeV (J*=34+) and 2.83 MeV (J*=§+,
§*) *7 are of special interest, since their presence in the
spectra could denote evidence of 2s-1d shell admixtures
in the ground-state wave functions of stable nuclei
with 4 <10.! No evidence was found for the excitation
of the 1.5-MeV level, which corresponds to the 1.67-
MeV level of "Be(J*=4+); however, results from. the

YB(p,d)°’B reaction using 11-MeV protons show a -

level at 1.7 MeV very weakly excited by what appears
to be a compound-nucleus mechanism.? While the 1.7-

MeV level is not observed in this investigation, the .
present 34-MeV data do not rule out the possibility of

the same degree of excitation.
A small deuteron group (E.=2.8 MeV) with a dif-
ferential cross section of approximately 120 ub/sr was

7 G. D. Symons, Phys. Letters 18, 142 (1965).
*E. F. Farrow and H. J. Hay, Phys. Letters 11, 50 (1964).
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FiG. 2. Energy-level diagram of *B showing levels of *B excited
in the ¥B(p,d)*B reaction. Weakly excited levels are indicated
with a dashed line.

observed at about 30° (center-of-mass angle), but it
was difficult to follow over an extended range of forward
angles because of the masking effect of levels arising
from an !B impurity in the target (see Fig. 1). At 60°,
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where it would not be masked by the deuteron groups
arising from the "B impurities, it was not observed.
This could signify a rapidly decreasing cross section
typical of a direct-reaction process, and therefore opens
the possibility for an observable 2s-14 shell admixture
in the ground-state wave function of B, The evidence,
however, is scanty at best, and the only definite con-
clusion one can draw is that any 2s-1d admixture in
the B ground state is very small.

There are two previously reported states in B at
11.62-MeV (J*=?) and at 12.06-MeV excitation
(J*=%7, §).2 A single strong deuteron group was ob-
served corresponding to an excitation energy of 11.75
MeV in ?B. If the 12.06-MeV state has J*=1-, it would
not be excited by a direct-reaction process due to angu-
lar-momentum selection rules. In this case, the single
observed level has a measured excitation energy of
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Fic. 5. 1B(p,d)"B deuteron spectrum at 20° The target
cl(]msésted of 54 ug/cm? of MB on a carbon backing 50 ug/cm?
thick. )
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TABLE I. Measured B excitation energies and widths for deuteron
groups observed in the reaction B(p,d)%B.

Excitation
energy (MeV) Width (MeV)
0.0 ~0
2.3540.02
7.1 £0.2 1.954-0.2
11.750.1 0.804-0.05
14.6 0.2 1.354-0.2

11.75+0.1 MeV, as compared with a previously de-
termined energy of 11.62+-0.1 MeV.? However, if the
12.06-MeV level has J*=$%" and is excited in the reac-
tion, it would cause the centroid of the doublet peak to
be shifted up in excitation energy from the strongly ex-
cited level at 11.62 MeV to the observed value of 11.75
MeV. The first explanation is more attractive, since the
deuteron group shows no sign of a doublet structure
over a wide range of angle, and the observed width of
800-£50 keV is close to the previously reported width
for the 11.62-MeV level of 7004100 keV.2

Strongly excited levels of *B at 0.0-, 2.35-, 7.1-, and
11.75-MeV excitation all have angular distributions
with shapes characteristic of [,=1 pickup (see Figs. 3
and 4), so that the parity of these levels is negative.
Poor statistics for the 14.6-MeV-level data do not allow
the definite assignment of the picked-up neutron’s
orbital angular momentum; however, the dashed curve
in Fig. 4 is approximately the same shape as that ob-
served for the 11.75 state and shows that an l,=1 as-
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Fic. 6. Energy-level diagram of “B showing previously known
levels (Ref. 2) excited in the 'B(p,d)1%B reaction. Levels indicated
with a dashed line are weakly excited by the reaction; the brackets
indicate groups of levels which could not be separated with the
energy resolution obtained in these measurements.
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MeV. The dashed line shows the results of a DWBA calculation.

signment is a reasonable possibility for the state. Total- .
angular-momentum assignments for all the observed

states have been made on the basis of the measured
spectroscopic factors for these levels and will be dis-

cussed in the next section. Table I is a list of the mea-.

sured excitation energies and linewidths for the observed
levels of B. ‘

llB (p d)lﬂB

The deuteron—energy spectrum from the "B(p,d)*B
_reaction (see Fig. 5) shows deuteron groups corre-
- sponding to strongly excited levels of 1°B with excitation

energies of 0.0, 0.72, 1.76, 2.15, 3.57, 4.75, 5.18, and

6.04 MeV; weakly excited levels of B with excitation '

energies of 6.57 and 7.5 MeV were also observed. The
deuteron group corresponding to a 1B excitation energy
“of 5.18 MeV could correspond to known levels? of B
‘at 5.17-MeV (J*=2¥), 5.18-MeV (J*=1%), and 5.11-

MeV (J*=2") excitation (Fig. 6) The 5.11-MeV level -

should only be weakly excited, since it can only be ex-

cited in the direct-reaction process by pickup of a 25-1d

shell neutron. The 5.17- and 5.18-MeV levels can both
be excited by a direct-reaction mechanism, and deuteron
groups from the two could not be separated with the
160-keV energy resolution obtained in this experiment.
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" The deuteron group correspondmg to 6.04-MeV ex-
citation energy in B could correspond to previously

‘observed levels at 5.92-MeV (J*=2*), . 6.03-MeV

(J*=4%), and 6.13-MeV (J*=7?) excitation.? The level
at 6.03 MeV cannot be excited by a direct-reaction
process due to angular-momentum selection rules; hence
principal contributions to this group are from the 5.92-
and 6.13-MeV levels. No evidence was found - for
the excitation of negative-parity states at 7.0-MeV
J*=17), 7.8-MeV (J*=17), and 8.1-MeV (Jr=2")
excitation.? Any yield to these states was not masked
by strongly excited positive-parity states, so that no
direct evidence for sizable 2s-1d admixtures in the
ground-state wave function of "B was found in this
work. ,

The angular distributions for the 1B levels at 0.0-,
0.72-, 1.76-, 2.15-, 3.57-, and 4.75-MeV eéxcitation have
shapes characteristic of the direct pickup of a 1p shell
neutron (see Figs. 7 and 8). The deuteron groups corre-
sponding to 1°B excitation energies of 5.18 and 6.04 MeV
have similar angular distributions. This indicates that
contributions to the 5.18-MeV group from the 5.11-
MeV level (J*=2") are indeed small, as previously con-

w0 E "B(p,d)°B 4
E N E,=33.6 Mev ]
o\ ]
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F16. 8. "B(ﬁ 2)1B angular distributions for the deuteron
.groups corresponding -to B excitation energies of 3.57. 4.75;
5.18, and 6.04 MeV. .



167

jectured, and that if the 6.04-MeV group contains con-

tributions from the 6.13-MeV level (J*=?), the parity

of this level is probably positive.

It was previously reported for reaction 7Li(p,d)fLi
that the slopes of the angular distributions! first peaks
for the °Li T'=0states at 0.0 and 2.15 MeV were steeper
than those of the SLi T'=1 states at 3.57 and 5.38 MeV.!
No such effect was noted in comparing the angular
distributions for the B T'=0 states at 0.72 and 2.15
MeV and the 1B T=1 state at 1.76 MeV. The differ-
ential cross section for the transition to the B T'=1
level at 1.76 MeV does not fall off more rapidly beyond
the first maximum than those transitions to the neigh-
boring T'=0 levels at 0.72 and 2.15 MeV. Such an effect
- was reported for these levels in the 1'B(d,f)!°B reaction
with E;=11.8 MeV.* :

YB(p,$)'B

The angular distribution for the elastic scattering of
33.6-MeV protons from !°B was measured with a proton-
energy resolution of 500 to 600 keV (see Fig. 9). Proton
groups corresponding to the ground state and the 0.72-
MeV state of B could not be resolved; however, data
from the elastic scattering of protons from B at inci-
dent energies of 19 and 185 MeV" show the cross
section of the 0.72-MeV level to be 1 to 29, as large as
that of the ground state. Since 1B constituted only 8%,
of the target, its effect on the cross section was assumed
to be small and was neglected. This is not a serious
omission, assuming that the B and MB elastic-proton
distributions do not differ appreciably in shape and
‘magnitude. The accuracy of the absolute differential
cross sections is 6 to 99,

ANALYSIS

The ABACUS computer code!? was used to fit the
measured angular distribution for the leastic scattering
of protons from B. The optical potential used was
of the form

d
U=U.—Vf(r,Rar) —i4a1Wd— f(r,R,ar)
Iy

=2 e Ren.

—f(r,R,az).
(myc)? dr dr ?

Here f(r,R,6)=1/(e*+1), x=(r—RAY)/a, and U, is

the Coulomb potential from a uniformly charged sphere

of radius RA1/3 F. The best fit to the data is shown in

Fig. 9, and the optical parameters used are given below.!s

° H. Fuchs and R. Santo, Phys. Letters 24B, 234 (1967).

19 G. Schrank, E. K. Warburton, and W. W. Daehnick, Phys.
Rev. 127, 2159 (1962).
1 D. Hasselgren, P. U. Renberg, O. Sundberg, and G. Tibell,
Nucl. Phys. 69, 81 (1965).

B E. H. Auerbach, Brookhaven National Laboratory Report
No. BNL-6562, 1962 (unpublished).

13 Proton optical parameters: V=>53.99 MeV, W=6.22 MeV,
Vio=6.31 MeV, R=1.097 F, az=0.548 F, ;=0.644 F.
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Fic. 9. 1°B(p,£)¥B angular distribution. The solid line shows
the results of an optical-model calculation. .

The DWBA calculations were carried out using the
Macefield computer code. Parameters for the picked-up
neutron were @,=0.65 F, R,=1.2543 F; no spin-orbit
term was included in the potential. The deuteron
optical parameters'* were obtained from an outside
source,’® with a volume-absorption term instead of the
surface term given in Eq. (1). One set of optical parame-
ters was used for both the B(p,d)’B and "B(p,d)"B
DWBA calculations.

It was impossible to get reasonable fits to the experi-
mental (p,d) angular distributions using the deuteron
optical parameters given above. However, if the

‘deuteron imaginary well is increased by a factor of 4,

reasonable fits were obtained, as can be seen in Figs. 3
and 7. This same effect was observed in the (p,d) re-
reactions with €Li, "Li, and ®Be.! The increase in the
deuteron-well depth varied the amplitude of the first
peak of the differential cross section by less than 20%,
in all cases. '
The same difficulties were also encountered in at-
tempting to fit data from (d,) reactions with 1p shell
nuclei’® at an incident deuteron energy of ~20 MeV. In
this case, reasonable fits to the data were obtained by
using a cutoff radius" in the DWBA calculations. It was
found, however, that the amplitude of the first peak of
the differential cross section varied strongly as a function
of the cutoff radius. Roughly, the amplitude of the first
peak of angular distribution had two maxima; the first
maximum appeared at a cutoff radius of 0 F and the

! Deuteron optical parameters: V=83.5 MeV, W =14.94 MeV,

0=0.0, R=133 F, ap=a;=0.65 F.

3 D. Dehnhard, G. C. Morrison, and Z. Vager, in Proceedings
of the Imternational Conference om Nuclear Physics, Gallinburg,
Tennessee, 1966 (Academic Press Inc., New York, 1967).

1 R. H. Siemssen, Bull. Am. Phys, Soc. 12, 479 (1967). )

- ¥L.L. Lee, J. P. Schiffer, B. Ziedman, G. R. Satchler, R. M.
Drisko, and R. H. Bassel, Phys. Rev. 136, B971 (1964).
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Balashov, but was not

observed experimen-
tally.
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second at a cutoff radius from 3 to 5 F. The cross section
of this peak varied by a factor of about 3 between the
two maxima. Cutoff radii corresponding to the second
maximum were used in the subsequent DWBA calcu-
lations, in which reasonable fits to the data were
obtained.

The concern about the behavior of the amplitude of
this forward-angle peak arises because the spectroscopic
factor is assumed to be directly proportional to the ratio
of the maxima of the DWBA and experimental angular
distributions at forward angles. If the parameters of the
DWBA calculation are varied in order to produce
theoretical results which bear a reasonable resemblance
(in shape) to the experimental data, the effect of these
variations on the amplitude of the angular distribution’s
forward-angle peak must be considered in deciding just
how meaningful the extracted spectroscopic factors are.

In summary, neither method of obtaining fits to the
data explains the reason for the anomalous behavior of
the DWBA in the case of light nuclei. The effect is large
and reproducible, and it has been observed in the case
of (d,p) and (p,d) reactions at several different bombard-
ing energies. It deserves further study in that it may
be pointing out weaknesses in the DWBA calculations
which are especially emphasized in the case of light
nuclei. ’ B

SPECTROSCOPIC FACTORS

Experimental spectroscopic factors were obtained by
comparing the relative magnitudes of the characteristic
{3=1 peaks in the DWBA calculation and the expéri-
mental data. Theoretical spectroscopic factors were
obtained from the coefficients of fractional parentage
calculated by Kurath, using an intermediate-coupling
model for the 1p shell nuclei®; a second set of theoretical
spectroscopic factors was obtained from the calculations
of Balashov.? The-theoretical and experimental relative
spectroscopic factors: were obtained by normalizing the
sum . of the observed spectroscopic factors for each

10

reaction to 1. More details concerning the method used
to extract experimental spectroscopic factors and the
expression used to obtain the theoretical spectroscopic

- factors from the coefficients of fractional parentage can
be found in an earlier paper.!

“Relatively good agreement is obtained between the
theoretical calculations of Kurath and the experimen-
tally obtained spectroscopic vactors for the 'B(p,d)*B
reaction (see Fig. 10). Somewhat poorer agreement is
obtained with the calculations of Balashov; in particu-
lar, there is a marked difference between the calculated
and experimental spectroscopic factors for the 0.72-
and 2.15-MeV levels of 1°B. Both Balashov and Kurath
predict a weakly excited level (J7=3*) around 5-6-MeV
excitation in 1B. There are three known levels in the
region 6.5-7.0-MeV excitation in B with unknown
spins and parities.?2 None was observed to be excited
by the (p,d) reaction; however, the deuteron yield may
have been very small and lost in the background. The
spectroscopic factor for the deuteron group observed at
a B excitation energy of 6.04 MeV was calculated,
assuming that only a 2+ state contributed to the yield,
whereas, as mentioned previously, the energy resolution
could not have separated contributions from a pre-
viously observed level of B at 6.13 MeV.

Spectroscopic factors have now been extracted for the.
1B(p,d)"B reaction at incident proton energies of
18.9,18 155,® and 33.6 MeV; they have also been ex-
tracted for the !'B(d,f)'"B reaction at an incident
deuteron energy of 21.6 MeV.!1® The results are shown
in Fig. 11, where the spectroscopic factors for the deu-
teron group corresponding to a B excitation energy of
5.16 MeV have been extracted, assuming that only the
5.17-MeV level of B (J*=2%) contributes to the
yield. In all these experiments, however, the energy
resolution was not good enough to separate out contri-
butions to the observed deuteron yield from the 5.18-

18 ], Legg, Phys: Rev. 129, 272 (1962).
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MeV level of B (J*= 1*). Contributions to the
observed deuteron group from both levels were assumed
in the calculation shown in Fig. 10. The experimental
spectroscopic factor for the 5.16-MeV level of B
extracted from the E,=155-MeV work also contains
contributions from the 4.77-MeV level of 1B (Jr=2%),
which was not resolved.

The spectroscopic factor for the 2.15-MeV level of
B obtained from the work at E,=18.9 MeV appears
likely to be in error, as its value is significantly different
from a closely grouped series of results from (p,d) ex-
periments performed at widely different energies, from
Kurath’s theoretical calculations, and from a (d,)
experiment (see Fig. 11). It was on the basis of the work
done at E,=18.9 MeV that a previous investigation
proposed an isotopic-spin dependence in the (p,d) and
(d,?) reactions, which would account for significant dif-
ferences in the observed spectroscopic factors for the
2.15- and 0.72-MeV levels of 1B 15; the present work
does not support this contention.

With the above-mentioned 2.15-MeV datum point
ignored, a mean spectroscopic factor was calculated
from the experimental data for each 9B level; the results
are shown in Table II. .

From these results, the following general conclusions
appear to be valid: (1) Relative spectroscopic factors
obtained over a wide range of incident energies using a
variety of DWBA procedures agree to within 15-20%,.
(2) Spectroscopic factors obtained from -the (d,0)
reaction are not significantly different from those ob-
tained with (p,d) reactions. (3) Kurath’s calculations
agree with the experimental spectroscopic factors to
within ~209%,. (4) A reasonable absolute error for the

Spectroscopic Factors for '°B States from Ip Neutron
Pickup Reactions

(d,1) 21.6 Mev
{p,d) 18.9 MeV
{p,d)155.0 MeV
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Fic. 11. A comparison of theoretical and experimental spectro-
scopic factors for 19B states froin 1p neutron pickup reactions. The
spectroscopic factors for the ground state have been normalized
to 1.
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F16. 12. Theoretical and experimental spectroscopic factors
for the reaction 1°B(pd)’B. Weakly excited levels near 4.4- and
5.7-MeV excitation (indicated by asterisks) are predicted by both
Kurath and Balashov, but were not observed experimentally.

spectroscopic factors obtained in this work falls some-
where in the region of 15-209%.

Note, however, that "Li(d,f)’Li 1 data analyzed using
the plane-wave Born approximation (PWBA) shows a
possible isotopic-spin dependence in the spectroscopic
factor for the 3.57-MeV level of *Li (T=1) when com-
pared with results from 7Li(p,d)Li. Unfortunately, the
consistency of the observed effect could not be checked,
as results for the 5.36-MeV level of SLi (T'=1) were
inconclusive. In another case, a comparison of the re-
sults from the *Be(d,#)'“B and *Be(*He,d)'°B reactions
has shown that smaller relative spectroscopic factors for
the T=1 states are extracted from the (d,») reaction
than from the (*He,d) reaction.?? There is therefore
some evidence for an isotopic-spin dependence in spec-
troscopic factors which is not included in the present
theories, but the absence of any evidence for isotopic-
spin effects in the present work indicates that the origin
of the observed irregularities is not easily isolated.

Experimental and theoretical spectroscopic factors
for the reaction “B(p,d)*B are shown in Fig. 12. The
°B levels at 4.4 and 5.7 MeV have been predicted theoret-
ically by both Kurath and Balashov, but have not
been observed experimentally. The predicted yields
are small, however, and the peaks may have been lost
in the high background because of three-body breakup.

The °B levels at 0.0, 2.35, 7.1, and 11.75 MeV have
all been determined to have negative parity, while the

TasLE II. Average differences of spectroscopic factors from mean
values of the experimental data. :

Average
difference
from mean
Spectroscopic factors from values
(p,d) reactions ¢ 15%
(d,1) reactions’ 18%
Theoretical calculation (Kurath) 20%

Y E. W. Hamburger and J. R. Cameron, Phys. Rev. 117, 781
(1960).

# R. H. Siemssen, G. C. Morrison, B. Zeidman, and H. Fuchs,
Phys. Rev. Letters 16, 1050 (1966).
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Fic. 13. UB(p,9)B angular distributions for the 0.0- and 2.33-
MeV levels of *B.

’B level at 14.6 MeV has been tentatively identified
as having negative parity. Assuming the experimental
spectroscopic factors agree with theoretical calculations
to within ~209%, the spins for the observed levels were
assigned by comparing the theoretical and experimental
results (see Fig. 12).

Additional evidence to support these assignments was
obtained from triton-energy spectra for the reaction
1B(p,f)’B. These spectra were taken with the same "B
targets used in the 'B(p,d)"B reaction work, with the
particle identification system adjusted to detect tritons.
Angular distributions were measured for the ground
state and the 2.33-MeV state of °B and are shown in
Fig. 13. These data are in agreement with results from
the "B(p,1)’B reaction with E,=40 MeV.? The shapes
of the angular distributions can be explained with the
following simple model for the (#,£) reaction. When the
incident proton picks up two neutrons as a pair from 1B,
they must be in the singlet state with a total spin S=0,
and the orbital angular momentum of the pair mus: be
even from symmetry considerations (L=0, 2, 4, ---).
Using this simple picture, the ground-state distribution
for 'B(,/)°B has a characteristic shape for the pickup
of a dineutron with orbital angular momentum L=0.
This means that the ground state of *B can only have the
assignment J*=4", in agreement with the 9B(p,d)*B
work. The angular distribution for the 2.33-MeV state
has a characteristic shape for the pickup of a dineutron
with L=2, allowing for spin and parity assignment of
J*=%", %7, %, or ~. These values do not contradict
the previous J*=§ assignment for this state.

Note also that the assignments for the levels at 0.0;
2.35, and 7.1 MeV also coincide with the spin assign-
ments for isobaric analog levels of *Be at 0.0-, 2.43-,
and 6.6-MeV excitation.? There is therefore a significant
amount of supplementary evidence to support the spin
and parity assignments which were made on the basis
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of agreement between experimental and theoretical
spectroscopic factors.

SUMMARY

The shapes of the experimental angular distributions
for pickup and stripping reactions with light nuclei
consistently disagree with DWBA calculations which
use optical parameters obtained from elastic-scattering
experiments. Two different methods have been used to
adjust the theoretical calculations in order to obtain
reasonable fits to the data: (1) The strength of the
imaginary deuteron well was increased by a factor of 3
or 4 in the (p,d) calculations??2; (2) a cutoff radius was
used in the(d,p) calculations.!® At the present time, there
is no apparent theoretical justification for either method.

The same relatively good agreement between experi-
mentally obtained spectroscopic factors and the inter-
mediate-coupling calculations of Kurath was found for
the reaction MB(p,d)'B as has been observed pre-
viously for the reactions 7Li(p,d)*Li and °Be(p,d)*Be.!
On the basis of this general accord observed between
the intermediate-coupling model and experiment, spin
assignments were made for the observed negative-parity
levels of *B by comparing the data from the ¥B(p,d)’B
reaction with the model predictions. No evidence was
observed for any sizable 2s-1d admixture in the ground-
state wave functions of B and “B.

A comparison of spectroscopic factors from the reac-
tion *B(p,d)"*B with proton energies in the range 19 to
155 MeV with those from the reaction 1'B(d,#)1*B with
E;=21.6 MeV shows no significant difference between
the experimental results. The comparison also indicates
that relative spectroscopic factors can be determined to
within 15-20%,.

No noticeable difference in the shapes of angular dis-
tributions for the neighboring T=0 and T=1 states of
’B was observed which could be interpreted as an
isotopic-spin effect, nor were there any significant dif-
ferences noted in the (p,d) or (d,f) spectroscopic factors
to the T=1 levels of 1B which could be correlated to a
difference in isotopic spin. Some recent investigations
of other reactions report effects in’ spectroscopic factors
and angular distributions which are interpreted as an
isotopic-spin dependence not included in the present
DWBA theory. The present work shows that the obser-
vation of isotopic-spin effects is limited to specific cases,
and adds to the collection of data from which some
obvious patterns of regularities has yet to be recognized.
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: DESIGN CONSIDERATIONS FOR A SEPARATED TURN ISOCHRONOUS CYCLOTRON.
: M. M. GORDON* o

Cyclotron Laboratory, Michigan State University, East Lansing, Michigan, Us.4.
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The objective of this machine is the production of farge proton
currents at energies from 200 to 1000 MeV with clear turn sepa-
ration so that 100%/ beam extraction is achieved. Each stage of
the cyclotron consists of a “ring” of identical magnet sectors
interspersed with an appropriate set of 1f acceleration cavities.
The beam is injected from a linac thereby eliminating the central
region problems associated with present isochronous cyclotrons.
As a result of the narrow magnet gaps, the machine has relatively

strong axial focusing throughout. The orbital frequency is high

1. Introduction

During the past few years the proposed Separated
Orbit Cyclotron (SOC) designs have evolved toward a
machine more closely resembling a conventional iso-
chronous cyclotron. The question then arises as to
whether it might be desirable to design an SOC
directly in terms of an isochronous cyclotron. The
present paper discusses the. main features of such a
design and shows that the lack of phase stability in such
a machine is not a serious limitation. Our information
on present SOC designs comes from a paper by Martin
at the 1966 Cyclotron Conference in Gatlinburg').

The Separated Turn Isochronous Cyclotron (STIC)
considered here should have all the desirable features of
the present SOC designs, namely, the capability of
producing currents in the 50-100 mA range with clear
turn separation such that 100% extraction can be
achieved, The STIC would consist of a “ring” of identi-
cal magnet sectors interspersed with rf acceleration
cavities. The following is a list of its.overall features
which will be discussed in more detail in the succeeding
sections, .

1. As in present SOC designs, beam injection would
be from a linac (say, 10-MeV) since only such an in-
jector can yield currents in the 50 mA range with. the
required beam qualities. Such injection eliminates the

central region of the cyclotron with its tremendous

disadvantages.
2. The magnet gap would be small (about 5 cm) so

that relatively high v, values (X'1) could readily be

achieved over the entire acceleration region. As a result
of the isochronism condition v, values would be close to
7. Thus, these v values would be about three times
smaller than for present SOC designs. The magnet gap,
however, would be unobstructed by focusing elements.
The number of magnet sectors is not crucial and would

enough so that the beam can be accommodated within the space
charge limits. Additional small third harmonic cavities provide
for a “flat-top” ‘on' the resultant voltage wave form thereby
allowing a relatively large phase width in the accelerated beam.
Conditions for achieving clear turn separation are analysed and
found feasible. For a reasonable total number of turns, the
isochronous - field. trimming requirements are quite tractable.
Tentative design figures are presented and compared with the
present Separated Orbit Cyclotron (SOC) designs.

be determined by engineering considerations (magnet
and cavity design, as well as inflection and deflection
problems). SR
3. The orbital frequency f,, would be in the 6-8 MHz -
range, which is two to four times higher than in present
SOC designs. Since the space charge limits are propor- .

- tional to (fyv)?, the increase in £, would compensate for

the decrease in v in this respect. For a given energy the
machine radius is inversely proportional to f, so that
the STIC would be 2-4 times smaller than present SOC
designs. ' . ,

4. Present SOC designs require a radius gain per turn
R, of 20-30 cm; since the magnet gap is unobstructed,
the STIC could have R, as small as 4-5 cm and still
achieve clear turn separation. Since the required energy
gain per turn E, is proportional to (foR,), the STIC
would have a lower E; than present SOC designs.

5. In addition to the main rf cavitiés (50 MHz), one
or more third harmonic (150 MHz) cavities would. be
included so as to yield a “flat-top” to the resultant
voltage wave form. (These third harmonic cavities
would. supply only 12-14%, of the net voltage.) This
flat-topping would permit the acceleration, for example,
of a 50° phase width in the beam with a resultant frac-
tional radius spread of only 0.4%,.

6. Assuming, for example, a beam with 1.5 cm in-
trinsic radial width and 50° phase width, and assuming
Ry =4 cm, then a clear turn separation of 1 cm could -
be achieved provided the number of turns 7 is less than
100. Even with beam fluctuation. effects taken into
account, this turn separation is quite adequate for a
deflection system initiated by an electrostatic deflector,

-and should guarantee 100%, beam extraction. _

* Most of this work was carried out during August, 1966, at the
Oak Ridge National Laboratory; this work has also been -
partially supported by the National Scierice Foundation.
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7. The pha: : acceptance of the STIC decreases as the
number of tur:'s increases and a phase acceptance of
70°, for examplc would restrict the number of turns to
< 30. By contra.t, the present SOC designs have a
phase acceptance of 90°. However, the resultant STIC
beam would have a smaller radial width and energy
spread.

8. In the absence of phase stability the STIC requires
some care in the magnetic field trimming; however, if
the number of turns t is in the 50-100 range, this

problem should be quite tractable. If 4 is the harmonic.

ratio of rf to orbital frequency, then the phase excursion
can be kept within + 2.5° provided At < 650, consid-
ering the present state of magnet technology.

There are at present a number of cyclotrons operat-
ing in the proton energy range up to 60 MeV and in
the next few years this range will be extended up to 100
or 125 MeV. As a consequence, it seems highly desirable
that the first stage SOC be designed with an upper
energy of about 200 MeV. Such a goal might be achiev-
ed with an STIC design and the resultant machine
would be smaller than the proposed 10-50 MeV SOC.
Most of the analysis given here will apply equally well
to a “meson factory” designed for much lower currents
(~ 0.1 mA).

2. Turn separation

An absolute spatial separation of turns is essential for
100%, beam extraction which, in turn, is a necessity for
a machine producing 50-100 mA currents. However, it
must be kept in mind that this turn separation is re-
quired only at extraction (and inflection). Since turn
separation is extremely expensive, it should be kept as
small as possible consistent with the 1009, extraction
goal. For an extraction system initiated by an electro-
static deflector, turn separation as small as 1-3 mm
should be sufficient. However, since the turn separation
must be sufficiently large to accommodate beam fluctua-
tions (sect. 3), we shall assume here a desxgn goal of
1 cm for the turn separation.

A basic element in considerations of turn separation
is the intrinsic radial width of the beam 4;R at a given
phase ¢. This width is determined by the size of the
beam injected into the cyclotron from the linac. If
4;R is small, then turn separation is more easily
achieved ; however, space charge limits are proportional
to the cross sectional area of the beam, so that an ap-
propriate beam size must be chosen by balancing these
two effects.

If the peak radius gain per turn (turn spacing) is R,
then the turn separation & is given by:

& = R, —4,R— 4R, 6))

1y

M. M. GORDON

where 44R is the spread in radius resulting from the
finite phase width of the beam. This 44 R is proportional
to the number of turns t; that is,

44R[R, = tg($), 0]

where g(¢) is a function of the phase ¢ and is charac-
teristic of the rf voltage wave form. For example, for a
simple sinusoidal wave form, g(¢) = 1 —cos ¢ ;however,
as will be shown later, if a third harmonic component
is added thereby “flat-topping” the wave form, then
g(¢) can be kept quite small over a relatively large
phase range. Thus,

6 = R,[1-1g(4)] - 4:R; ©)

therefore, an essential prerequisite for turn separation
is:

tg(¢) < 1. (4)

This condition restricts the phase acceptance for a given
number of turns, or conversely, the number of turns for
a given phase acceptance.

If we assume 6 = 1 cm, A,R = 1.5 cm, and Ry = 4cm,
then from eq. (4),

1g(¢) < 0.375. (5)

As will be shown later, for A¢ =50°, this requires
1 < 100, while for A¢ = 70°, the requirement is 7 < 25.
The specific numbers given here, and in the remainder
of this paper, serve mainly for elucidation and should
not be construed as well thought-out design figures..

The intrinsic radial width 4;R results from the com-
bined effect of the radial beam width w; and the energy
spread OF, at injection. The latter causes a net beam
spread d;r given by:

8;r = 4R,(SE;[E;), . (6)

where R, and E, are the initial radius and energy of the
beam at injection. In addition, acceleration produces
adiabatic damping of the radial beam width by a factor
y~1. Combining these effects then yields:

AA'R = (wi+8,)/7. @)

Assuming w;=1cm, R;=86cm at 10 MeV (from
table 1 in sect. 3) and (6Ei)/E =1% (i.e., 6E; = 100 keV"
at E; = 10 MeV), then 4;,R=(1.43 cm)/y, the factor
71 reduces this 4;R to 1.2 cm at 200 MeV, and to
0.7 cm at 1000 MeV. Thus, the adiabatic damping of

~ 4;R substantially counteracts the increase in 44R with

7, and also mitigates the effect of beam fluctuations on
turn separation. Note that at inflection v, is close to
unity, so that the term ;7 in eq. (7) does not influence
the radial width at the end of the first turn; thus, the
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amount of turn separation available for clearing the
inflector electrode is simply:

6in=Rl—

®)

and for the numbers given above, §;, =3 cm, which
- should be quite ample.

3. Energy, radius and turn number

For an isochronous magnetic field corresponding to
the orbital frequency f,, the mean orbit radius R is
given by:

R= ﬂ(c/wo)’ (9)

where w, =2nf, and B =v/c; for example, if f, =8
MHz, then c¢/wq = 5.964 m. Thus, the value of fo deter-
mines the size of the machine.

The peak energy-gain per turn E, is related to f;, and
R, through the formula:

E, = (mocz)(ﬂy3)woR,/c, (10)

where By =y*(y2 — 1)}, and y = 1 + Ef(mqc?), and E is
the kinetic energy. Since fy> increases rapidly with E, if
E, is constant, then R, decreases rapidly with E. How-
ever, a large R, is needed only at extraction; conse-
quently, as in present SOC designs, it is much more
feasible to consider a machine design with constant, or
nearly constant, R;. We shall assume then a constant
value for R,. :
Table 1. gives values for E,, R and 7 as a function of
E for f, =8 MHz dnd R, =4 cm. The values of t are
obtained from the formula:

t=(R—R)/R,, (11)

assuming injection at 10 MeV. Although the values of
E, are large by normal cyclotron standards, they are
somewhat smaller than those for present SOC designs;
however, the real question is whether appropriate rf
cavities can be designed within the available space. (As

TABLE 1
fo=8 MHz; Ri=4cm.

E(MeV) Ey(MeV) R(m) T

10 0.941 0.86 0

20 1.36 1.21 9

50 2.31 1.87 25

100 3.30 2.55 42
200 5.24 3.38 63

350 11.16 4.09 81
500 17.18 4.52 91.5

1000 48.54 522 109
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discussed in sec. 5, about 50%, of the circumference
would be available for such cavities.)

Clearly, the specification of f, and R, fixes the main
characteristics of the machine. The numbers in the table
seem reasonably appropriate for a first-stage 10-~200
MeV STIC, which would then have 63 turns. For a
second-stage 200-1000 MeV STIC, a lower frequency
could be tolerated; for example, with f, = 6 MHz the
given values of E; would be multiplied by 3 while the
given R and 1 values would be multiplied by %, so that
the number of turns in this stage would bé 61 rather
than 46.

The energy spread in the beam 44E due to the finite
phase width is given by:

and assuming constant R,, it follows that-
A4E[E; = y(ye+ 1) (1 = Bi/B)e (), (13)

“ L1

where the subscripts and “f” refer to the initial
(injection) and final values. As a result of isochronism
the initial energy spread §E; at injection will persist;
however, this J E; will usually be negligible compared to
A4E. Assuming as in sect. 2, 4;,R = 1.5 cm, then, for
example, (A,,,E)/Er 0.98%, at E; = 200 MeV,and 1.849%,
at 1000 MeV, using the numbers in the table.

Fluctuations in the rf voltage produce corresponding
fluctuations in the final beam radius R; which can
seriously affect the definition of the beam position
relative to the deflector septum. Assuming a fractional
voltage variation (6¥,)/V,, then:

SR, = TR, (Vo /V,). (14)

For example, taking (6V,)/V, = £ 1073, and using the
numbers in the table above, gives R, = £ 0.25 cm for

=200MeV, and +0.44cm at 1000 MeV. Such
fluctuations reduce the effective turn separation at
extraction; using the preceding numbers this reduction
would be 0.50 cm at 200 MeV and 0.88 cm at 1000 MeV.
The turn separation § calculated in the preceding section
must be large enough to withstand such reductions. In

- addition, these fluctuations increase the effective width

of the beam within the deflector channel and this
channel must be designed accordingly.

4. Rf voltage wave form

Most of the rf cavities in the STIC would operate at
the same frequency as the linac injector (say, 50 MHz);
in addition, one or more cavities would operate at three
times this frequency (i.c., 150 MHz). These third har-
monic cavities would serve to “flat-top” the resultant rf
voltage wave form (this is an old idea which, I am told

15
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was first proposed by Rossi in 1939). With a proper
phasing of all these cavities, the net energy-gain per turn
will be given by: -
dE/dt = V(cosp — Acos 3¢)

‘ = Vo[(1+3)u —41u°], (15)
~ where u = cos.¢. The parameter 1 specifies the fraction
of the voltage contributed by the thifd harmonic
cavities; if A > §, then the peak of this wave form splits
- into two peaks with a shallow valley between. In this

case the peak energy-gain per turn occurs for ¢ = o
given by:
122(uo)® = 1434, (16)
where u, = cos ¢,. The peak energy-gain per turn E| is
then given by:- '
E; = Vo(84) (uo)’; (17)

(18)

and,
' dEfdt = E,u(¢),

with:

u(¢) = %(“/“o)‘%(”/“o)a-

Assuming as before, that the peak radius-gain per
turn R; has a constant value, then:

dR/dt = R,u(4), (19)

and .
R(¢) = TR, 0(e),

provided ¢ remains constant (isochroriism). Cor-
responding to the definitions in sect. 2, it follows then
that: » :

44R = R(¢o)—R() = 1R, g(¢),

g(¢) =1-v(¢)

= [(ufuo)~ 117 {1+(3uju,)}.

Fig. 1 shows a plot of g(¢) vs ¢ for ¢, =20°. It is
clear from this figure that for |¢| < 28°, then g(®)
< 0.0063. If this g(¢) range were acceptable with regard
to the turn separation condition of eq. (3), then the
phase acceptance in this case would be 56°. The third

“harmonic obviously makes an enormous improvement
since, if it were absent, the same phase range would
yield g(¢) values as large as 0.12. Note that the curve
for g(¢) in fig. 1 is an “inverted image” of the voltage

- wave form v(¢). ‘ '

For a given g, the problem is to determine the value
of 2 such that g(¢) < g, over the largest possible range

(20)

(21)

where

of ¢ values. Examination of the form of g(¢) reveals

. that the solution consists in finding A such that:

8o = 8(0) = g(344), (22
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Fig. 1. Typical curve showing fractional energy spread g(dyasa

function of phase ¢ produced by third harmonic “flat-topping” of
the voltage wave form.

for which g(¢) < g, over the phase range —14¢ < ¢ <
+34¢. For a given phase acceptance 4¢, the correct
value of 1 can be calculated from:

A=[1+2cos(34¢)]"%; (23)

with this 4 value, u, can be obtained from eq. (16), and
then g, from eq. (21) with u= 1. This procedure was
employed to construct table 2 which presents values of
8os $o, A and Vy/E, for A¢ values from 30° to 90°,

. TABLE 2
pal £o do A Vo/Ex
30 0.00045 10.58 0.1163 1311
35 - 0.00084 12.33 0.1183 1.1332
40 " 0.00145 14.07 0.1206 1.1355
45 0.00235 15.81 0.1233 1.1380
50 0.00362 17.53 0.1264 1.1406
- 55 0.00537 19.25 0.1300 1.1432
60 0.00771. 20.96 0.1340 1.1458
65 0.01079 22.66 0.1385 1.1483
70 0.01476 2435 0.1437 1.1505
75 0.01979 26.02 0.1495 © 1.1524
80 0.02611 -27.67 - 0.1560 1.1539
85 0.03394 . 2931 0.1633 1.1546
9.  0.04355 30.94 0.1716 1.1545
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Clearly, the value of g, increases rapidly with A¢. The
following approximate formula (obtained by expan-
sion) gives fairly accurate results for most cases of
interest:

8o = (1.5)e%(1+2¢), (29)

where

¢ =sin?(34¢).

Corresponding to the condition of eq. (4) the maximum
possible number of turns may be defined as 7, =
(g0)™* for a given A¢. Thus, for 4¢ = 30°, 1,,,,, = 2200,
while for 4¢ =70°, <, = 70.

The values of A given in table 2 indicate that the third
harmonic would furnish only 12-14%, of the net voltage
supplied by the main harmonic cavities. Assuming 180°.
symmetry, a 3 to 1 cavity ratio would yield an 8-sector
machine, while a 4 to 1 cavity ratio would yield a 10-
sector machine. For the same two cavity ratios, 120°
symmetry would require 12 and 15 sector machines,
respectively. Since the third harmonic cavities are
relatively small, it may be possible to use the sectors
they occupy for inflection and deflection; such a
design would avoid the necessity of “blank” sectors and
would thereby ease the problem of achieving a pre-
scribed E,; within the allotted space.

The foregoing discussion assumes a constant value
for A and such a condition would probably be quite
difficult to achieve in practice. Fortunately, this condi-
tion is not essential to the proper functioning of the
third harmonic. The purpose of the third harmonic is to
subtract energy (and hence, radius) from the particles
at ¢ =0 while leaving those at ¢ =30° unaffected.
Since turn separation is required only at extraction, it
s only the cumulative effect of the third harmonic over
. all the turns which is significant; that is, this cumulative
effect must be such as to minimize the variation in final
radius with phase. Since the voltage on the third
harmonic cavities is an independent parameter, for a
given cavity design this voltage can be adjusted in
practice so as to yield the desired effect. Suppose then
that A (and also R,) are functions of the radius r; from
eq. (19) the number of turns 7 will be given by:

(R)= [ Regop e, @)

where the integration extends from the initial radius R;
to the final radius R;. Considering R; and z as fixed
parameters, this equation then provides a relationship
between R; and ¢ which depends on the amplitudes of
the variation in R, and 1 with radius; consequently,
these amplitudes can be adjusted and their values set

249

such that the change in R, over the prescribed phase
range A¢ is minimized.

5. Magnet design

During the past ten years a sizable reservoir of
knowledge and experience has accumulated relevant to
the magnet design problems associated with sectored

~cyclotrons. These tools include: procedures for map-

ping magnetic fields with considerable speed and ac-
curacy; computer programs for calculating magnetic
field corrections, focusing frequencies, and other perti-
nent orbit properties; and techniques for assembling
trim coil data so as to accurately reproduce prescribed
magnetic fields. The magnet design work required for
the STIC could make direct use of this theoretical and
technological progress. We shall present here only the
most elementary design considerations relative to the
magnet structure for the STIC. The magnet design
problems can be defined quite readily, but their detailed
solutions can be achieved only through model magnet
studies.

If isochronous conditions obtain, then the average
magnetic field along the orbit B,, is given by:

Bav = (mOwO/e)‘y; (26)

for example, for an orbital frequency f, = 8 MHz, then
(mowo/e) = 5.248 kG. Consider a magnet sector whose
gap is small (e.g., 5cm) compared to the distance
between sectors. Let B(r) be the field within the gap at
a given radius, and let 40 be the angular width of the
magnet sector at this radius; then the average field is
given approximately by:

B,, = p(r)B(r), (27)

p = N(46)/(2n), (28)

and N is the number of sectors. Combining these results
then yields:

where:

B(r) = (mowole) {y(r)/ p(r)}- (29)

In order to avoid saturation effects, B(r) should be less
than about 18 kG; assuming such a restriction, then a
lower limit is placed on p for a given f, and final
energy. For example, with f, = 8 MHz and B < 18 kG,
the following restriction is obtained:

p(r) > 0.29y(r). (30)
Furthermore, if B(r) = 18 kG at all radii, then p would

" increase from 0.30 to 0.36 over a 10200 MeV energy

range, and from 0.36 to 0.62 for a 200-1000 MeV
energy range.
As in present SOC designs, the cyclotron acceleration

17
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cavities would operate at the same rf frequency as the
linac injector, and variation of the final proton energy
would bte accomplished through two mechanisms.
First, there would be a provision for extracting the
beam on successive turns; and second, there would be a
provision for changing the orbital frequency to different
subharmonics of the rf frequency. Thus, the magnets
should have sets of trim coils capable of precisely ad-
justing the field to match the spectrum of orbital
frequencies covering the range of ﬁnal energy variation
desired.

The value of v, will be approxnmately equal to y
(provided N > 2y) and will therefore vary from 1.01 to
2.06 as E varies from 10 to 1000 MeV. Clearly, the
number of turns is so small (< 100) and the v, change so
rapid in this type of machine that all nonlinear reso-
nances can safely be ignored. Indeed, even the linear
resonances may be insignificant provided a modicum
of precaution is taken; however, a more detailed in-
vestigation would be required to establish this point.
If the rf acceleration process produces a significant
perturbation of the orbits near the v,=1 or v,=2
resonance, then the magnet plus cavity structure should
possess 180° or 120° minimum symmetry in order to
avoid this perturtation; however, if these perturbations
are insignificant, then no special symmetry would be
required.

The axial focusing frequency v, can be expressed as
follows:

vi=—(By)*+F+S, (31D

where F represents the edge (Thomas) focusing, and S
represents the spiral focusing /(which is roughly
proportional to F). For the narrow gap magnets
considered here, F is given approximately by:

F=p'-1; (32)

when this is inserted, the above equation for vZ be-
comes: :

vVi=—y ¥p 148, (33)

Assuming that no spiral focusing is required (S = 0),
the following value of p is obtained: -

p=02+y)"", (34)

so that small p values would be required to produce
v, 2 1. However, as noted above, a lower limit is im-
posed on p by the condition that the field within the
magnet gap does not exceed about 18 kG. As in the
previous example above, if p = 0.3y, then v, ranges from
1.53 down to 1.13 over the energy range from 10 to
200 MeV; since these v, values are quite good, no
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spiral focusing would be needed in this case; in addi-
tion, since p < 0.36, at least 60% of the circumference
would be available for inserting rf cavities. Since the
axial width of the beam varies as (yv,) "%, a decrease in
v, with E'is not serious provided the decrease is not too
large. A 200-1000 MeV STIC would probably operate
at a lower orbital frequency (i.e., f, = 4-6 MHz) so that
smaller p values could then be tolerated; nevertheless,
such a machine would undoubtedly require some spiral
focusing. Since nonlinear resonances are ignorable,
spiral focusing has no disadvantages in itself; however,
a spiraled magnet structure might complicate the design
and fabrication of the magnets and rf cavities.

The same conclusions can be drawn regarding axial
resonances as were set forth above for radial reso- .
nances. On the question of coupling resonances, again
only the linear coupling résonances are significant and
these resonances (along with the other linear reso-
nances)should be studied in detail in connection with a
specific magnet design. For the conditions which obtain
in the STIC, one can safely expect resonance problems
to be quite manageable.

6. Phase excursions

If the magnetic field is perfectly matched to the rf
frequency, then the ideal condition of isochronism
obtains and the rf phase ¢ of the protons remains fixed
at its initial value throughout the acceleration. Such a
condition cannot be perfectly achieved in practice, so
that the ions will undergo phase excursions as a result.
The phase acceptance ¢ treated in sect. 4 assumes the
absence of phase excursions; consequently, if phase
excursions do occur, then the actual phase acceptance
must be lowered in order to accommodate these excur-
sions. Since it is important to achieve the largest
possible phase acceptance in practice, the phase excur-
sions. should be restricted to a small fraction of A¢.
This restriction could readily be sustained in the STIC
since the number of turns is relatively so small. Under
these conditions, the absence of phase stability repre-
sents only a minor handicap.

Let 4 be the integral harmonic ratio of the rf fre-
quency to the orbital frequency (i.e., @, = hw,); then
the phase change per turn is given by:

d¢/dt = 2nh(4dw)/w, (35)

where w is the actual proton angular velocity, and
40 = w—w,. If this is combined with eq. (19) and
integrated, the result is:

As($) = 2h f (dwjw)(dr/R,), (36)
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where the integration extends from R; to R, and 4s(¢)
is the resultant change in the function:

(@) = [o(4)6

= (VolE;)[sing —1Asin3¢],
and (¥,)/E, depends only on A via eq. (17). The fre-

quency error can be translated into a corresponding

field error 4B,, at a particular radius through the
relation:

(37

AO)/O) = ABav/(‘yzBav)9 (38)

and since y>1, a given fractional field error cor-
responds to a smaller fractional frequency error.
If only small phase excursions are considered, then
eq. (36) can be accurately approximated by:
HR)~$(R) = 20k [(dow)(@r/R).  (39)
Theinitial phase ¢(R;)can be set to the correct value by
adjustments in the injection mechanism. Furthermore
simply by adjusting the gross magnet excitation, the
maximum and minimum values of ¢(R) can be

. equalized. For example, suppose the resultant ¢(R) is
given by:

#(R)—d(R;) = (6¢)sin[3n(R - R))/(R;—R;)], (40)

where ¢ is the maximum phase excursion. This ¢(R)
variation is about the worst form which could be
achieved in practice; it therefore serves very well the
purpose of the present argument. Differentiating this
equation and eq. (39) above, the following resuit is
obtained:

4ofo = gocos[3n(R—R;)/(R—Ry)], (41)
with,
8¢ = $hte,, (42)
where
7 =(Re—R})/R;.

Magnetic fields can now be measured with an error of

only a few tenths of a gauss; in addition, B,, can be -

determined with even greater accuracy since it consists
of an average over many individual measurements. The
main problem then is to design a set of trim coils which
will accurately produce the desired variation of field
with radius. -

If 6¢ is restricted to 6¢ <2.5°, then the phase
“acceptance will be reduced by at most 5° out of about
50°. In this case, eq. (42) yields:

hteg < 0.033. (43)

Assuming average fields of order 10 kG, then it should
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be possible to achieve values of ¢, as.small as 0.5 x
107*, considering the present state of magnet technol-
ogy. Inserting this g, the following condition results:

ht < 650. (a4)

Thus, if the product of the harmonic ratio 4 and the
number of turns t satisfies this condition, it should be
possible to keep the phase acceptance within 5° of the
ideal A¢ values considered in sect. 4. For the 10-200
MeV machine discussed previously, with f, =8 MHz,
h would be about 6 and t about 63, in which case
ht = 378, which easily satisfies the above condition; for
a 200-1000 MeV machine with f, = 6 MHz, h would be
about 8 and © about 61 so that st = 488, which again
satisfies this condition. For the 500 MeV cyclotron
being built at ETH in Zurich, it may be noted?) that
ht=1800 (i.e., h =6, 7= 300).

7. Space charge effects

The protons in a beam form a space charge distribu-
tion and the Coulomb repulsion between the protons
acts counter to the magnetic focusing forces so as to
reduce the effective focusing frequencies. For machine
currents in the 50 mA range, these space charge effects
can be very substantial.

Consider a single, isolated turn of the beam, and
assume cylindrical symmetry, then the decrease in v?
(i.e., either v? or v2) resulting from space charge repul-
sion is given by:

0.6n

—v* = 535 [(clwo)’ 1/ {(By*)AD}],

(45)
where A (cm?) is the cross sectional area of the beam,
(¢/wo) (m) is the cyclotron length unit, 7(A) is the time-
average current, and D =(4¢)/2n is the duty factor
(i.e., I/ D is the instantaneous current). The space charge
current limit is that current for which év? = v?; thus,
this limit is proportional to:

(By*)(fov)* AD.

Asaresult of the(By*)factor, space charge limitations
decrease rapidly with increasing energy and are there-
fore most serious at or near injection. Assuming in-
jection at 10 MeV, and assuming the following beam
properties:

I =0065A;
clwg = 5.964 m (f, = 8 MHz);
A4 =2cm?;

D = 4{(ie, 49 = 45°);
then the above formula-yields:

62 =—0.13. (46)
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Hence, if v = 1 in the absence of space charge, then this
8v? would yield a net value of v = 0.93, which is quite
tolerable; conversely, for v = 1, the space charge current
limit would be about 500 mA. ,

The formula (45) given above will be reasonably
accurate when the width of a turn is small compared to

the distance between adjacent turns. Assuming a uni- .

form radius-gain per turn, then as the turn spacing

decreases, 6v?— 0 since the space charge forces in the

radial direction will tend to cancel; under the same
conditions, év? will tend toward a value twice that
given by eq. (45). Nevertheless, the above results in-

dicate that currents in the 50-100 mA range can be

successfully injected into the STIC provided a reason-
able choice of machine parameters has been made.
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The longitudinal space charge effect has been treated
by Welton®) who showed that these effects can be
corrected by a small shift in the phase of the third
harmonic voltage relative to the main harmonic voltage.

I am indebted to J. A. Martin and R. E. Worsham
for their helpful suggestions and discussions during my

_ sojourn at the Electronuclear Research Division of the .

Oak Ridge National Laboratory.
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Numerical orbit studies using Michigan State University cyclo-
tron fields have been performed to detérmine the validity of use
of the separated longitudinal equations of motion under condi-
tions obtained in actual cyclotron operation. These results have
been applied in a systematic study of phase measurement proce-
dures using frequency and trim coil detuning. Direct experimental
measurements were performed to determine the phase and phase
width of the beam, as wel] as the betatron oscillation frequencies -

1 Introduction and summary

The Michigan State University cyclotron is a multi-
particle variable-energy machine with a proton energy
range from 23 MeV to 56 MeV. Operating parameters
for the machine have been thoroughly documented
and will be discussed herein only as necessary’ ~#),

This paper presents the results of a series of theoreti-
cal and numerical investigations of some useful
diagnostic procedures involving detuning of either
frequency or magnetic field, which are employed with
sectored cyclotrons, followed by comparison of
measured beam properties in the MSU cyclotron
obtained using these and other procedures with numeri-
cal results obtained using orbit programs. i

Operating points for the MSU cyclotron are pre-
computed using a program called SETOP?) through a
method consisting of three basic steps:

L Interpolation in measured magnetic field data to
obtain complete fields at an arbitrary excitation;

2. Least-squares fitting of the isochronous average
field with the concentric circular trim oil fields;

3. Calculation of an operating 1f frequency so as to
minimize the energy spread of the beam in a single turn.
at extraction.

Properties of orbits in the resulting MSU cyclotron
fields have been investigated using a precise orbit_.
integration program known as CYCLONES?); orbit
properties obtained from CYCLONE are compared
with results from the approximations obtained with the
separated longitudinal equations, which have been used
in the operating point calculations. The program which
integrates the longitudinal equations, called PHINAL")
has been incorporated the. operating point program
SETOP. . o

CYCLONE utilizes exact median plane equations of
motion to track accelerated orbits in the magnetic field

vr and v, as a function of radius. From the phase history data the
radial dependence of the rf dee voltage has been obtained, and the
nominal initial phase go has been determined to be +20° + 1° for
the MSU central region geometry. Use of necessary computer.
calculations with this result gives an rf starting time vo of — 28° + 1%
for maximum beam intensity. Results of experimental measure-
ments are compared with pre-computed orbit behavior where
possible. '

specified by the operating point program. Détails of the
electric field are accounted for in three ways, depending
on the level of significance of the electric field: o

a. source-to-puller region, in which the electric field
is obtained from a large-scale model électrolytic tank
including exclusively this region; '

b. “rf focusing™ region, in which the finite width of
the accelerating gaps is obtained by using a more
complete electrolytic tank to obtain the electric fields
covering approximately the first four turns; _

c. the main acceleration region, in which the electric .
field is approximated by a time-dependent step-function
potential.

CYCLONE also includes provisions for both an
electrostatic deflector and a magnetic channel, and thus
is capable of computing the behavior of orbits in the
cyclotron from ion source through the complete
extraction system; however, for this work no extractio:
studies have been performed. -

Using CYCLONE in combinations with various
other orbit. programs, a theoretical investigation has
been made of certain procedures used regularly for

‘beam diagnostic ‘work. Particular attention has been

devoted to problems involved in use of the Smith-
Garrent phase measurement procedure®) and modifica-
tions thereof, o
Several important beam properties were obtained
through analysis of experimental measurements:
1. Phase history of the beam as a function of radius. -
2. Phase width of the beam as a function of radius.
3. Dee voltage variation with radius.
Also, from the phase history data, a value of the

* Work supported by the National Science Foundation. )

¥ National Science Foundatfon Cooperative Graduate Fellow;
Present address: Department of  Physics and Astronomy,
University of Maryland, College Park, Maryland.
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nominal starting phase was obtained by extrapolation.
Comparison of families of CYCLONE orbits with
experimentally observed phase history data allowed
extraction of the rf starting time for peak beam current.
Use of the phase analysis procedure “in reverse” to set
the main magnetic field is discussed as it is applied to
the MSU cyclotron. In addition a radial differential
probe and a multi-fingered axial probe were employed
to obtain the radial and axial betatron oscillation
frequencies. Results of experimental measurements of
1. phase history; 2. phase width; 3. dee voltage 4. initial
phase and rf starting time; 5. radial focusing frequency
and 6. axial focusing frequency are presented, in
excellent agreement with results obtained from in-
dependent orbit calculations.

2. Analysis of diagnostic procedures

Of particular interest is the limitation on the validity
of the separate longitudinal equations of motion
imposed by actual conditions of cyclotron operation,
In many cases it is more convenient to use the longitu-
dinal equations than to resort to more detailed and
tedious integration of the exact equations, and the
limitations of the approximate theory become signifi-
cant. Errors in the approximate theory arise primarily
from the off-centeredness of the orbits which leads to:
1. coupling effects between the radial and longitudinal
motion; and 2. failure of the normal radius vs energy
relation, which becomes quite evident when the ions
gain negligible energy during a precession cycle. These
errors will be shown to be exceedingly small for
conditions of normal operations of the MSU cyclotron.
Discrepancies between the approximate theory and
exact orbit integration arise primarily from coupling
effects which are essentially incalculable except through
such orbit integrations; these discrepancies lead to
limitations in the application of the methods discussed
only in special circumstances. . ,

Possible problems in actual practice arise from:
1. encounter of resonances, or, in the case of trim coil
adjustment, introduction of additional resonances,
which results in large centering errors and violates the
assumptions necessary to separate the longitudinal
equation of motion by introducing coupling terms and
non-uniqueness of the radius-energy function; and
2. in the case of trim coil diagnostics, further deviation
is introduced into the radius-energy function due to the
average field variation. '

The problems outlined here are of special concern to
the operating point calculations used at MSU for two
primary reaons: 1. the operating point set-up procedure
makes use of the device of trim coil detuning to set the
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TABLE 1
Comparison of energy and phase vs turn number for central ray
particles in a 42 MeV field using: a. separated longitudinal
equations of motion (PHINAL) and b. numerical integration of
the exact radial equations of motion (CYCLONE).

PHINAL CYCLONE
Tarmn E @ E @ AF(E)
-1 (MeV) (deg) (MeV) (deg) (keV)
0 0.000 12.0 0.000 - -

10 1.991 -5.1 1.962 —54 -1.0
20 3.975 -7.8 3.948 —7.8 0.0
30 5.952 —8.9 5.927 —8.8 +0.4
40 7.919 —1i.1 7.897 —10.7 +1.8
50 9.871 —13.4 9.852 —13.1 +1.0
60 11.808 —14.6 11.792 —-14.2 +1.4
70 13.740 —149 13.727 —14.6 +1.0
80 15.669 —15.4 15.658 |. —14.9 +1.8
90 17.591 —16.2 17.582 —-16.0 +0.6
100 19.504 —-17.2 19.497 —16.8 +14
110 21.406 —18.6 21.399 -18.4 +0.6
120 23.290 —20.3 23.283 —-20.0 +1.0
130 25.154 —~21.8 25.147 -21.7 +0.2
140 27.001 -22.8 26.993 —-226 +0.8
150 28.841 —-229 28.831 —22.9 0.0
160 30.688 —-21.7 30.675 -21.6 +0.4
170 32.558 —19.2 | 32.542 —19.3 -0.4
180 34.466 —14.9 34.447 —-15.0 +04
190 36.418 —8.4 36.399 —8.5 —-0.4
200 38.411 +2.7 38.392 +2.5 —-0.6
210 40.356 +23.0 40.348 +22.8 -0.6

- main field and 2. in order to set the main field precisely -

and determine the rf frequency precisely, it is necessary
to know the starting phase with substantial precision.

An example indicating the accuracy of the longitu-
dinal equations under ideal circumstances is given in
table 1 for a 42 MeV proton field; energy and phase are
tabulated as a function of turn number (at 10 turn
intervals) for actual integrated orbits obtained from

another computer program known as PHINAL by -

integrating the separated longitudinal equations:

sin@(E) = sing, +(2n/E,) x
[ (@lan-1)aE =singe+FEYE, ()

dE/dN = E, cos g, )

where ¢(E) is the particle phase with respect to the rf
accelerating voltage, w is the particle frequency, w, is
the rf frequency (first harmonic acceleration), E; is the
maximum energy gain per turn (at @ =0) and the
(wo/w)—1 values are obtained from pre-computed
equilibrium orbit data. The integrated orbit in this case
possessed a radial oscillation amplitude of approxi-
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mately one millimeter; this behavior can be readily
obtained on the MSU cyclotron by proper adjustment
of central region parameters. Also given in table 1 is the
quantity AF(E), which is the difference between the
F(E) values obtained from the two methods of integra-
tion. The small amplitude of AF(E) indicdtes the
quality of the agreement between the two computatio-
nal methods; the fact that AF(E) oscillates with a
period corresponding to the radial precession cycle
(roughly 20 turns) indicates that the small errors
present result from centering effects, particularly in the
central region and at large radii. Errors as small as
those in the table 1 are of negligible effect in setting up
the cyclotron. This result and the results of other
examples verify the validity of the longitudinal equa-
tion under ideal conditions, and validate its general use
in diagnostic procedures.

2.1. FREQUENCY DETUNING

The actual cyclotron beam consists of particles with
phase distributed about some central ray whose phase
is ¢(r). When egs. (1) and (2) are valid, the width of
the beam in sin ¢ is constant. If the phase of any part
of the accelerating beam reaches the limits =+ 90°
(sin@ = + 1), it is lost, decelerating inward to machine
center. In particular, when the central ray of a beam
just reaches the 90° limit at a.given radius, this can be
observed using an integrating beam probe as a reduc-
tion of the beam to half amplitude at that radius.

Use of frequency variation as a tool in determination
of beam phase history was first proposed by Garren
and Smith. Writing the longitudinal equation and
introducing a new rf frequency «’, the following rela-
tion is obtained:

sing’(E) = sing(E)+2n{(w’ — o) [E+ F(E)]/ (woE1)},
©)

where ¢'(E) is the phase obtained with the new rf
frequency and @(E) is the undisplaced phase with the

operating freqnecy w,. If frequencies w, and w_ are -

defined, which drive the phase to sing =+1 and —1
respectively, one can obtain the relation: ’

sing(R) = {20y — 4 (R)—w_(R)}/ {w+(R)—w_(R)},
4
where R can be chosen to be the radius at the probe
azimuth. Thus, at a given radius, determination of the
frequencies which drive the central ray out of phase
with the rf accelerating voltage (or equivalently, which
reduce the beam to half intensity) allow calculation of
the phase of the undisplaced central ray at that radius.
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TABLE 2

Energy vs radius as a function of rf frequency in the 42 MeV

field; such data establish the uniqueness of the radius as a function

of energy within limits of experimental measurement, and
validate the method of frequency detuning described.

rf

freq. 19.06 19.07 19.09 19.11 19.12

(M¢) -
E ” » 4

(MeV) R R R R K

10 13.560 13.561 13.529 13.508 13.524
15 16.458 16.464 16.461 16.457 16.456
20 - 18.912 18.876 18.838 18.861
15 - - 21.033 21.040 21.028 -
30 - - 23.024 - -

Ideally, determination of the phase in this manner
depends only upon the condition that all quantities
(such as starting phase, dee voltage and field) are
constant in time. However, several limitations appear

-] 10
17.14 T ¥ T

Computed
17.10]

7

o— —8 Measured -1

17.05

17.00

16.95|

1690

i 1 ! 1
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Rprobe (inches) —=

Fig. 1. Computed and measured envelopes of frequency vs radius

_ required to reduce beam intensity to half maximum for the 25

MeV proton field.
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in practice. First, centering of the beam places stringent
limits on the accuracy of the method. For a beam with
6 mm radial oscillation amplitude, the phase at which
the central ray reaches its maximum radius at the angle
of the probe can be as small as 65°. Reduction of the
radial oscillation amplitude to below 1 mm raises the
phase at which the orbit reaches its maximum radius to
above 85°,

One assumption used in obtaining eq. (4) is that the
radius is a function of energy alone and not of turn
number frequency; this assumption has been verified
by calculations summarized in table 2 for the 42 MeV
proton field from results of a family of CYCLONE
orbits. The effect of the small radial oscillation can be
seen directly in the variation of radius at a particular
energy, and the necessity of minimizing this effect
becomes apparent. The conditions shown here are
essentially identical to those obtained in the operation
of the MSU cyclotron. It should be noted that the
oscillation is introduced through the starting conditions
and is not amplified by detuning of the system. It
should also be noted that, due to the gap crossing
resonance®), it is not possible to center the beam at all
radii simultaneously; therefore, starting conditions
have been used which center the beam at large radii
where the turn density is greatest.

Another limitation in applying the frequency
detuning method at large radii arises from the particu-
lar shape of the sin ¢ vs radius curve and its effect on

R. E. BERG ef al.

the minimum frequency w_ as a function of radius.

Fig. I shows the envelope of maximum and minimum

frequencies as a function of radius for a 33.5 MeV

proton field. Because the phase curve rises rapidly at

large radii, the frequency required to drive the phase of

the central ray to —90° is a constant for all radii

greater than a certain value characteristic of the parti-

cular phase curve. This feature renders the phase
measuring procedure invalid at large radii. Such
behavior is observed in all fields of the MSU cyclotron

to varying degrees, and care must thus be exercised in

applying the method at large radii.

Also shown on fig. 1 are the results of experimental
measurements of this envelope of frequency cutoffs.
Such an experimental determination of the frequency
cutoff envelope was obtained for several fields and the
data used to compute experimental phase curves,
which are discussed in section 3.1. '

A more complete comparison of phase vs energy
between use of the longitudinal equation (with phase
slip per turn data from equilibrium orbit calculations)
and use of actual orbit integration is shown in fig. 2, for
a family of rf frequencies. The extremely good agree-
ment reflects the accuracy of the approximations under
the conditions obtained in the MSU cyclotron. The
Jarger deviation apparent in the 19.082000 mc run is
probably the result of a coupling term proportional to
(x/R) which enters the longitudinal equation where x
is the displacement from the equilibrium orbit radius
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Fig. 2. Comparison of ¢ vs E as a function of frequency for the 42 MeV proton field using: 1. the separated longitudinal equations
(PHINAL) and 2. exact integration of the median plane equations of motipn (CYCLONE).

24



THEORETICAL AND‘EXPBRIMBNTAL BEAM STUDIES

1.05—

1.00[—

-

— ——— .90° ot 24"

--------------- +90° ot 24" [

------- -90° ot 15" |

+90° of 15" '\
300.00

i0
<R> (inches )———>

20

30

331

Fig. 3. Computed v, vs radius for the 42 MeV proton field obtained when trim coils are detuned to drive the beam intensity to half
maximum (central ray phase to + 90°) at the indicated radii. '
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TABLE 3
Energy vs radius as a function of trim coil current for the 42 MeV field: such data establish the uniqueness of the radius as a function
of energy within limits of experimental measurement, and validate the method of trim coil detuning described.

/1[1‘(}8 = 0

Alrcs=—33.80A | Alrcs=—22.49A ] Alrcs=+13.63A | Alvcs = +15.24A

E . @->+90° at 24" @->+90° at 27" central ray @->—90° at 277 @->—90° at 24"
(MeV) R R R R R

10 v 13.521 13.520 13.523 13.518 13.519

15 16.480 16.474 16.463 16.464 16.455

20 18.883 18911 18.876 18.882 18.891

25 21.041 21.051 21.046 21.042 © 21016

30 : - 23.032 23.026 - -

R; such terms become especially significant in the
region where the phase curve approaches —90° very
slowly and a large number of turns results.

One feature obtained from the longitudinal equation
is linearity of sin ¢ vs w at a given radius. Eq. (3) can be
written in the standard slope-intercept form as:

(%)
where 4 and B are functions only of the magnetic field,
dee voltage, and initial phase. This has been checked by
examination of computed accelerated orbits and
linearity has been established to well within the accura-
cy of the experimental measurements.

sing(w)=Aw+B,

2.2. FIELD DETUNING

A less frequently used method for phase diagnosis
employs detuning of the magnetic field by using trim
coils. This method involves several additional approxi-
mations; however, careful analysis has shown the
method to be essentially identical in accuracy to the
frequency detuning method. In addition, trim coil
detuning possesses several operational advantages for
the MSU cyclotron. }

Assuming that the particle orbital angular velocity
to the average field by the equation: -

o(R) = g<B(R)> | m(R), (6)

where { B(R)) is the average Fourier field component
at the average radius R, and converting to a radial
integral using the approximate relation:

E = p*/(2m) = > B(R)Y* R2/(2m),

™

eq. (1) becomes:

sin@(R) = sin g, + (2nqwy/E,) x
| < [ 18R B> IRAR, (3

where' By(R) is the isochronous average field. The
derivation given above is not rigorous; however, the
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result is valid for small (first order) field deviations —
relativistic effects actually cancel out and flutter effects
can be minimized by taking R as the mean radius of the
equilibrium orbit. :

If the equation is written twice, where in one of these
the field of a trimcoil is introduced specifically, a rela-
tion analogous to eq. (3) for the case of trim coil
detuning can be obtained:

sing’ () = sinp(R)—(nqoEy) | (4BjcRAR,  (9)

where ¢(R) is the phase resulting from the introduction
of a change in the trim coil field (4B);¢. If a change in
trim coil current A7 reduces the beam to half amplitude
knowledge of the field per unit current in the trim coil
(assumed linear) allows calculation of the original beam
phase as a function of radius:

sing(R) = {41 _(R)— AL(R)}/ {41 _(R)+ A1 ,(R)},
| (10)

where AI, and AI_ are the changes in the trim coil
currents required to displace the phase of the central
ray to + 90° respectively, at the average radius R. An
additional complexity enters in actual practice; in order
not to disturb the path of the first turn through the
central region radial slit, it is necessary to use two trim
coils — a larger coil to produce the desired phase
excursion to the -+ 90° limits, and a second smaller coil -
to cancel the field perturbation at the position of the
central slit. Eq. (9) then contains the difference between
two trim coil field functions in the integral. However, _
since the trim coil fields are assumed to be linear with
respect to current, the ratio of the currents in the trim
coils required to produce zero net field at the position
of the slit remains constant and eq. (10) remains valid,
where I, and I_ refer to the currents in the outer trim
coil. Lo ' '

Because it is necessary to use two coils in combina-
tion to maintain the field at a constant value at the slit



THEORETICAL AND EXPERIMENTAL BEAM STUDIES 333
il = i l§
: 7a\ 9
7N -
80°r- Y O g T A A 7]
15" a , 7 > CENTRAL. RAY
A o 2V & @ 19.086589 Mc.
= 1) @ P
D P <. <
& A & 24" )
~ 3\ (A)
40° & & & ~
A D n D 8
7AY g
& 2 A A
5 & g -
~ 2 27"
4 5 O K & &
8 BE
A\ -
~ ool i %\,@ x (Y
[ Y -
N 2 22, :
s 5\@5@ - &
o> N 50-0-ng D 72 '
o BNSNA RS a7 W 72 g
s N BB A
~ EN /9,
S a @ a ra
. &) 7a) EOA "
-40°}- > = A 27 &—aA PHiNAL 2 =1
‘a\ 7ATY
L B R4 ©—0 CYCLONE
A ' Q18 ey " SN
A Y aa
LR (-2,
A 24 o B
A iy B B
i A “&h
80°r= B Q 2%
1 N B A% ]
10 20 30 40
E (MeV) —=

Fig. 5. Comparison of @-vs E as a function of trim coil detuning for the 42 MeV proton field using: 1. exact integration of the median
plane equations of motion (CYCLONE), and 2. integration of the longitudinal equations (PHINAL) where the phase slip per turn is
obtained from equilibrium orbit data. The radii at which the beam intensity falls to half maximum are indicated,

position, the possibility of introducing additional
resonances must be considered. The resulting error field
possesses large gradients in the edge region of the inner
coil; this could lengthen the radial extent of the v, =1
resonance and thereby introduce large radial oscilla-
tions into an otherwise stable beam, or if the gradient is
large, a region of axial instability could result.

The importance of such phenomena was investigated

by calculating equilibrium orbits in various detuned

fields using trim coil currents computed to drive the
beam to the + 90° phase limits at various radii. Fig. 3
shows the radial focusing frequency v, as a function of
average radius for a widely varied set of such detuned
magnetic fields, including the computed ideal field;

fig. 4 shows the axial focusing frequency v, as a function
of radius for the same fields. (The field used here is that
for 42 MeV protons.) The general absence of unstable
conditions indicates that resonance errors a.e unlikely.

Another source of error can arise if magnetic field
changes lead to variation of energy with radius. The
equilibrium orbit data show only small variations in
radius versus energy for field displacements which drive
the beam off resonance at about half of the extraction
radius. In addition, centering errors described previous-.
ly can create inaccuracies in resulting measurements.
These problems were investigated by computation of
accelerated orbits in CYCLONE; a table of radius
versus energy for several detuned fields is given in

) TABLE 4
Comparison of central ray maximum radius and corresponding phase obtained by CYCLONE using trim coils detuned to drive the
phase of the central ray to + 90° at the indicated radii. The pre-computed trim coil currents were obtained from SETOP using simple

approximations as described in the text.

Pre-computed @->+90° ray @—>—90° ray

Maximum radius L ano " (R’ max) v 5 P(R" max)

(il’lCh) R’((P = +90°) R’ max (deg) R (q’ = — 90 ) R max (deg)

15.00 14.964 14.976 93.1 14,950 14.965 —87.8

- 18.00 18.002 18.037 85.4 17.998 18.005 -89.0

- 21.00 21.047 21.061 91.7 20.950 20.985 —-93.0
24.00 24.004 24.058 86.0 23.905 23.948 -92.7 .

27.00 27.096 27.097 89.2 - - * - -
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Fig. 6. Computed and measured envelopes of trim coil current
versus radius required to reduce beam intensity to half maximum
for the 25 MeV proton field.

table 3. Using appropriate starting conditions, the
amplitude of the radial oscillation was retained at the
minimal value of about one millimeter and no increase
of oscillation amplitude was observed with variation of
trim coil current. The uniformity of the radius versus
energy function indicates that no significant errors
result from the use of the method of trim coil detuning;

A result of the theory, analogous to the case of
frequency adjustment, is linearity of sin ¢ with trim
coil current. Examination of computed acclerated
orbits verified this assumption to essentially the same
degree as in the case of frequency variation. The
linearity of sin ¢ with current depends only on the
assumption of a first-order change in field and is in-
dependent of the other assumptions made in deriving
€q. (10) since the field changes required to shift the

28

R.E. BERG ef al.

phase to + 90° are quite small, it is not surprising that
this linear relation is accurate.

As in the case of frequency detuning, it was found to
be impossible to use the trim coil adjustment method at
large radii due to the rapid rise in phase at the outer
radii.

Results of comparison of actual integrated orbits
with data obtained from integration of the longitudinal
equations are presented in fig. 5 for the 42 MeV field
discussed before. The good agreement between the two
procedures again verifies the adequacy of the longitu-
dinal equation; as in the case of frequency variation
shown in fig. 2, discrepancy results in the region where
the phase approaches —90° slowly and coupling effects
become significant. Furthermore, agreement between
maximum radius obtained for given trim coil displace-
ments precomputed using eq. (9) and that obtained by
orbit integration verifies the accuracy of the assump-
tions involved in the derivation of these relations; these
data are summarized in table 4.

Further evidence of the overall accuracy of the trim
coil detuning procedure lies in its use to set the main
field; by adjusting the main field such that precomputed
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Fig. 7. Computed and measured curves of sin ¢ vs radius for
25 MeV proton field using both trim coil and frequency detuning.
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Fig. 8. Computed and measured curves of sin @ vs radius for 33
and 42 MeV proton fields using frequency detuning.

trim coil currents drive the beam to half amplitude at a
fixed radius, the main field excitation can be resolved
to within a few parts in 100000. If the beam is well-
centered and the starting phase is accurately known, the
precomputed phase history behavior is obtained to
within + 0.025 in sin ¢ for all energies.

- Similar to the case of frequency detuning, an envelope
of trim coil displacement current necessary to drive the
beam to half maximum is computed for each operating
point. Such an envelope is plotted in fig. 6 fora25MeV
proton field, along with the experimentally determined
curve. The trim coil displacement current envelope was
used to determine the phase curve experimentally.

3. Experimental results -

This section presents results of several detailed

experimental measurements of beam properties in the
MSU cyclotron.

Experimental results are in each case compared to
theoretical predictions obtained using the equilibrium
orbit program and the longitudinal equations.

3.1. PHASE HISTORY ‘
Using the trim coil current and frequency limit data

335
shown in fig. 1 and 6, the phase of the central ray
particle as a function of radius may be obtained. Such
phase curves are shown in fig. 7 and 8 for 25, 33 and
42 MeV proton fields using both frequency and field
detuning. Note that in the case of the 25 and 42 MeV
fields all field data was obtained by direct measurement;

the trim coil fields for 33 MeV protons were obtained
by interpolation.

3.2. INITIAL PHASE -

It is possible to extrapolate back to zero energy by
comparison of the computed and measured curves to
obtain the nominal starting phase ¢,. For a given
source-to-puller geometry and source location, there is
an rf “starting time” 7, at which the particles leave the
ion source, corresponding to the nominal starting phase
¢o used in the longitudinal equations of motion. Since
this starting time is an essentially incalculable quantity
it has been necessary to assume a reasonable value in-
order to perform detailed calculations of behavior of
orbits in the central region'®). Understanding of such
behavior and knowledge of the central starting phase is
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Field 250
33 MeV Protons

Do = 45°
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-10, 5

1o L W“ﬁb
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Fig. 9. INustration of procedure for determination of central ray
initial phase for two proton _ﬁelds. Extrapolation of difference
between computed curves and measured data inside 25" allows
precise determination of initial phase.
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basic to the procedure of the phase selection using slits.

It is desirable therefore to determine 7, as accurately
as possible, since small starting time errors can intro-
duce substantial deviations into the energy-phase
history curve, especially near fixed points where the
sin ¢ approaches — 1 asymptotically, as in the examples
of figs. 2 and 5.

Fig. 9 illustrates the procedure for determination of
starting phase for two proton fields. The main field has
"been adjusted to render the phase correct for outer radii
of about 25”. By extrapolating back to zero energy the
difference between the various computed curves and
the experimental curves can be obtained; the initial
phase assumptions are then improved untxl exact
agreement experiment and calculation is reached, as
shown in previous results of phase measurements. With
such a method, the nominal starting phase was deter-
mined to be +20° + 1°.

Comparison of several computed accelerated orbits
from CYCLONE with different rf starting times
allowed identification of the orbit which attained the
experimentally observed radius and phase history. The
corresponding rf starting time is —28°41° for the
MSU central region geometry.
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These results are consistent with orbit calculations as
well as the results of experimental “foil burns” which
accurately trace orbit paths in the central region®),

It should be noted that the phase width and the rf
starting time of the central ray are independent of beam
current for reasonably small beam currents. It should
also be noted that the phase width is restricted by the
geometry of the electrode structure in the central region.

3.3. PHASE WIDTH

A useful variation of the phase measuring technique
is to obtain the complete intensity vs frequency or trim
coil displacement current profile, from which both the
phase and the phase width of the accelerating beam as
a function of radius can be determined.

Such a profile of beam intensity as a function of trim
coil current has been obtained experimentally and is
shown in fig. 10 for the 25 MeV proton field at two-
radii. From these profiles the phase width of the beam
is computed to be constant in sin ¢-and approximately
equal to 15° at the nominal central initial phase of
+20°.

With the aid of CYCLONE, the measured phase
widths can be compared to widths inferred from the
turn structure patterns obtained with a differential
radial probe. Fig. 11 shows a turn structurc pattern
obtained in the 25 MeV field using a -L.” differential
probe. The pattern clearly shows the 1urn structure out
to the extraction region, where the effect of the v, =1
resonance is observed (turn 210). Using CYCLONE, a
“beam” of fifteen particles, of one degree starting phase
intervals about the central ray of initial rf starting time
To = —28°, equivalent to @, = +20°, was accelerated
and the radius at the azimuth of the probe of each
particle was plotted as a function of starting phase over
the region from turn 90 to turn 120 in fig. 12a. The
“beam” was assumed to be of constant intensity as a
function of starting time and each turn was given a
radial width of one millimeter, the size of the slit in the
ion source chimney. The resulting “turns” are in-
dicated by the gray areas in fig. 12a. From this turn
pattern, the densities of particles due to all turns
present in radius intervals equal to.the probe width
were determined and the resulting current density .
structure is plotted in fig. 12b. Finally, in fig. 12c the
section of the experimental turn structure pattern
obtained with the differential probe is plotted for the
same radius region.

The computed and measured turn structure patterns
are similar in every respect: 1. both possess the same
radial oscillation’ amplitude of about 0.120”; 2. the
peak-to-valley ratio is essentially identical for all phases
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of the radial oscillation cycle; 3. the characteristic sharp
edge of each turn on the high-radius side resulting from
the “parabolic” radial contour of ‘individual turns
appears in both plots. Use of either: 1. substantially
different starting phase widths for the computed beam
or: 2. substantially different radial width for each turn,
or any combination thereof, destroys the striking
similarity between the computed and measured turn
structure patterns. The similarity of these two density
patterns is taken as further evidence to support the
phase width, phase history and starting phase measure-
ments discussed previously.

3.4. DEE VOLTAGE

Eq. (3) may be written twice and solved to obtain the
maximum energy gain per turn E, as a function of
radius, in terms of the measured cutoff frequencies w,
and w_:

E, - {n(w, —o0_)wy} [E+F(E)].

The dee voltage is a function of E, which depends upon
the rf mode and the dee geometry.

The radial dependence of the dee voltage obtained in
this manner is given in fig. 13 for the 25 MeV and
42 MeV proton fields. These data are in good agree-
ment with results of calculations in which the dees are
composed of short sections of transmission line. It
should be noted that E; can not be obtained without
reference to calculation; the energy E and the quantity
F(E) at each radius must be obtained by inspection of
equilibrium orbit data.

3.5. RADIAL FOCUSING FREQUENCY

It can be seen from fig. 11 that the turn structure
pattern obtained using the differential probe possesses
a periodic behavior. The radial focusing frequency is
related to the number of turns in one precession cycle:
N, =1/(v,—1) where the number of turns per cycle N,
can be readily obtained from such a turn structure
pattern, o ' )

Fig. 14 shows the computed v, vs radius curves for
four magnetic fields, along with the experimentally

obtained values. The horizontal bars indicate the radial”

interval over which the turns were counted to obtain an
average value of v, and the vertical bars indicate the
error in the average value of v, over that radial interval
arising from inaccuracies in the number of turns
counted. Note that for the 25 and 42 MeV cases both
trim coil fields and main magnet fields were measured.
For the 33 MeV case the trim coil fields were obtained
by interpolation, while the 38 MeV field was obtained
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entirely by interpolation in the main magnet and trim

- coil flelds.

3.6. AXIAL FOCUSING FREQUENCY

A z-probe with a } inch sq. sensitive area, movable
vertically over a $” range, has been used to obtain data
on axial motion. For these measurements a large
coherent axial oscillation was induced in the beam by
placing a thin slit 0.15” above the median plane at the
position of the first quarter turn. ‘Making successive
radial scans with the probe at various z values, an
effective nine-finger axial probe was obtained. Analy-
zing these data, it was possible to follow the coherent
axial oscillation out to the edge region of the magnetic
field. The number of turns in a complete cycle of axial
motion is related to the axial focusing frequency:
v, = 1/N, where N, is the number of turns per precession
cycle for v, less than 4.

The results of such measurements are shown in fig. 15
for the same proton fields illustrated in fig. 14. The
radial interval over which each average value of v, was
obtained (generally one to two vertical oscillations) is
indicated by the horizontal bars; the vertical error bars
arise from inaccuracy in counting the number of turns
per cycle of axial motion. Computed values are in-
dicated by the smooth curves. The effect of the central
field cone can be easily seen.

No appreciable electric focusing was observed using
this method beyond the third turn; the measured v,
values agree with those obtained using only magnetic
field focusing. Experiments using foil burns establish
this result to the center. Lack of the expected strong
first order electric focusingis attributed to the particular
geometry of the MSU cyclotron central region
electrodes.
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CONVERSION ELECTRON MEASUREMENTS
OF TRANSITIONS FOLLOWING THE BETA DECAY OF '3!mT,
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" Abstract: The MSU six gap orange and 74/2, iron-free beta-ray spectrometers have been used to

study the internal conversion electron spectrum of 3!™Te. The multipolarities (in parentheses)
of the 80.9 (M1), 102.3 (M1), 149.7 (30 % M1, 10 %, E2), 200.7 (El), 240.6 (E1), 334.5 (M1, E2),
452.7 (M1, E2) and 773.7 (80% E2+20%, M1) keV transitions have been determined. The El
multipolarities of the 200.7 and 240.6 keV transitions and the log ff values of the beta decay to
the high-energy states suggest negative-parity assignments for the 1797, 1899 and 1980 keV
states in **. In addition to the data presented, a survey of the low-energy, positive-parity states
of the odd-mass iodine isotopes has been performed. The energies of separation of several
states have been found to have a strong quadratic dependence on the neutron number.

E RADIOACTIVITY: 'Te[from *Te(n,y)]; measured Iee, K/L.
18] deduced levels, J, m, cc. Enriched target.

1. Introduction

~ In order to complement the recent gamma-ray coincidence studies !) of 31™Te,
the conversion electron spectrum of this decay has been investigated. Such measure-
ments are of particular interest for this isotope since the low-energy, more highly
converted transitions occur between high-energy states in the decay scheme. Hence,
additional information on the higher-energy states may be obtained. During the
course of this experiment, Devare, Singru and Devare reported 2) similar measure-
ments. This study confirms a large part of their work, and the more extensive use of
Ge(Li) detectors facilitates more accurate determinations of the internal conversion
coefficients.

2. Source preparation

The sources of *!™Te were produced by the irradiation for one week periods of
20 mg samples of tellurium metal (enriched to 99.5%, 13°Te)in the Oak Ridge Research
Reactor. The thermal neutron fluxes were approximately 2 x 1014 n cm™~2 sec™ L. Sev-
eral sources were used during the course of the experiment. All of the sources were
chemically purified to remove the **!I contaminant by distilling the *>*I from an aqua
1 NDEA Fellow. Now at the Department of Physics, Murray State University, Murray, Kentucky,

USA.
t Work supported in part by the National Science Foundation.
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276 L. M. BEYER AND W. H. KELLY

regia solution. The tellurium metal was then precipitated from an HCI solution by the
addition of SO, gas and hydroxylamine hydrochloride. The spectrometer sourcés were
prepared by vacuum sublimation of the precipitate onto a 0.7 mg/cm? aluminium
backing. Such procedure does not remove the trace amounts of 1!°Ag present in the
source; however, no noticeable interference was produced by this contaminant. -

The sources for the orange spectrometer, which is similar to the instrument de-
scribed by Bisgdrd *), were 2 mm in diam. The sources for the Moussa-Bellicard
type n\/ 2, iron-free double-focussing spectrometer #) were 1 mm x 15 mm. The reso-
lutions of both spectrometers were limited by source thickness effects.

3. The internal conversion electron spectrum

The internal conversion electron spectrum covering the energy range of 45-240
keV, recorded with the orange spectrometer, is shown in fig. 1. The K-conversion line

'IB T T T ¥
334.5K

g 16 |- /ﬂ -
2 1.
z | !}
§ 14 b ] -
= }¥ }
¢ 7Y
g e /} {5.- .
3 )
p

10

»7.2;0 770 760 7.90
CURRENT, AMPERES

Fig. 2. The K-conversion line of the 334.5 keV transition recorded with the orange spectromet,er.‘

of the 334.5 keV transition recorded with the same instrument is shown in fig. 2. The
K- and L-internal conversion lines of the 149.7 keV ground-state transition recorded
with the n,/2 spectrometer are shown in fig. 3. Additional lines corresponding to the
K-conversion lines of the 452.6 and 773.7 keV transitions have also been observed
with both instruments but are not shown here. The relative conversion electron in-
tensities thus obtained, coupled with the relative gamma-ray intensities reported in
ref. 1), can be used to determine the internal conversion coefficients if the coefficient is
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known for one of the transitions. The number has been obtained by assuming that a
correct value for oy of the 149.7 keV transition can be derived from the experimental
K/L ratio, i.e. ‘

A1 _ (K/L)ay (E2)—og (E2) _

A4y o (M1)—(K/L)oy (M1)

where K/L is measured, the « are from the tables 5 ), and 4, and A, are the fractions
of M1 and E2 multipole mixtures in the transition. The A;[A, ratio is then used to
determine the 149.7 keV oy.
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Fig. 3. The K- and L-conversion lines of the 149.7 keV transition in the decay of 13mTe, This was
recorded with the iron-free 74/2 spectrometer.

The results of the data analysis are summarized in table 1 with the theoretical val-
ues of the conversion coefficients for the various multipolarity possibilities. The data
are in agreement with the results of Devare ef al. ?). The most important aspect of
these data is that they confirm the E1 assignment for the 201 and 241 keV transitions2),
indicating the presence of negative-parity states in 1311. The results do not indicate
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which of the levels have negative parity. A measurement of the multipolarity of the
822 keV transition, which we were not able to obtain, should suffice to allow the as-
signment of parities to the levels at 1556, 1596, 1797, 1899 and 1980 keV, when coupled
with the information already obtained. However, log f values indicate that the latter
three levels are probably the negative-parity states.

4. Discussion of the decay scheme

The decay scheme of ! 31™Te is shown in fig. 4. The positions of the states, the order-
ing of the transitions and the log ft values are taken from ref. *). The new information
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Fig. 4. The proposed energy level scheme of 131 populated by the decay of 30.5 h 1*'™Te. The log f¢
of the beta decay to the 1596.5 keV state should be = 8.8.

in the decay scheme is that derived from the determination of the multipolarities of
the low-energy transitions from internal conversion coefficient measurements.

The M1 characters of the 81 and 102 keV transitions and the El characters of the
201 and 241 keV transitions define a parity difference in the higher excitéd states. The
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1556 and 1596 keV levels have one parity, while the 1797, 1899 and 1980 keV levels
have the opposite. The relatively low log ¢ values of the B-transitions to the upper
two levels, coupled with the high log f¢ values to the 1556 and 1596 keV levels, indicate
that the latter probably are the positive parity levels.
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Fig. 5. A comparison of the systematic energies of separation of the low-lying levels of odd-mass

iodine isotopes with the.values obtained from a least-squares quadratic fit of the data points. All

values marked A (except the §-3 value for %[ and the $-7 value for 1%°]) have been included in the
least-squares fit. The vahies marked F are those obtained from the fitted equation.

The positive-parity assignments to the 1556 and 1596 keV states are plausible rela-
tive to expectations based on a core-coupling model with these energies correspond-
ing approximately to the expected energy of the second phonon excitation. Absence
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of crossover transitions and high log ft values may be additional indications of this
type of state. »

The character of the high-energy, negative-parity states is, as yet, unknown. Singru
and Devare have measured the g-factor of the 1797 keV level with the results possibly
suggesting (g;p, dyn, hyn) or (dsp, d;n, hyn) three-quasi-particle configurations ).
Another possibility is an octupole excitation of the core coupled to a single-quasi-
particle state. However, the energies of the states in question are considerably lower
than the 2700 keV 3~ state in the neighbouring '3°Te doubly even isotope.

5. Systematics of odd-mass iodine isotopes

There are now sufficient data available on the low-energy states of the odd-mass
iodine isotopes in the range '?°1-'33] to allow quantitative study of the systematic
energy level trends. In particular, the studies by the Chalk River group *) on *2°T and
1271 and the studies by the M.LT. and M.S.U. groups '8~ 11) of 127], 1291 131] apd
1331 provide accurate energy measurements of the low-lying states of these isotopes.

Perhaps the most interesting phenomenon observed in this study of systematic
trends is shown in fig. 5. The energy level separation of the ¥, 3* and §* states with
respect to the 3* states have been plotted as a function of neutron number for the
iodine isotopes. A least-squares quadratic fit has been performed on each curve for
the known experimental points. As can be noted from the figure, the fit is exceptional.
It should be noted that the 560 keV state in !?°I has been included as a 1* state. The
published spin assignment identifies this state as 3* or £* on the basis of a very weak
transitionto the 3* ground state®).If 3* or $* assignment is the case, it seems plausible
that a very weakly excited 1* state also exists with comparable energy in '2°I because
of the accuracy of the least-squares fit for the other spin states. The curves have been
extrapolated to both '2*I and *3°I, with the hope that experimental data will become
available to check the range of validity of this quadratic behaviour.

Kisslinger and Sorensen have used a short?range pairing force and a long-range
quadrupole force to calculate the low-energy properties of a wide range of nuclei 12).
Their results for some of the states of 12°I, 1271, *2°T and !3'] are in qualitative agree-
ment with the above trends. Hamamoto has made a related study in which she con-
siders the effect of the neutron-proton interaction **). Again, the general trends are
in qualitative agreement. '

The authors wish to thank Mr. W. Johnston and Dr. S. K. Haynes for assistance
with the operation of the 7./2 spectrometer and Dr. G. Berzins for assistance with
the data analysis and interpretation. '
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A new kind of radiation analyzer

By T. H. Crosg, D. V. Hirsr, J. V. Kang, C. Y. Kao, J. KATELEY,
W. A. SHUNK and M. E. WIiLLIAMS

ABSTRACT

A computer radiation analyzer system is under construction at the Michigan State University
Cyclotron Laboratory. The system is based upon the Scientific Data Systems Sigma 7 Computer
which is a real-time time-sharing stored program computer. A general purpose interface will be
used to aid in the transfer of information between the computer and the laboratory. This interface,
which is itself a computer, has the following properties:

(a) It is designed to cover a large class of laboratory problems rather than a few special problems,
(b) It is programmable using & removable panel of cables.

(¢) It is capable of performing many different and unrelated operations in parallel.

(d) It is designed to receive signals from and to send signals to a large number of different devices.
(e) It is capable of processing both analog and digital pulses and levels.

It is our intention to use this system to record data fom counters, to display information on
cathode-ray oscilloscopes, to establish experimental conditions and to control the cyclotron. The
design permits us to do all of these things simultaneously. One of the principal uses of this device
will be the study of unstable nuclei, using nuclear reactions which emit more than two particles.

Introduction

’Recognizing that nucléar physics experimentation often requires mastery of a

large number of different kinds of devices, we have attempted to build a radiation
analyzer which is capable of servicing or being serviced by a very broad class of
devices. In the past radiation analyzers have been built primarily to receive data
from radiation detectors and to provide a facility for display and print-out of such
information [1]. More recently the introduction of radiation analyzers based upon
stored-program computers has led to the use of these machines to process or simulate
nuclear detector information [2]. However, when one views all of the operations
which are required for the successful completion of almost any physics experiment,
it is clear that the above devices are helpful for certain aspects of these experiments,
but not for other aspects. If the radiation analyzer instrument could be made in a
general fashion rather than a special fashion, it seems reasonable to believe that by
using current technology it could handle any aspect of any given experiment, thereby
making possible automated physics experimentation. In this paper we will describe
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a radiation analyzer which is capable of processing or producing a very large set of
electrical signals, a subset of which includes those functions normally associated with
radiation analyzers. While it is not yet a completely general purpose instrument, it is
at least an order of magnitude more general than any other electrical device.

The instrument which we will describe in this paper is actually not a radiation
analyzer per se. It is rather a kind of process control instrument. The words “process
control” are generally understood in the computer industry to mean the art of
measuring and controlling a manufacturing process. This approach to experimental
science is perhaps worth some consideration. Many laboratories have particle accele-
rating machines. These machines manufacture the projectiles needed for experi-
mental investigations. Further, when an experiment is under way the radiations
being measured may be thought of as the product of a manufacturing process. The
comparison of measured information with theory is a kind of quality control process.
When data is being obtained, it may be desirable to adjust the manufacturing ap-
paratus on the basis of the data being measured at the time so as to improve the data.

Tt is the purpose of this paper to describe an instrument which is based upon the
concepts outlined above. The instrument to be described is capable of controlling an
accelerator and various pieces of ancillary apparatus in addition to being able to do
pulse height analyzer-type measurements. It is the product of an attempt to design
a more general research instrument than has existed previously.

There are many arguments which indicate the desirability of a general purpose
research instrument as opposed to the special purpose instruments in common use
at the present time. Two of these arguments are: (a) The cost of construction of a
plethora of special-purpose instruments is a serious burden upon most research
projects. A general purpose instrument can eliminate the need for these special
purpose devices. (b) Measurements of physical effects are often structured by the
instruments available at the time when the measurement is performed. Often the
measuring instrument so limits the experimental accuracy that a unique interpreta-
tion of the experimental results is not possible. A general purpose instrument, on the
other hand, can allow the researcher to measure those things in which he is interested
in a way more appropriate to the interpretation process which will be needed if a
logical deduction is to be performed upon the results of the measurement [3].

The design of the radiation analyzer

Digital inpui—output under program control

The basic means of communication between the Sigma 7 Central Processor Unit
(CPU) and the General Purpose Interface are the Read Direct (RD) and Write
Direct Instructions (WD). These instructions have the following format [4].

RD/WD R i ADDRESS FIELD

0 1 7 8 1112 14 15 31

When WD is executed the contents of the register given in the R field (bit positions
8 through 11) and the contents of the address field (bit positions 16 through 31) are
transmitted to the input/output connectors on the computer. Simultaneously the
computer reads the logical status of two input lines on the same connector into
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special condition code flip-flops CC3 and CC4. On RD the address field is again

transmitted and the condition codes are again read into CC3 and CC4, but in this

case, the computer reads the connectors into a register specified by the contents of
the R field.

The designer’s intention in this system is as follows: Information is transmitted
(WD) or received (RD) by the register specified by the R field. The source (RD) or
destination (WD) of the information is determined by the address field bits. A pro-
grammable check on external conditions can be had via two instructions, Branch on
Condition Set (BCS) or Branch on Conditions Reset (BCR) which can be used to test
the status of CC3 and CC4. A non-programmable check on the success or failure of
RD or WD is also provided when a special signal Function Strobe Acknowledge (FSA)
signal is received. It is the duty of any external device to return an FSA signal if it
finds its own address present on the address field lines. This system is employed both
to synchronize data transmission through cables of variable length and to provide
a diagnostic test for faulty input/output operations, including the non-existence or
unavailability of the addressed external device. If the computer executes RD or WD
and an FSA signal is not received within a few microseconds a special interrupt will
occur to transfer the control of program to an error subroutine. This procedure cannot
usually be avoided or modified by a user unless he has complete access to the system
monitor program; hence, as described above, this special interrupt procedure is con-
sidered to be non-programmable. Users do not normally have such access because
the Sigma 7 Computer can operate in two modes—Master and Slave. The former
mode is reserved for the Monitor program and certain subroutines and has access to
all machine instructions. In the Slave mode most instructions are available to users,
but attempted execution of certain instructions (the privileged instructions) will
cause an unconditional transfer (trap) to the Monitor program. The user normally

gets a controlled access to these instructions via Monitor Subroutines. Thus (assuming.

an error-free monitor program) accidental or intentional violations of the system
logic caused by execution of faulty instructions by users can be found and diagnosed
by the system program before they have caused any non-recoverable damage. At-
tempted improper use of external devices can be avoided and corrected. Also, a user
who attempts to access memory outside the region assigned to him by the monitor
program will be trapped by a memory protection system before he can do any damage.

A second way to do input/output is available on the Sigma 7 via the input/output
processor (IOP). This device is a special-purpose stored-program computer designed
for a memory copy-in and copy-out operations. A special adaptor (SDS 7929) is
available which provides electrical RD or WD signals from either the CPU or the
IOP. These signals are applied to the General Purpoese Interface. If these signals are
supplied by the IOP, the CPU is available at least 90 % of the time for other work.
IOP signals are, however, not as flexible to program as compared with the CPU
signals because the IOP has a smaller instruction set than the CPU does. It, there-
fore, seems that some operations are best done using the IOP and others are best
done using the CPU. Figure 1a shows a block diagram of the wiring path described
above.

At this point it is interesting to illustrate several ways of connecting a computer
to nuclear physics experiments. Method A is shown in Figure 1b. Here a standard
wired multiparameter analyzer is connected to a stored program computer. This
method has the disadvantage that it involves duplication of electronic hardware; on
the other hand, it leaves the computer free to do other kinds of processing while the
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MEMORY

SIGMA 7
1oP

(1oP)

RO/WD

¥ INFORMATION
INTERFACE FROM
! RADIATION
DETECTORS
RD/WD
INTERFACE
2
MULTI- STORED
PARAME TER PROGRAM
' ANALYZER COMPUTER
' INFORMATION
1}
b
! MEMORY - MEMORY
a b
INFORMATION INFORMATION
FROM FROM AND TO A
RADIATION LARGE VARIETY
DETECTORS OF DEVICES
ANALOG TO STORED GENERAL STORED
DIGITAL PROGRAM PURPOSE PROGRAM
CONVERTERS ' COMPUTER INTERFACE COMPUTER
INFORMATION INFORMATION
MEMORY 7 MEMORY
c d

Fig. 1.(a) A block diagram of the major components of the system. A special version of the 7929 is
used to combine the CPU and IOP signals. This unit is not announced at the present time.
(b) A block diagram of a computer system using Method A (see text). (¢) A block diagram of a

computer system using Method B (see text). (d) A block diagram of a computer system using
) Method C (see text).
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analyzer is recording data. Method B is shown in Figure 1c. This system stores data
from detectors directly in the computer memory. While this method does tie up the
computer it has the advantage of simplicity and it encourages users to use the com-
puter to process data while the data is being recorded. Method C is shown in Figure 1d
and is like method B except that the input device is now bi-directional and is also
generalized so that it can process a broader class of signals. The analyzer described
in this paper is a method C analyzer.

The general purpose interface

The general purpose interface receives and sends RD and WD signals as described
above. Table 1 lists the function which it provides and Fig. 2 shows a drawing of the

coaxial patch panel which provides users a programmable control over the interface
logic.

The register logic

The Registers are built from SDS T series logic modules [5]. There are 4 registers,
each 32 bits wide. Fig. 3 shows the schematic for the first 8 bits of register number 0
and the read-out logic gates for the first 8 bits of all four registers. The logic shown
consists of two BT 10 cards and one ZT 15 plug card which provides the wired coaxial
cable connection to the patch panel.

A typical flip-flop is illustrated in Fig. 4. Flip-flop registers can be set by the com-
puter Write Direct or read by the computer Read Direct. They may also be set and
read from the patch panel. The register bits are set by providing a signal on the
clock input (GIrii) while the set input (SIrii) is true. The flip-flops are reset by
providing a signal transition from true to false on the clock input while the set input
is false.

The patch panel input to a register is inhibited by NWRrb if the computer is
attempting to write into the same register. '

The clock signal for writing from the patch panel is GIrii and is provided via the

Table 1
Ttem Description Services provided
4 registers These registers can be written SET

into by WD and read from by RESET
RD. They can also be written into CC3-WRITE®
or read from the patch panel. CC4-WRITE
Each register is 32 bits long CC3-READ
CC4-READ
'FS-READ (Most significant 16
bits)
FS-READ (Least significant 16
bits)
FS:WRITE (Most significant 16
bits)
F3-WRITE (Least significant 16
bits)

.
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Table 1 (continued)

Item Description

Services provided

32 test lamps When a “True” logic signal is

applied to the lamp input, the

lamp lights

8 interrupts When a “True” logic signal is
applied to the interrupt input II,
an interrupt flip-flop in the CPU
will be set

one shots Each time the input lines go true,
the output will go true for the
specified time. (See Fig. 2)

4 clocks 50 nanosecond strobe pulses are
available at 100 MC, 1 MC, 100
KC and 10 KC rates

2 decoders Provide conversion from binary
to one out of 16 lines

64 ANDS Gives A-B=C

64 ORS Gives A+B=C

32 relays Provides an SPDT contact closure

when a true signal is applied

.gate line is held true an
lage transfer is provi-
the selected input

mpui;s :

12 digital to h-Cor
analog con- ‘sign bit. Range is —10 volts to
verters +10 volts

6 current to
voltage oper-
ational ampli-
fiers

6 Sample/Hold
amplifiers

24 Schmitt

- triggers

Qutput voltage range +10 volts
for +4 Ma input current

Range +10 volts

Hysteresis —1 M\}/

16 phlse Input range 0-> + 10 volts
stretchers

erter is 15 bits including ~

Interrupt flip-flop return line (IR).
This provides a way to check
whether the interrupt is set or not

Durations of 0.1, 1.0, 10.0 and
100.0 uses are provided. Somie
units have both true and false
output signals simultaneously
available

The complement of C is also
provided

The complement of C is also
provided

Relay grounds are isolated. Can be
used for programmed rewiring of
either analog or digital signals

The analog and digital grounds are
separated

The analog and digital grounds are
separated

Will sample any voltage in this
range -
Used to decide whether an analog

voltage is greater than or less than
zero

When gate line is true stretcher
will convert an analog pulse to an
analog level. A clamp circuit is
included to reset the pulse
stretcher

@ The Notation CC3- WRITE indicates the logical AND of the signal CC3 and thesignal WRITE.

558



Harrisburg, Pa., U.S.A. -

L
:9 ©0QP000QE000QQP000QQ0.. © 0 Qg 00 0QQ olBFBIND O S OIT"S
gd%Fooooooooqoogggggoo ©00lo 00000 ofIlQlalnIT B 6 O 0 o
Do oo conoondoojgoRoolo o coocoaoaloold ppmoooipp
G6cdovooooooooononoooooag cooooooooodgbplelccooteo
8000Q0000QQ000QO000QQ0 00Qg 00090 oSlHRlnnRd G0k o o
&'00o oo oooojoooooloooooloo ooolcoooojooh ppcooogpp
Sﬁgbccooouccnocaggﬁbmo camonccccobmmpgcoooggg
Gdcdoocoooooooodoooadoo noooopoooodBglpiplocaocopoy
| 8001069 000Q90006¢0000QQ0 0099000990§"99-w&-g§b
gﬁékoooooooooooqggﬂooo ooooooooooé‘mpgoooo,,p
dtWoopoouoooooojoopoojoa oooloooooloald Dpcooong
fdduouoononoooooonooan vopoooooooopddlloccootpo
gg 0QP000QQE000QREV00QQ0 o0oggoooqqolllgy p-i%oipp
8olooooooojooo00i0000000 o000 o0oocloolilololaloGoop o o
goooooonoooaoootoogoo coplcooogojoo ppcooozpp
dddocdooononooonpoooonoo ccoooooocableblplocooogoo
000Q0000QQO000QQO000QO0 00 Q,Q 0 0 0 g,Q Ol0-0-0-0-CFBBO-0-0-0-0
ooodooooooooooooooooo 0 0 0j0 0 0 0 0}0 0|-0-0-0-O-G-Eb-0-0-00
oCoopoopolooopapdSoaloo 0D oo & © 0 oja gj0-0-0-0-3EB-0-0-0-0
cooobooooooooooooonag 0 00T 00000 0000033850000
000QO000QQE000Q0000Q00 ooggcooggoolar g ooy
%ﬁ@@qoooooooocooqggooo © 0 0lo 0 0 0 oo ofojojojalo|alalo|EIBIBE
oCCoooocooooooogoonon oo ojo o o o olo olalolojolelojoiololololo
i
M ¥
Jooo&coocdoccodoonc&oc Dcobcncgcccooooooooooo
000QP000QO000QQ0C0QQ0 00 Q0 0 0 0 Qg olglojojcialooia|clolale
o dgjoloooooloooocjoogoojoo 00 0j0 0 0 0 0|0 o|g|olololalaloiolololale
oooboocqoooomocooooc o oo o p oo ojoolojalc|alo|aloiofalo
cooopooogooCoOQoOoQon oo o'ooo oo ooolololalclalalololalo
000QP00CQQYO000QQE000QQO 0 0 @, © 0 0 Qo oluloloja|alo|ajnioloialo
2 Jgjoooooooo00000g0000 0 0 olo o ¢ o 0jo olglojolajojajolaiololalo
Qo0cooooopoDonORaanon ouoPoouaoopooooooaooop
cooggoooooocooouOQQayd oooono oo ofclolojolololalolololulo
60J00QP000CQRE000QE000QE0 .| 00QQ000geoldolojojolaiciulolojalo
gq@ooooooooooo%oaagooo 00 0]0 0 0 0 0}o ofdlclolalalallolololalo
OO%oooooqoooo%ooooooo 000000000 ogoloIBITICIDIojoaio
gdopoooooooonoooRoUanQ oo oo oonooojglooojajalalo|ofoldle
pp@@@%ﬁ?ﬁ%ﬁ?@@@ﬁ@????? 635595399Q§§O'§g§5§§.9
gooopooooooooTopoltooon cooooasaaajo/coldlolioloojolald
cooooccmooonooooPccooc goapnooonooloolololololololnialo
- Gonopooooopocogolcaoon aoooeooooocioololojalalolalalalo
gooopoooooaoooaookooaa nanooooaoooolofo|olalaloklolalo
opoopopopponocgobloaoog oooooooooojololojplojoinlojalulalo
000080 0000l0000LTo00000 0000000000000 000 plolmlo
9000000000000 08P 000000 995?999999995?@9990000
9009 %}9999999%@}99999 090000000000 8V0 00000 |
POPPOPPPEPI0000PD OO0 000000000000 3T 000 0loolR.

Fig. 2. This figure shows the legend for the removable coaxial cable patch panel. The panel shown is an AMP 2024 and is available from American Pamcor Inc.,



T. H, CLOSE ¢t al., A new kind of radiation analyzer

‘g *jo1 ur pourejdxe ore pesn sjoquils .
oYL ‘umoys oIv s10jsiJer Inoj [e J0j §038F INO POl oYj puw s199s1861 INOJ oIe OIGY], 'BINISISor 608JIIUT OUY JO 831 § ISIY OU3 Jo oneweyos Y ‘g Bg

52



ARKIV FOR FYsIK. Bd 36 nr 63

TRUTH TABLE

> ’ PERICD n} nti]

c s |r | Q
ojo] q"
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o— )  9f—o ARl
e
a b

Fig. 4. The truth table for the FT12 flip-flop. Terminal designations are as follows: m, mark input
or unclocked D.C. set; e, erase input or unclocked D.C. reset; s, set input, must be clocked; r, reset
input, must be clocked; ¢, clock input, works on trailing edge; @, set output; 0, reset output.

patch panel from external logic. The clock signal for a computer Write (CRrb) is
generated (as shown in Fig. 6) from

CRrb =UA-WD-FS-r-b,
where

r =register number,
b =byte number,
FS=is the Write Direct Function Strobe,
WD =is the signal indicating that a Write Direct function is in progress.

and

-UA=is a term denoting that the Registers are the units being addressed by the
" Write Direct command.

The signal WRrb is used to gate the computer output data line to the correct
register and is given by : ' '

WRrb=UA-WD-r-b.

The term ““b”, indicating a group of 8 bits, is included in the logic only because the
loading of the driver for CRrb, WRrb, NWRrb and RRrb had to be split up. Genera-
tion of these control signals is shown in Fig. 6. ' '

The output of a register is gated onto the computer input data lines by RRrb.
RRrb is similar to WRrb except that it denotes that a Read Direct operation is in
progress. : : :

The rationale behind the logic shown in Fig. 3 is that it provides users with a very
flexible bit logic system at the patch panel except for those times when the computer
is executing a write operation.

Some useful elementary patch panel connection configurations are shown in Fig. 5.

At this point a major aspect of the general purpose interface becomes evident. The
general purpose interface can perform many logical operations in paxallel. The con-
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Fig. 5. Some useful elementary patch panel connections. The circles shown represent the cable
plug holes on the panel. Inputs are distinguished from outputs by the short diagonal lines which
are supposed to remind the user of the tails of arrows.

trast with the CPU is extreme. The CPU is organized to execute a certain small sef of
instructions one after the other. The general purpose interface in a kind of computer!
with an extremely large instruction set which can do many instructions at the same time.

It therefore provides a tool which has a valuable complementarity with respect to the
CPU.

The register addressing logic

Fig. 6 gives a drawing of the logic which determines the data path between the
RD/WD lines [6] of the Sigma 7 and the register bits of the GPI. This figure shows
how the general purpose interface interprets the address field of the RD and WD
instructions. The address field includes bits 16 through 31 of the instructions field
which we designate as bits 0 through 15 of the address field. Interpretation is ac-
complished as shown below. '

1 The word “computer” is used here not in the sense of a stored-program computer (von
Neumann machine) but rather in the sense of a very flexible rewireable* electronic logic system.
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X(F) | Interface # N N L

0 34 1112 13 14 15

Bits 0 through 3 have the value “F”’ in hexadecimal notation, i.e., in binary bits 0
through 3 must have the value 1111. This is an SDS system convention. All other
values of these four bits are reserved for use with computer apparatus manufactured
by SDS. -

yBits 4 through 11 designate which interface is being addressed. For the first inter-
face these bits have the value 00000000 in binary. The interface number of a given
interface is established by toggle switch settings on an ST 14 card (see. Fig. 6). :

Bits 12 and 13 designate in binary which of the four registers is being addressed.

Bits 14 and 15 are complemented logical masks on the first 16 bits of each register
(Most Significant Ha¥ or MSH) and on the second 16 bits of each register (Least
Significant Half or LSH).

The computer will access the registers in the following way according to the follow-
ing settings of bits 14 and 15. "

Bit 14 Bit 15 . : Result

0 0 - MSH plus LSH

0 I MSH only

1 0 LSH only

| S 1 Neither MSH nor LSH

This system is consistent with SDS standard practice. It assumes that most accesses
to the registers will be 32 bit data transfers and the convenience is that, in this case,
the programmer need not remember to put ones in these bits.

The condition code and function strobe logic is also shown in Fig. 6.

System organization

Only two parts of the system described above have a direct connection with the
Sigma 7 Computer system; these are the Interrupt lines and the registérs. All othér
components are free-standing. The computer can affect them only via signals patched
to them from the registers and vice versa. . . S .

These remaining components comprise four major classes of devices. These are:
(a) Wholly digital logic, e.g., the AND gates, the OR gates, etc. (b) Partially digital
and partially analog logic, e.g., the DAC’s. (¢) Wholly analog logic, e.g., the opera- -
tional amplifiers. (d) External system connections, e.g., the trunk lines. =~ _

In the schematic circuits in this paper; these conventions are observed. If a module -
name is shown in parentheses; e.g., (2T15), then that module is shared and has been
counted elsewhere. ) T e

A cable type is indicated by a letter, A through D, in a hexagon.

The length in feet is shown near this symbol for type C cables.

Open unconnected logic inputs will always be true. »

The system uses SDS T series Modules and SDS C, H and L series Modules (older
types). The T series modules are integrated circuit designs, a true digital signal is +4
volts and a false signal is O volts, The older series have true equal to +8 volts and
false equal to O volts (except for the flip-flops in thé DAC ciréuits which have true
equal to +4 volts {7, 8, 9]. : ‘

£
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Fig. 7. This figure shows how the Sigma 7 interrupt system is wired to the patch panel. See ref. 5.

- The interrupt logic

- Fig. 7 shows how the interrupt system is wired between the Sigma Computer and
the patch panel. :

The computer interrupts are laid out with 14 interrupt lines on one cable and 14
interrupt return (acknowledge) lines on a second cable. The only logic required in the
interface is a BT 15 to provide one unit load to the patch panel input and to drive
the 7 unit loads of the cable drive.

A true signal on the patch panel input generates an interrupt. Receipt of the
interrupt is indicated by a true signal on the acknowledge line. If the patch panel
input is left open (no connection), it is true. o

This method provides an immediate wired check for setting (IR true) of an inter-
rupt and for completion (IR false) of an interrupt. Experience has shown that a
convenient wired diagnostic for interrupt flip-flop condition can be much more useful
in tracking down interrupt signals problems than a program. '

The register system and the interrupt system are the only Interface components

~which have- a direct access to the remainder of the Sigma System. The parts to be

described in the next sections rely upon the registers, the interrupts or ‘external
sources for their information. : ’

The AND circuits and the OR circuits

The AN D Cirouits are impleinented as shown in vFig. 8a. The OR, Circuits are implq-- '

mented as shwon in Fig. 8b. S _ : .

The action of these circuits is explained in reference 5. The choice of these circuits
was based upon a desire to provide a maximum of user convenience, This has been
done by adhering to a policy of providing most digital signals in direct and in com-
plemented form. -

. The relay logic

The relay logic is shown in Fig. 9a. A true signal on the patch panel input KDi
causes the relay to close contacts KCi and KPi. A false signal on KDi closes contacts
KOi and KPi. Like the AND and OR Circuits, the relays can provide a programmed
way to rewire or change the function of a circuit system. The relays, however, can
do this for signals on coaxial cables and they provide isolation of the ground or
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Fig. 8. (a) The AND circuits. (b) The OR circuits.

shield. The relays can be used to provide for interconnection of high or low level

analog signals as well as digital signals. The relays can also be used to run small

motors and by connecting a condenser to the movable pole they ean be used to con-
vert a high precision voltage level into a high precision pulse. Fig. 95 shows two of the

many uses for the relays.

" The one-shots

The one-shot logic schematic is shown in Fig. 10. For the 16 one-shots set at 0.1
microseconds and designated M16 through M31, only the true output (Mi) and the
set input (SMi) are provided.

The sample and hold amplifiers

- The Sample and Hold logic is shown in Fig. 11a. With the patch panel hold input
(HLDi) false, the amplifier will track the analog input (SHIi). The transition. of
HLDi from false to true will trigger a 4 microsecond OT12 one-shot HLDSi. The
output of this one-shot is connected to the transformer coupled input of a flip-flop
with the output labeled FSHi (SX39 card). The flip-flop will be set which will cause
the HX34/42 amplifier to go into the hold state.: In this state the value of signal
present on the line labeled SHIi at the time of transition from sample to hold is now
held on the patch panel line labeled SHOi. The transition of HLDi to the false state
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meodules. Standard séries modules have been employed only because some T series components

were not yet available when this system was being designed. (b) Two simple uses for the relays.

The upper shows a program controlled pulse generator such as one might use to check outanuclear

amplifier system. The lower:shows.a D.C. motor control. D.C. voltage must be applied to the
upper two terminals in the motor control. °
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Fig. 10. The one-shot circuits.

will trigger another OT12 one-shot, SAMi. The transformer coupled imlse will reset
FSHi, and the amplifier will return to the tracking state.
Somewhat more detail of the analog section is shown in Fig. 115.

The Schmist triggers

The Schmitt Trigger logic is shown in Fig. 12. When the analog input signal
STSi passes through the threshold level of the AT22 Schmitt Trigger, the digital
output of the AT22 will change state. The state change will trigger one of the two
OT12 one-shots. The pulse produced by the one-shots are transformer coupled to set
or reset an FT12 flip-flop. The set and the reset both occur on the pulse leading
edge. The net result is that if the output of AT22 is true, then the output of the
FT12 will be true and vice versa. -

The multiplexer

The multiplexer is a high speed analog switch which is used to selectively connect
one of a number of analog input signals to a single output. The multiplexer provides
a way to avoid the need for a large: number of analog to digital converters. In order
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Fig. 13. The multiplexer logic.

to maintain separation of digital and analog system grounds, a transformer isolation
system is used to separate the digital and analog system grounds. Fig. 13 shows
how this is done.

There are two multiplexers, one for 8 input channels and one for 16 input channels.
The first 8 channels of both multiplexers are illustrated in Fig. 13.

The rise of the multiplexer select gate signal, MGj, triggers two one-shots—MGS;
and MCSj. The one-shots provide pulses to allow transformer coupling. MGSj trans-
mits a 3 microsecond pulse that will reset all channel select flip-flops (Fji) of multi-
Plexer j. After transformer coupling and inversion to provide a positive going pulse,
the MGSj pulse is fed to the clock input of the FT12. The channel select signal MCi is
anded with MCSj to provide a 4 microsecond pulse. This pulse is fed to the DC-get
of the FT12 flip-flop; thus, the selected channel flip-flop will be set. To allow for
uncertainties in pulse transmission timing, the MCS pulse is longer than the MGS
pulse.

If any of a group of 8 channels is selected, the term

MO;j =Fjo+Fjl +Fj2+.... + Fj7

will be true. This term selects (closes) a multiplexer output switch for a group of 8
multiplexer input switches. The true flip-flop selects the individual channel input
switch. -

(Note: Since the switch module design is not yet complete, it is not included in the
design.)

The digital to analog converters

Twelve digital to analog converter units are included; each of 15 bits. This is
sufficient to provide two independent Bi-Directional Self Calibrating Analog to
Digital Converter systems [12]. Transformer isolation of the analog and digital supply
voltages and grounds is provided as is shown in Fig. 14b. There are two one shots
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(Figure 14 a) associated with each DAC. The first one-shot (CHSj) is triggered on the
rise of the channel convert control-signal (GATj). The second oneshot (CVTj) is
triggered on the rise of the first one shot. From these one-shots, three timing pulses’
are generated to facilitate transformer coupling of channel data and the convert
control signal. These timing pulses are illustrated in Fig. 14¢. The three timing pulses
are used as follows. The signal CVTj (Fig. 14a) is anded with each data signal to
provide transformer pulses on those lines for which there is a true data bit. The

by
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Fig. 14 (a) Timing circuits used to transformer couple digital date in pulse form to the holding

flip-flops in the DAC’s. (b) The DAC’s. The flip-flops shown are double ranked. Data in the first

rank is transferred to the second rank when the central wire to each flip is made true. See ref. [8].
(c) The timing used for data transfer to the DAC’s.

signal. CHS;j gates the data bits into the first rank register of the DAC register (Fig.
14b). The signal CVTj-1 causes the data to be transferred from the first to the second
rank register and thus to be converted. :

The decoder logic

The decoders are provided to give a fast wired conversion from binary to one out of
16 lines. The logical implementation is shown in Fig. 15. _

The test lights

32 Test lamps are provided to enable users to get a rapid wired dmgnostlc via the
patch panel of the condition of any signal. These lights are in addition to the 128
Test lamps which are permanently wired to each register bit (see Fig. 16).

The operational amplifiers

Six operational amplifiers are included to provide current summing nodes for
analog to digital conversion operations. These amplifiers have a wired in gain of
0.4 Ma per volt. (See Fig. 17.) '

The cables

Four RDD/WDD cables and two interrupt cables are required [6]. These are
standard Sigma Computer Cables. All other cables are special cables and have been
classified as types A through D. , o

Type A cables (Fig. 18a) are used to connect patch panel coaxial terminals to SDS
T serieés modules via ZT15 plug card. Fifty Ohm RG-174/U coaxial cable is used.

Type B cables are used to connect patch panel coaxial terminals to SDS standard
series modules. The cable construction is similar to type A cable construction except
that ZX13 plug cards are used. ST ‘

Y
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Fig. 16. The test lamp wiring.

~ Type C cables are used to interconnect SDS standard series modules and SDS T

series modules (Fig. 185).
Type D cables are used to connect the relay contact terminals to the patch panel
(see Fig. 18¢). :

Special pulse handling circuits

There are two kinds of circuits wired into the patch panel which are specially
designed for pulse distribution analysis. These are prototypes of an N détector nuclear
pulse interface. The circuits are a set of 16 amplifiers and 16 pulse strectcher. The
purpose of the amplifiers is pulse shaping, the parameters of this shaping have not yet
been established.

The Pulse Stretcher logic is presently under development. Fig. 19a shows the logic
of the pulse stretchers which are a gated double integrater type.

This particular type of stretcher is interesting because it gives a proper D.C.
stretched output for any pulse which crosses through zero volts one or more times.
Thus it works on a double delay line clipped pulse and it also works on an exponen-
tially decaying sine wave. This property is shown graphically in Fig. 195. A second
property of this circuit is that it provides a shot noise supression effect. This is
because shot noise goes as 1/T where T is the measurement (unclamp) time. The
contrast between this type of pulse stretcher and the more common peak rectifier
design is noteworthy. A peak rectifier circuit is forced to sample the height of a signal
in a time small compared with the duration of the signal—thus it typically samples in
about 0.1 microsecond a signal with a duration of several microseconds. The integra-
tion type samples over the whole duration of the signal. At long sampling times reso-
lution is worsened by 1/f noise in the amplifier system. With a peak integrator system,
a variation of one parameter (the gate duration) can be used to find the minimum
noise sample time between shot and 1/f noise contributions. We are currently testing
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noise performance on this type of pulse stretcher and hope to report results soon.

Heuristic arguments indicate that the integrator type pulse stretcher may exceed
the performance of peak rectifier type pulse stretchers, but a logical proof is difficult
because the peak rectifier systems do not lend themselves to analytic description and
hence comparison of algebraic noise expressions.

.
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A pulse stretcher—amplifier interface

Having established the principle of the general purpose interface, we now must
meet the need for more specialized types of functions. The General Purpose Interface
is conceived for the purpose of satisfying the general needs of a laboratory. Situations
occur where the need for a large number of more specialized devices is the only way
to accomplish a given objective. When the number of these functions become large
(and only then) a design for a more specialized type of interface becomes a desirable
approach. It seems, however, that a good policy is to attempt to connect the special-
ized interface to a general purpose interface rather than to a computer directly. The
arguments for specialization are usually based upon attempts to reduce expenditures,
but in nuclear physics reduced expenditures via specialization usually result only
when a large number of identical devices are involved.

The essential point in the General Purpose Approach (which is the main burden
of this paper) is that it is better to proceed from the general to the particular instead
of vice versa.

Fig. 20 gives a logical diagram for a multiple nuclear detector Interface which
interfaces itself to a General Purpose Interface.

Two arguments for this approach run in a paralle] vein. Because the General
Purpose Interface is available, the more specialized interface is cheaper (i.e. fewer
parts) and relatively simple (i.e. more understandable). These arguments are identi-
cal to the argument which says that because the computer is present, the general
purpose interface is cheaper and relatively simple.

Fig. 20 gives a diagram of an N detector interface which will transfer data to a
General Purpose Interface. This interface can detect and process results from N-fold
coincidence events and is self calibrating. Its estimated cost is about $1000 per
detector. :

One particular use for the new type of radiation analyzer

The authors’ main intent behind the system design given here is to provide a
facility capable of quickly analyzing events generated by multi-particle emitting
nuclear reactions. Arguments for these reactions have been presented previously [10]
but some special arguments arise in connection with the purpose of investigations
concerned with nuclei which are far off the line of stability although it is to be expec-
ted that a general purpose instrumental approach should have a strong validity for
nearly any kind of research. »

The principle facts are:

* (1) Nuclei off the line of stability have extra-ordinary values of isotopic spin.
(2) Isotopic spin is conserved in nuclear reactions; hence, one way to achieve

extraordinary isospin is to cause areaction which emits a large number of particles.

Each emitted particle can “bump” the isospin of the residual nucleus up by 1/2.

Experimentally it is difficult when using existing apparatus to detect accurately
the emission of a large number (N) of particles but, correspondingly, such emissions
have a very distinct characteristic since the space available for the particles is 4N
dimensional; such emissions may have a very great freedom from background be-
cause the measurement volume available for all events is P* where P is the inverse of
the average precision of any given measurement and P =100 is not unusual. It seems

.
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to be a rule that most nuclear matrix elements yield particles which are “peaked” inito
small and frequently well separated regions of this space. With typical detector
counting rates such a space is nearly empty except where specific nuclear matrix ele-
ments contribute and hence, the “local” background is low.

Nuclear far off the line of stability are clearly “‘extraordinary’” nuclei. When they
are to be manufactured from “ordinary’ nuclei it seems likely that a great number of
unwanted “ordinary” nuclei will also be produced. It seems reasonable that the
background problems in this effort can be expected to be extraordinary also. The
multi-particle reaction approach to the study of these nuclei may be successful be-
cause it reduces the “local” background even though the “total” background may be
high. ,
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Abstract: Energy spectra and angular distributions of deuterons from the ¥N(p, d)®N reaction
have been measured at an incident proton energy of 30.3 MeV. The data indicate that the *N
levels at 0.0, 3.51, 7.38, 8.93 and 11.80 MeV correspond to the levels calculated by Cohen and
Kurath at excitation energies of 0.0, 3.7, 7.4, 8.7, and 10.6 MeV with J= of +,4,8,4 and §,
respectively. Spectroscopic factors obtained from DWBA analysis of the angular distributions
are compared with theoretical predictions of intermediate coupling calculations. In addition,
the excitation of positive parity states in this reaction indicates configuration admixtures of
2s-1d shell in the ground state of 1*N.

E NUCLEAR REACTIONS “N(p, d), Ep = 30.3 MeV; measured o(E,, 0).
13N levels deduced J, n. Natural target.

1. Introduction

The properties of nuclear levels of 13N have been studied to a considerable extent
in nuclear reactions involving principally compound nuclear formation 1), for
example, results from the scattering of protons by !2C give the widths, excitation
energies, angular momentum and parity of excited levels of !3N. Because of the
sttong binding of '2C, all **N excited levels are accessible through this reaction 2).
More recently, with the availability of higher energy, direct reactions such as the
1“N(p, d)**N [refs. *4)] and *N(p, t)'>N [refs. 5)] reactions have been studied
and the present investigation falls in that class. To the extent that one can trust
distorted-wave Born approximation calculations, the (p, d) reaction provides .a
direct measure of the overlap of the initial target wave function with the wave func-
tions of excited states of the residual nucleus, i.e. the coefficients of fractional parentage
aredirectly measurablequantities. The intermediate coupling calculations of Kurath 6 7y
predict the values of these coefficients of fractional parentage. Thus, this reaction
represents a good test of the intermediate coupling model for nitrogen. In addition,
the presence of configuration admixtures from higher shells is easily detected through
the excitation of positive-parity states in a direct process.

2. Experimental method
The protons were accelerated to an energy of 30.3 MeV by the Michigan State

University, sector-focussing cyclotron. The target was '*N gas maintained at a .

t Work supported in part by the U.S. National Science Foundation.
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pressure of 25 cm of Hg in a gas cell with 25 ym kapton windows. The detection
system consisted of a dE/dX — E counter telescope, and the thickness of the detectors
was such that deuterons corresponding to excitation energies up to 14 MeV in 1N
could be observed. Data.were obtained at lab angles from 10 to 160° with an overall

- instrumental energy resolution in the deuteron spectra of 130 keV. The uncertainty

in the measured cross sections is estimated to be about +7 %, not including the
statistical error which is indicated at each of the data points.

3. Results

Fig. 1 shows a deuteron spectrum obtained at a lab angle of 30°. The prominent
peaks are clearly identified as the five negative parity states, which one would expect
to be strongly excited by the direct pick-up of a Ip nucleon from '*N. Since N
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Fig. 1. Typical deuteron spectrum from the 1‘Nb(p, d)'®N reaction.

has spin 1*, the removal of a p, nucleon would lead to 2 3~ and a 3~ level of 13N,
while removal of a p; nucleon would yield levels of !N with spins of 7,3~ and §~.
Angular distributions of deuterons leaving *>N in the strongly excited levels at 0,
3.51, 7.38, 8.93 and 11.80 MeV are shown in fig. 2, where the spins of the ground,

3.51 and 8.93 MeV levels are previously determined as 47, 3~ and 1, respectively.
All the angular distributions are identified as resulting principally from the. pick-up
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of a neutron from the Ip shell. A sizable dependence upon the @ of the reaction is
seen as a flattening of the cross section versus angle for the higher excited levels.
“The 7.38 MeV level of **N was known to have possible spin and parity assignments
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Flg 2. Angular distributions of deuterons for the ground, 3.51, 7.38, 8.93 and 11 80 MeV levels of
13N from the #N(p, d)!*N reaction.

of $*, 3 or 3~ previous to work with'pick-up reactions !'®). This experiment agrees
with previous (p, d) results %) and a recently reported result from the *N(p, )”N
reaction *) in selecting the 3~ assxgnment

[
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The parity of the ' >N level at 11.8 MeV is negative since we have an [, = 1 pick-up.
In addition, its spin is determined since, as was mentioned earlier, only five levels are
expected to be excited strongly in this reaction, four of which have known spins and
parity. Thus, the only remaining possibility for the 11.80 MeV level is an assignment
of J* = 3™, This is in agreement with work at 156 MeV by Bachelier et al. °). It is
also clear that this 3~ level at 11.80 MeV corresponds to that predicted by Cohen and
Kurath 7) at an excitation energy of 10.6 MeV.
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Fig. 3. Comparison of experimentally extracted spectroscopic factors for negative parity levels of
13N to the calculations of Kurath. The error for the experimental values is estimated to be 4-20 %, -

DWBA calculations were carried out with the Macefield code using deuteron
optical parameters of Testoni et al. 1%y and the proton optical parameters of Bar-
rett11) . The calculated angular distributions were found to be in fair agreement with
the data. The comparison for the ground state distribution is shown in fig. 2. Fig. 3
shows the comparison of the experimentally extracted spectroscopxc factors to the

_ 1 The actual parameters used are the following:

for the protons, ¥ = 32.53 MeV, W = 6.05 MeV, r, =r’ =r,, =125 fm, a = @’ = 0.65 fm;
for the deuterons, ¥V = 53.10 MeV, W 9.90 MeV, ry = 1.57, r/ = 1.63, r, = 1.30, a = a’ = 0.30
fm;

for the neutron, r, = 1.25, a = 0.65 fm. ’ ¥
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calculations of Kurath ¢). The qualitative agreement between experiment and theory
is very good, although a sizable difference between the two is seen, especially at the
higher excited levels. The results do not agree with the theory as well as the results
at 156 MeV, where normalized experimental spectroscopic factors are reported to
agree within approximately 20 % for each of the levels ?). This may reflect in part the

- 189
1N+p-d+E

2* 600
444 6.38

o* = aET— \2*
12¢ 4 p

e"

—833
“N+p-d

Fig. 4. Energy level diagram of 13N. The heavy dots indicate the strong transitions for the “N(p, d)
reaction.

uncertainty in the extraction of spectroscopic factors, especially for the levels where
the Q-values of the reactions are strongly negative, and the bombarding energy is
not very high. Fig. 3 also indicates the fact that the 9.48 MeV 3~ level of 13N, which
was previously thought to be the level predicted by the intermediate coupling calcula-
tions at 10.6 MeV, is not excited to any significant degree in the (p, d) reaction.

A level scheme for 13N showmg the states that are strongly excited in this reaction

is presented in fig. 4. - .
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As can be seen in the spectrum shown in fig. 1, a number of positive parity levels
in **N are also excited. In particular, the level at 2.37 MeV is the well-known, single-
particle, * state of '*N. From comparison of its angular distribution to a calcula-
tion for the pick-up of an / = 0 neutron one obtains a total sy strength of = 0.02
for the ground state of **N. If the entire yield of the 2.37 MeV level arises from the
pick-up of a 2s, neutron, the observed strength is considerably greater than that
predicted by True '?). However, if there is some / = 2 admixture in the angular
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(d Q‘)CM + [ I i \i\[_l/k\/l/l I l
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0.014 4
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& 2o 40 & e G mo o o ko
_ o Bcm .
Fig. 5. Angular distributions of deuterons for the 2.37 and v6.38 MeV levels of N from the

1N(p, d)'*N reaction.

distribution for this state due to a 1d; pick-up, the experimental result is in better
agreement with the calculated **N wave funetion.

The 6.38 and 6.90 MeV levels of ! 3N have been interpreted as belonging principally
to a configuration of the *2C(2*) core plus a 2s; nucleon ?). Assuming that the
principal contribution to the yield of the 6.38 MeV level (J™ = $*) arises from a
direct process, as the angular distribution shown in fig. 5 indicates, there also appears
to be some d; admixture in the ground state wave function of *N. Unfortunately,
the single-particle d; level of **N is not resolved in the spectra ‘obtained in this ex-
periment. Its excitation energy is 3.56 MeV and its width has been - measured ?)
in a previous experiment as 61 keV; the 3.51 MeV 3~ level of **N has a comparable
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width (I" & 55 keV). Thus one is unable to determine to what degree the 3.56 MeV
level (J* = %) contributes to the yield of the 3.51 MeV 3~ level. This means of
course that the spectroscopic factor calculated for the 3.51 MeV level and shown in
fig. 3 should be reduced.. , '

A recently reported investigation of the angular correlation between the alpha
particles from '*N(*He, *He)'*N and the protons from the decay of the 3.51 MeV
excitation region in **N to '2C+p shows a strong interference pattern indicating
that a significant fraction of the yield belongs to the 3.56 MeV dy level **). This result
is not surprising since in the present experiment the 6.38 MeV 3% level is seen, and
therefore one would expect the 3.56 MeV level to have a considerably greater cross
section in the (p, d) reaction. Because of the high degree of interest in determining
configuration admixtures in the *N ground state, we are planning to measure, in

an experiment similar to that of Detenbeck and Bathia ! %), the d-p correlation in the.

decay of the 3.51 MeV state, to better assess the relative yield of p- and d-waves in
that group.

We wish to thank Mr. D. A. Johnson for his help with computer calculations and
Professor A. Galonsky for a number of helpful discussions.
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(p,d) Reactions with °Li, ’Li, and *Be}
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Excited states of 5Li, ¢Li, and ®*Be were studied by means of the (p,d) reaction, using 33.6-MeV incident
protons. Deuteron groups were obsetved corresponding to strongly excited levels in °Li at 0.0 and 16.6 M eV;
in $Li at 0.0, 2.15, 3.57, and 5.38 MeV; and in %Be at 0.0, 3.1, 11.4, 16.95, 17.62, 18.18, and 19.21 MeV.
Small deuteron yields were observed for excited levels of ®Be at 16.6 and 19.15 MeV. Angular distributions
were taken for the strongly excited states, and the results were compared with a distorted-wave Bomn-
approximation (DWBA) calculation. Angular distributions for the elastic scattering of 33.6-MeV protons
from targets of 8Li, 7Li, and *Be were measured and fitted with an optical-model calculation to obtain the
proton optical parameters used in the DWBA analysis. With a few exceptions, which are discussed, the
(p,d) angular distributions are characteristic of a direct pickup of a 1p-shell neutron. Spectroscopic factors
were extracted from the experimental data and were compared with those obtained from theoretical inter-
mediate-coupling calculations in the 1p shell. The results are discussed for the high excited states of *Be,

where isotopic-spin mixing is indicated.

INTRODUCTION

HIS paper discribes the results of (p,d) reactions
on ¢Li, 7Li, and *Be with 34-MeV protons.!
Previous studies of the (p,d) reaction on these nuclei
have been made at Princeton University with an in-
cident proton energy of approximately 18 MeV in
which only the lower excited states of the residual
nuclei could be observed.>* The same reactions were
also studied at the University of Minnesota using 40-
MeV protons,’® where a magnetic spectrometer was
used to measure angular distributions out to 40° for
most of the lower excited states of the residual nuclei.
Many other studies of these reactions have been done
at even lower proton energies, most of which examined
the properties of the ground state and lower excited
states of °Li, 6Li, and #Be.” The (p,d) reactions on these
nuclei have also been investigated with incident proton
energies of 95 MeV and above.®* The range of ob-
servable excitation energy in the residual nuclei in-
cluded all the known strongly excited levels; however,
the energy resolution did not permit the separation
of closely spaced levels. :

The purpose of this work was to use an incident
proton beam with sufficient energy to allow observation
of all the strongly excited levels in °Li, ®Li, and ®Be,
and yet with a low enough energy to enable the use of
solid-state detectors with their desirable resolution

* Work supported in part by the National Science Foundation.
11, A. Kull, Bull. Am. Phys. Soc. 12, 17 {1967).
2 1. G. Likely, Phys. Rev. 98, 1538A (1955).
(1‘ J.)B. Reynolds and K. G. Standing, Phys. Rev. 101, 158
956).
4 E. F. Bennett and D. R. Maxson, Phys. Rev. 116, 131 (1959).
(1;;1‘4) H. Short and N. M. Hintz, Bull. Am: Phys. Soc. 9, 391
s Un.iversity of Minnesota Linaé: Laboratory Progress Report,
No. 61, 1964 (unpublished).
(1;6%) Lauritsen and F..Ajzenburg-Selove, Nucl. Phys. 78, 1
. 8 W. Selove, Phys. Rev. 101, 231 (1956). -
* D. Bachelier ef al., J. Phys. (Paris) Collog. 1, 70 (1966).
© D. Bachelier e/ ol., International Conference on Nuclear
Physics, Gatlinburg, 1966 (unpublished).
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capabilities. An incident proton energy of about 34 MeV
fulfilled both requirements. The data were analyzed to
extract. spectroscopic factors using a method success-
fully applied to (p,d) reactions with medium weight
nuclei.!2 The experimental results were then compared
to the theoretical intermediate coupling calculations
in the 1p shell of Kurath® and of Barker."

EXPERIMENTAL DETAILS
General

Negative hydrogen ions were accelerated by the
Michigan State University sector-focused isochronous
cyclotron to an energy of 33.6 MeV,‘and a proton beam
was extracted by means of a 700-pg/¢m? aluminum
stripping foil.!® Single turn extraction was obtained
with a beam spread of ~0.1%; over-all energy. resolu-
tion in the deuteron spectra of 100 to 130 keV canthen
be achieved as is seen in the sample 2C(p,d)"'C spec-
trum in Fig. 1. The proton beam energy was determined

- by the kinematic crossover method!® and by an indepen-

dent range-energy . calibration. Results from both

- methods agree to within an experimental uncertainty

of 200 keV. . :

The extracted proton beam was focused on a col-
limator at the entrance of a 36-in. scattering chamber
by means of two quadrupole magnets and a 20° bending
magnet. The dimensions of the beam on the target
were approximately 0.25-in. high and 0.12-in. wide. A
beam which passed through the target was collected at

. the rear of the scattering chamber in a Faraday cup,

and the collected charge was integrated and measured
by a current integrator which was calibrated and

1 E. Kashy and T. W. Conlon, Phys. Rev. 135, B389 (1964).
8 R, Sherr ef ol., Phys. Rev. 139, B1272 (1965). g

B D, Kurath (private conpmunicatibn). : .

U F, C. Barker, Nucl. Phys. 83, 418 (1966). '

15 M. E. Rickey and R. Smythe, Nucl, Instr. Methods 18, 19,
66 (1962). )

188, M. Bardin and M. E. Rickey, Rev. Sci. Instr. 35, 902
(1964). : -
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F16. 1. 2C(p,d)1C deuteron spectrum at 15°. The target was a
1.03-mg/cm? Mylar foil; this thickness represents ~45-keV
energy loss to 19-MeV deuterons. Over-all energy resolution in
the neighborhood of 100 keV is indicative of single turn extrac-
tion as the individual turns are separated by ~80 keV.

checked to be accurate to better than 1%,. The beam
current was varied from 1-60 nA; depending on the
angle at which the counters were placed relative to the
beam. R

The counters were mounted on an arm which could
be remotely positioned to an angular accuracy of +0.4°;
the target angle was determined to within =42°
Counters were motinted in a AE—E counter telescope
configuration. The AE counter was a silicon surface
barrier detector whose selected thickness varied be-
tween 150 and 770 g, depending on the particular target
in use’and on the counter arm angle; the E counter was
a lithium-drifted silicon detector with a nominal thick-
-" ness of 3 mm. With this system, deuterons with energies
from 7 to 35 MeV could be detected and identified. The
angle subtended by the counter in the scattering plane
was 1° or less. ,

Pulses from the E and AE detectors were amplified
and routed to a Goulding particle identification
system.’” The resulting deuteron spectra were stored
in a 4096-channel analyzer. For the particular case of
"Li(p,d)Li, the energy resolution for the entire system
was 125 keV, the major portions of which were elec-
tronic noise (~ 70 keV) and target thickness (~75keV).

The experimental apparatus. used for the measure-
ment of elastically scattered protons was similar to

that described above for (p,d) reactions with the follow- -

ing exceptions. A cylindrically shaped cesium iodide
crystal, 0.5-in. long and 0.25 in. in diameter, mounted
on a photomultiplier tube was used as the proton
detector. The over-all energy resolution obtained for
- these measurements was approximately 500 keV.

¥ F. S. Goulding, D. A. Landis, J. Cemny, and R. H. Pehl
Nucl. Tnstr. Methods 31, 1 (1964). ! o
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Targets

The °Li targets were made by rolling isotopically
enriched lithium (99.32%, °Li) to a thickness of approxi-
mately 1.8 to 1.9 mg/cm? Except for brief periods of
exposure to-air, the targets were kept in a vacuum or

. in an argon atmosphere to avoid oxygen and nitrogen

contamination. The Li targets were similarly fabricated
from isotopically enriched lithium (99.993%, "Li) with
thicknesses of about 2.3 mg/cm?. The *Be target was
commercially purchased 2.06-mg/cm? foil of natural

" beryllium (1009, *Be). These thicknesses represent an

energy loss of 60-75 keV for 30-MeV deuterons.

EXPERIMENTAL RESULTS
SLi(p,d)*Li

Figure 2 is a deuteron energy spectrum taken at
61.b=15° showing deuteron groups corresponding to
the ground state (J*=4") and 16.65-MeV state
(J7=4*) of 5Li. The location of the broad ground state
of *Li (I'=1.3-1.4 MeV) just above the a-p separa-
tion energy (Fig. 3) is an inducement to use a simple
cluster model’® description of the state, consisting
of an a particle coupled to a proton with orbital angular
momentum /= 1. Possible spin and parity assignments
for this configuration are §— and 4. A very broad -
level (I'=3-5 MeV) has been reported at an excitation
energy of 5 to 10 MeV.” A deuteron group correspond-
ing to this level has not been identified in the energy
spectra, but because of its large width, it may be im-
possible to isolate it from the background due to three-
body breakup. It is also possible that a significant
fraction of the yield of this 3~ level lies below 5-MeV
excitation energy, and that the deuterons corresponding

1000 Py ] s |. A
Li(p,d) Li
Ep= 33.6 MeV ’

750+ O 5 15° w T
3 ” s
F: E
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k-4 )
5 9 4
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Fi6. 2. SLi(p,d)’Li deuteron spectrum at 15° The long tail

on the ground-state peak may include a contribution from a pre-
viously reported J*=4}7 state.

.( 18 K) Wildermuth and Th. Kanellopoulos, Nucl. Phys. 1, 150
1958).
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to this state have been included in the tail of the ground-
state peak. :

No other levels. have been reported* below  the
relatively narrow (I'=360 keV) 16.6-MeV state which
lies just above the ’He-d separation energy as shown
in Fig. 3. There, in a situation analogous to that of
the ground state, a simple cluster-model- description
consisting of a *He nucleus coupled to a deuteron with
I=0 seems appropriate for this state. The above con-
figuration allows J* values of §* and §+. o .

~The 16.6-MeV level of SLi(J*=31) was strongly
excited in this reaction and a search was made in the
vicinity of this peak in order to detect the presence

SLi J

3H+2p
1665, 328 3ueag
a; 28.8 MeV
2 32"
W/, 7.
QH!.'.E
SLi+p-d

F16. 3. Energy-level diagram of SLi. Only the states observed
in the SLi(p,d)SLi reaction are shown and the excitation energies
listed are those given in Ref. 7.

of the 3+ member. of the doublet. Various incident
proton energies were tried between 30 and 40 MeV,
as this was the experimentally obtainable range of
energies where the available phase space for competing
three-body breakup was calculated to be smallest.?
No evidence was found that would locate the excita-
tion energy of the + level. There was also no indication’
that a (§,3)* state previously reported at 20-MeV ex-
citation is excited in this reaction.”

Figure 4 shows a comparison of the angular distribu-
tions for the reaction *Li(p,d)’Li (g.s.) calculated using

8], L. Rozental, Zh. Eksperim. i Teor. Fiz. 28, 118 (1955)
[English transl.: Soviet Phys.—JETP 1, 166 (1955)].

2T, A, Tombrello, A. D. Bacher, and R. J. Spiger, Bull. Am.
Phys. Soc. 10, 423 (1965).
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Fi16, 4. $Li(p,d)5Li angular distributions. The error bars shown
only represent the undertainty due to statistics and the solid lines
are drawn to guide the eye. Results. from DWBA calculations for
the ground state differential cross section are shown assuming
the neutron was picked up from the 1s, 1p, and 1d shells.

the distorted wave Born approximation assuming the
neutron was picked up from the 1s, 1p, and 1d shells
(orbital angular momenta l,=0, 1, and 2, respectively).
In the same figure it can be seen that the experimental
angular distribution for the ground state of °Li shows
a characteristic shape for transfer of a neutron from:
the 1p shell (J,=1) by a direct reaction mechanism
(Fig. 4). The angular distribution for the 16.6-MeV
state could not be obtained for lab angles greater than

1000 +
"Lilp,d)*Li .
E,*336MeV 3
8an=20° *;"
750+ ] +
L
2 B
F &
3 o 3 1
zsoot g
Q »
S S b
8 g | 1E
250+ = o = BN
1 &
500 750 1000

A
CHANNEL NUMBER

F16. 5. "Li(p,d)*Li deuteron spectrum at 20°. A small peak due
to ~1.5% oxygen contamination can be seen.
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Fi6. 6. "Li(p,d)°Li angular distributions. The DWBA fit to
ltilxlme ground-state differential cross section is shown by a dashed
e.

35° because the deuteron peak could not be distin-
guished from a strong background due to three-body
breakup. This state is excited by the pickup of a 1s
neutron from ®Li but, because of the small amount of
data, little can be said concerning the shape of the
angular distribution.
h "Li($,d)°Li

Four deuteron groups were observed in the energy
spectra from the "Li(p,d)Li reaction corresponding to

1000 + ¥
°Be (p,d) ®Be
E, = 33.6 MeV
0,,.° 15°
7501 4
*
g & 3
z o 8
< 23 '3
3 e -
;500" g ° % T
g 5 X ]
3 S o £
. ] = -
: N, B s F
2=3 $ P4
BT a8 2 s
< 3| ! )]
| & -
o
| Z
© 500 750

CHANNEL NUMBER
Fi16. 7. 'Be(p,d)*Be deuteron spectrum at 15°,
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states of °Li at 0.0-, 2.15-, 3.57-, and 5.38-MeV ex-
citation energy (Fig. 5). A small peak corresponding
to-the ground state of *O indicates the presence of
a small amount of oxygen contamination on the target
(less than 1.5%). No evidence for any other strongly
excited states was found up to 18 MeV of excitation
energy for °Li. Deuteron groups corresponding to the
positive parity states of ®Li at 4.57 and 6.0 MeV were
not observed; however, these states are broad and if
weakly excited the peaks would be difficult to extract
from- the background. The shapes of the angular dis

tributions for the 0.0-, 2.15-, 3.57-, and 5.38-MeV
states are characteristic of J,=1 pickup (Fig. 6). This
fixes the relative parity between the initial and final
states”; in particular, this assigns a positive parity to
the 5.38-MeV level. A positive parity fits in with the
tentative T=1 isospin assignment’ for this state and
places it in the isospin multiplet of which 1.80-MeV
state of ®He [J*= (2)*] is a member.

1000 +— . }
*Be (p.d) °Be

E, = 33.6 MeV
8, = 60° +

~
o
[=]

I

Y

oge {16.95) 2°

-—

8ge (19.21) 3°

Be (18.18) 1*

=

COUNTS /7 CHANNEL

9ge (3.1) 2

n
N
o
t
~%Be (17.62) |*

-—0Be (114) 4

L

o
o

} X
500 750

" CHANNEL NUMBER

F16. 8. 'Be(p,d)®Be deuteron spectrum at 60°. The broad peak
corresponding to the 11.4-MeV level of *Be can be clearly seen at
})acli angles where its yield is comparable to that of the narrower
evels,

g.

It is interesting to note that the slopes of the first
peak of the angular distributions for the T'=0 states
at 0.0 and 2.15 MeV are much steeper than those of
the lowest T'=1 states at 3.57 and 5.38 MeV. This may
have some implication concerning the isotopic-spin
dependence of the reaction mechanism.

'Be(p,d)’Be

The energy spectra from the reaction *Be(p,d)*Be
(Figs. 7 and 8) show deuteron groups corresponding
to strongly excited levels of 8Be at 0.0, 3.1, 11.4, 16.95,
17.62, 18.18, and 19.21 MeV. A very small yield was
observed for excited states of ®Be at 16.6 and 19.15
MeV. The first three levels of 8Be can be understood,
at least qualitatively, by a cluster model .of two a

1S, T. Butler, Phys. Rev. 106, 272 (1957). -
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while those drawn in with the solid lines correspond to strongly-
excited levels. Also shown are the i 1sos_Pm admixtures which have i

been calculated for J==2%, 1+, and 3+ doublets (Ref. 14).

particles excited into the rotational sequence 0%, 2+,
and 4+ (Fig. 9).2 Measurements of the differential cross
section for the 11.4-MeV state (J*=41) were made from
40° to 140° in the lab with a large uncertainty due to
the width of the state (I'~7 MeV)? and a high back-
ground. The data show little structure in this range,
the average value of the cross section falling between
0.02 and 0.05 mb/sr MeV at the resonance. The angular

distribution does not exhibit the forward peaking .

characteristic of a direct reaction, since the peak could
not be seen at angles less than 35°. This leads to the
conlcusion that this state is excited principally by a
compound nucleus mechanism and not by a direct
process in which some 1f admixture in the ground state
of °Be contributes to the cross section.!®

The next-set .of known levels of 8Be appear in the
region of the 7Li+p and "Be-+n separation energies

(Fig. 9). Previous experimental evidence has established .
the fact that isospin mixing is present within each of.

the three doublets (J*=2+, 1*, and 3*) in this region
of excitation energy.®?-¥ Wave functions for these
doublet states have been calculated by mixing inter-
mediate-coupling shell-model wave functions of pure
isospin ‘with a .charge-dependent interaction,? The

8 K. Wildérmuth, Nucl. Phys. 31, 478 (1962).

1 1. B. Marion, Ph Letters 14, 315 (1965).

3 C. P. Browne an J rskme, Phys. Rev. 143, 683 (1966).
% P, Paul, Z. Naturforsch. 21, 914 (1966).

»p. Paul D. Kobler, and K. A. Snover, Bull. Am. Phys Soc.

ll 26 (1966)
¥ G. T. Garvey, J. Cerny, and H. Pugh, Bull. Am. Phys. Soc.
11,26 (1966)
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ental cross section ratios and isospin admixtures

Tasre L E:
calculated by Barker* for the J=1%, 2+, and 3* doublets.
Isc:':spin
admixtures®
Ratio of Ratio of  (amplitude
cross €ross squared) as
) _ sections sections - calculated
Doublet (34 MeV) (41 MeV)® by Paul*
(16.6)/(16.9) <1/20 1/25 459,
(17.6)/(18.2) 2.6 3.5 - 6%
(19.1)/(19.2) <1/20 17%
s Reference 14.
b Reference 28,

® 50% admixture represents a doublet with maximal xsospm mixing and
0% a doublet with states of pure isospin.

mixing coefficients were obtained by fitting existing
experimental data and are given in Table I. The ratio
of spectroscopic factors S(16.6)/5(16.95) calculated us-
ing this ‘model is 1/45,% whereas' the ratio obtained
experimentally is less than 1/20,

Some indication of the amount of isospin mixing

_within the doublets can be obtained if the single-

particle cluster model is used to describe the states.?
In this case, the (p,d) reaction will excite only one

T—r 1t 7T vy
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Fic. 10. *Be(p,d)*Be angular distributions for the 0.0, 3.1, and
16.95-MeV states: of *Be. The DWBA fit to the ground-state
differential cross section is shown with a dashed line.
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member of :the doublet if the pair is maximally mixed
in isospin (509). Conversely, if the members of the
doublet are states of pure isospin (7=0 or 1), both
states should be observed by the (p,d) reaction with
the same yield. Table I shows the data to be in general
agreement with this simple model. The experimentally
measured widths for the 16.95- and 19.21-MeV deuteron
groups of 103415 and 208430 keV, respectively,
are in agreement with the previously obtained values’
of 83410 and 190 keV, insuring that only one of the
states in these doublets is strongly exctied. The ex-

perimentally obtained cross-section ratios for these .

doublets. are in agreement with those obtained at
E,=40 MeV .28

The angular distributions for all strongly excited
states of *Be (except for the above-mentioned 4* state)
exhibit the characteristic shape for I,=1 pickup (Figs.
10 and 11). The differential cross section measuremerits
for these states are in reasonable agreement with those
obtained for E,=36 MeV.? The relative flattening of
the differential cross sections as the excitation energy
of the state increases is a Q-value effect and was repro-

duced in the distorted-wave Born-approximation
(DWBA) calculations.

DWBA ANALYSIS

Angular distributions for the elastically scattered
protons from targets of SLi, 7Li, and *Be were measured
from 12° to 130° in the lab with an incident proton
energy of 33.6 MeV. In the case of 7Li, the proton
groups corresponding to the ground state and the 0.48-
MeV state of "Li could not be resolved. Angular dis-
tributions for both states had been measured at E,=25
MeV® ‘and’ the same relative yields were assumed in
computing the differential cross section for the ground
state of "Li at £,=33.6 MeV. This amounted to an
average correction of 2%, at forward angles and between
159% and 259, at backward angles.

The aBacuUS computer code,® which employs a least-
squares criterion, was used to fit the experimental
distributions with-an optical potential of the form

. N d
U.—Vf(r,Rar)— i4a1sz (r,R,ar)
S

- (——1--)2 Ver gf(r,R,aR).

mc r

Here

f(rRa) 1/e’+1
and U, is the Coulomb potential from a uniformly

x=r—RAY/a,

28 J. B. Marion and C.-A. Ludemann, Bull. Am. Phys Soc. 11,
26 (1966).
2 ], Slaus (private communication).
"~ G, Grawley and S. Austin, International Conference on
Nuclear Physics, Gatlinburg, 1966 (unpublished).

# E. H. Auerbach, Brookhaven National Laboratory Report

No. BNL6562, ABACUS—Z, 1962 (unpublished).
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Fic. 11. ’Be(p,d)"Be gular distributions for the 17.62-,
8.18-, and 19.21-MeV states of ®Be.

charged sphere of radius R4¥? F. A compilation of the -
optlca,l para.meters obtamed for proton scattering is
given in Table I1.

Data for the elastxc scattering of deuterons from ?Be
at E4=27.7 MeV® and from "Li at E;=28 MeV*® were -
also fitted by an-optical potential using the ABACUS -
code; the parameters obtained are given in Table III.:
No spin~orbit term was included in the optical potential:
and the imaginary diffuseness (ar) was set equal to the
real diffuseness (ez):

The DWBA analysis was carried out using the Mase- - -

field computer code. Geometry parameters for the
picked-up neutron werea,=0.65 F and R,=1.254V*F,
No spin-orbit term was included in the neutron
potential.

The DWBA calculations led to an interesting result,
in that it was impossible to get a reasonable fit to the
(p,d) angular-distribution data using the optical param-
eters in Tables IT and III. However, if the imaginary -

* Taste IL Proton optical parameters.

|4 w Vso
Target (MeV) (MeV) (MeV)

RE) ) @
oLi 4456 692 738 1124 0578 0.685
Li 4645 . 634 .7.18 1187 0478 = 0.727
Be 4892 644 630 . 1139 . 0613  0.616

2 R, J. Slobodrian, Phys. Rev..125, 1003 (1962). - .
R. J. Slobodrian, Nucl. Phys, 32, 684 (1962).
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Tasie III. Deuteron optical parameters.

Target V (MeV) W (MeV) R(F) ag(F)
TLis 79.45 11.23 1.094 0.769
Be 74.03 11.67 1.239 0.736

s Data renormalized by 0.85.

well of the deuteron optical potential (W) is increased
by a factor of three in the case of *Be(p,d)*Be and a
factor of 4 in the cases of "Li(p,d)®Li and °Li(p,d)°Li,
reasonable fits are obtained in all cases (Figs. 4, 6, 10).
A 20%, variation of any of the other parameters would
not produce similar results. The same situation was
encountered in applying a DWBA analysis to the data
from ‘He(p,d)*He with E,=31 MeV.*

This anomalously large value of W; may be a con-
sequence of using the optical-model potential to de-
scribe the interaction of the scattered deuteron with a
relatively small number of nucleons which comprise the
scattering nucleus. It may also be due to the fact that
in the optical model, the deuteron is treated as a point
particle, whereas the weak coupling within the deuteron
itself is likely to be sensitive to deformations caused
by interactions with the target nucleus. No similar
effect was noted, however, when optical parameters
obtained from elastic scattering were used in DWBA
calculations of the (p,d) reaction with heavier nuclei."

Thus it appears that the first possibility may be the

more relevant of the two.

SPECTROSCOPIC FACTORS

The experimental spectroscopic factor S for the
transition 4 (p;d)B, which proceeds by a direct pickup
of lpa/;- and 1py» neutrons, was calculated from the
expression '

Si-p=0gxp/1.66¥pwna,

oM is the magnitude of the differential cross section at

'3
2 TLi(p,d) °Li
5 at B Py
a ~o
w ~
Q A ——-A~-Experimont
a 3 a\
b N ——e—Theory { Xurath)
8 \\ O Theory (Rarker)
3
- 24
o
us
a
)
]
g T
5 !
<
-3 .
w —+ + 3 5 co-
€ 7 v 3+ ot o 2v 2 .
o EMavion 215 387 47 525 (s}

Fic. 12. Comparison of theoretical and experimental relative
spectroscopic factors for "Li(p,d)°Li. The arrows above the levels
at 4.57- and 6.0-MeV excitation energy are used to indicate that
small deuteron yields from these levels may not have been ob-
served because of the width of these states and a high background.

#S. M. Bunch, H. H. Foster, and C. C. Kim, Nucl. Phys.
53, 241 (1964).
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the angle for which it has its characteristic /,=1 maxi-
mum. The DWBA result, which uses the zero-range
approximation, is multiplied by a factor of 1.6 to make
it approximately equivalent to a calculation using the
effective-range theory %3 :

The theoretical spectroscopic factors were obtained
for the transition A(p,d)B from the coefficients of
fractional parentage, By;, calculated by Kurath using
the intermediate-coupling model for 1p shell nuclei.®
The theoretical spectroscopic factor S4.z is given by

Saspla=1;72=5%,D=n(T3M3|TM1}* ¥ B,

e & B!

» is the number of nucleons in the 1p shell of 4 and ()]
is a Clebsch-Gordan coefficient with 77, Mr’ and T, M r;
the isotopic spin and its projection for the final state
and initial state, respectively. As calculated above, the
spectroscopic factors relate to states with pure isospin.
Another set of spectroscopic factors for the reaction
Li(p,d)®Li was obtained from the shell-model calcula-
tions of Barker."

Theoretical and experimental relative spectroscopic
factors were obtained by normalizing the sum of the
spectroscopic factors for each reaction to 1. Considering
the difficulty in extracting meaningful absolute spectro-
scopic factors from the DWBA comparison to the data,
the relative spectroscopic factor was calculated to pro-
vide a better look at the relative amount of overlap
between the target nucleus’s ground-state wave func-
tion and the wave functions of the residual nucleus’s
different excited states plus a 1p-shell neutron. The
comparisons of experimental results to theoretical cal-
culations are shown for "Li(p,d)’Li and *Be(p,d)*Be in
Figs. 12 and 13(a). _

The agreement between theory and experiment for
Li(p,d)’Li is good. The experimental spectroscopic

factors of zero for the 4.57- and 6.0-MeV states could B

be due to the difficulty in extracting the small deuteron
yields, corresponding to these broad states, from the
background. '

Figure 13(a) shows the large discrepancy between
theory and experimental spectroscopic factors for the
$Be J*=2+ doublet at 16.6 and 16.9 MeV and also
for the J*=3+ doublet at 19.1 and 19.2 MeV. This

~ disagreement could result from the fact that the experi-

mental spectroscopic factors have been extracted using
a DWBA calculation with deuteron potential param-
eters obtained from the elastic scattering of deuterons
from the ground state of ¥Be, whereas the nucleus is
actually left in a state 17 to 19 MeV in excitation above
the ground state of *Be. The effect of this approxima-
tion on the extraction of the spectroscopic factor is
not known, but it should be noted that the same large

discrepancies are not present in the results for the

3% R, Satchler (private communication).”

38 N. Austern, in Fast Neulron Physics, edited by J. B. Marion
a‘x’n(} _![.IL. Fowler (Interscience Publishers Inc., New York, 1961),

ol, 1I. _
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F16. 13. Comparison of theoretical and experimental relative
spectroscopic factors for *Be(p,d)®Be. Good agreement is obtained
except for the J*=2+and 3* doublets, If the sum of the theoretical
spectroscopic factors within these doublets in (a) is fixed, but
the ratio of strengths is adjusted to best fit the experimental data,
(b) is obtained. This is equivalent to mixing states with definite
isospin within the doublets.

*=1% doublet at 18 MeV excitation. This last ob-
servation fits in with another possible explanation for
the observed disagreement. The theoretical calcula-
tions assume the states to be pure in isotopic spin,
whereas previous experiments have shown considerable
isospin mixing to be present within the J*=2+ and 3+
doublets. If two states of pure isospin are mixed to
produce two new final states of indefinite isospin, the

ratio of spectroscopic factors for the isospin mixed pair

will be different, in general, from that originally found
for the pair with pure isospin. However, the sum of the
spectroscopic factors for each pair is the same for both
cases. Assuming; therefore, that the experimental

results only represent a mixing of the theoretical iso-"

spin pure states, there should be agreement between
theoretical and experimental sums of spectroscopic
factors for each doublet. The sum of the experimental

(p,d) REACTIONS WITH *sLj
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spectroscopic factors for the J=2+ and 3+ doublets is
0.32 and 0.19, respectively, whereas the sum of the
theoretical spectroscopic factors for the same Jr=12+
and 3+ doublets is 0.33 and 0.11, respectively. This
same approach was also used in obtaining Fig. 13(b)
where the ratio of spectroscopic factors within the
J*=2% and 3+ doublets has been adjusted to give
better agreement with experiment, while the sum of
spectroscopic factors within the doublets is the same as
that in Fig. 13(a). Thus, good agreement with theory
can be obtained, assuming that the isospin mixing with
the J*=2+ and 3+ doublets is the cause of the major
differences observed.

SUMMARY

In general, there is relatively good agreement be-
tween experimentally obtained relative spectroscopic
factors and the calculations of Kurath® and of Barker.#
The inclusion of isotopic-spin mixing within the J*=2+
and 3* doublets of ®Be resolves the large difference
between experiment and theory for these cases. In
fact, considering the good agreement obtained between
theory and experiment in the case of Li(p,d)*Li, the
discrepancies noted in the *Be(p,d)®Be reaction illus-
trate in a very concise manner that the wave functions
of the ®Be 2+ and 3+ states contain admixtures of T=0

and T=1. With this modification, the intermediate-

coupling model appears to give a satisfactory picture
of lower 1p-shell nuclei with regard to spectroscopic
factors obtained by (p,d) reactions.

No evidence was found for any 2s—1d shell admix-
tures in the ground-state wave functions of ¢Li, ’Li, and
’Be, and the strongly excited 16.6-MeV state of 5Li is
the only case where neutron pickup from the 1s shell
was observed with any appreciable yield. The 11.4-MeV
state of 5Be(/*=4*) appears to be excited by a com-
pound nucleus mechanism and not because of any 1f
admixture in the ®Be ground-state. wave function.l®
From this study, therefore, the ground states of °Lj,
"Li, and *Be appear to consist of tightly bound 1s cores,
the remaining nucleons residing in the 1p shell with -
no sizable admixtures from other shells,
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Excii:ation Energy of the First Excited State of C'?, and
Observation of a Coherent Doppler Effect*

J. I Koi.ATA,T R. AusLg,} AND A. GALONSKY
Department of Physics, Michigan State University, East Lansing, Michigan
(Received 19 October 1966; revised manuscript received 17 April 1967)

The excitation energy of the first 2* state in C32 has been determined to be 4440.04£0.5 keV by means
of the (p,p'y) reaction at 23 MeV incident proton energy. v rays were detected by a Ge(Li) detector in
coincidence with inelastically scattered protons to reduce Doppler broadening. An anomaly in which a
symmetrical doublet appeared in the y-ray singles spectrum observed at 90° to the beam direction is ex-
plained on the basis of a coherent Doppler effect involving selective population of the magnetic sublevels

of the 2+ state in the inelastic scattering process.

I. INTRODUCTION

HE general utility of the levels of C!? as calibra-
tion standards for magnetic spectrometers makes
desirable a high-precision determination of their ex-
citation energies. The high-resolution capability of
Ge(Li) detectors makes such a measurement possible
for the strongly excited first 2+ level. The present
measurement was carried out by detecting de-excita-
tion gamma rays following the C'%(p,p)C'** reaction.
Doppler broadening effects were removed by detecting
inelastically-scattered protons in coincidence with the
~ radiation. The measurements were made with the v
detector at 0°, 90°, and 180° relative to the C*? recoil
direction. This choice of angles minimizes the sensitivity
‘of the measurement to errors in recoil velocity (90°)
and detection angle (0° and 180°).

An anomaly was observed in the y-ray singles spectra
taken at 90° to the incident beam direction. A sym-
metric double peak appeared at this angle, with the
valley between the two peaks centered on the expected
location of the double-escape peak corresponding to the
first excited state of C!2. The double peak became

* Work supported in part by the National Science Foundation.

1 National Science Foundation Co-operative Graduate Fellow.

3 Present address: Oak Ridge National Laboratory, Oak
Ridge, Tennessee.
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asymmetric when the detector was moved to other -
angles, and finally one peak disappeared completely at

40° and 140° to the beam direction. The explanation of
these observations is given in Sec. IIIB. - :

II. EXPERIMENTAL METHOD -

A. Beam Line

The experimental atrangement is shown in Fig. 1. A~
beam of 23-MeV protons from the Michigan State
University Isochronous Cyclotron was collimated by a
pair of remotely adjustable slits, focused by a quadru-
pole doublet, and directed by a steering magnet through
a 4-cm-high by 1.2-cm-wide aluminum collimator. A
small target chamber containing an‘ 0.2-mm-thick
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F16. 2. y-ray spectra taken in coincidence with protons scat-
tered inelastically, exciting the 4.44-MeV level in Ct2. 0,=60°;
Orecoit = 53°. The background illustrated is the sum of an almost
flat true Compton distribution and an appropriately scaled
singles spectrum, as discussed in Sec. ITIA. Energy dispersion
=3.41 keV /channel. .

polystyrene target was located at a distance of 2 m
from this collimator. The polystyrene was in the form of
a narrow strip, 5 cm long and 5 mm wide. This
enabled us to attain the required angular definition of
the beam without inserting a collimator near the target
area, thus keeping to a minimum the flux of background
v radiation reaching the Ge(Li) detector, The target
chamber was electrically insulated from the beam trans-
port system so that the fraction of the beam: current
striking its walls could be monitored. This varied from
0.1 to 0.3%, of the beam current collected in a 5-cm-
diameter Faraday cup which was placed 2 m beyond the
target chamber. All experimental data were obtained
with beam currents of from 1to 5 nA.

The beam energy was determined from the energy
spectrum of a NaI(TIl) monitor counter detecting pro-

tons scattered from C!2. We were able to measure the

beam energy to=+0.25 MeV from kinematics, after

making appropriate corrections for proton energy loss .
in the target, in the 0.03-mm-thick- Mylar window of

the target chamber, and in the 0.0125-mm-thick Hava
window of the monitor counter itself. ‘

B. Detectors and Electronics

Scattered protons were detected by a NaI(T1) scin‘til-v

lation counter preceded by a 3.25-cm-high by 0.65-cm-
wide collimator. This collimator was placed from 7.5
to 10 cm from the target, at an angle of 60° relative to
the incident beam. The ratio of 2* inelastic scattering to
elastic scattering has a maximum at this angle. At the
corresponding recoil angle of 53°, the energy of the C2
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recoil is 1.71 MeV for an incident proton energy of 23
MeV, so that the maximum Doppler shift is 4-7g keV

The y-ray detector was a gallium-doped, lithium,.
drifted germanium wafer which was operated at liquid-
nitrogen temperature with a 400-V bias. Under these
conditions, the best energy resolution obtained (with 5
Co® calibration source) was 6 keV full width at half.
maximum (FWHM). Orientation of the wafer, whose
dimensions were 0.8 cmX1.7 cmX2.2 cm, was always
that which gave the smallest angular acceptance, This
was particularly important in the 90° coincidence rung
in which the gamma-ray energy has the greatest varia..
tion with angle. Target-to-detector distance varied from
9 to 14 cm.

Conventional circuitry was used to determine p'—.,
coincidences. Protons scattered inelastically from Cn
exciting the first 2+ level, were selected by a single-
channel analyzer and coincidence was required with a
event appearing in the double-escape peak at 3.42 MeV.
The resultant logic pulse was used to open the linear
gate of a 1024-channel analyzer. The resolving time (27)
of the coincidence circuitry was 50 nsec (FWHM).

- C. Calibration

The spectrum of Co® was used as a standard to ob-
tain an absolute y-energy calibration. Peaks appearing
at 3254.5 and 3451.1 keV in this spectrum bracket the
region in which the double-escape peak from C'2 occurs.
All of the peaks used in the calibration have been
measured to ==0.5 keV or better.’~3 In this experiment
the centroids of the calibration peaks were determined
and a quadratic calibration curve of energy versus
pulse height was fitted to the resultant points. Then the
energies of the standard were calculated from the cali-
bration curve, to test the validity of the quadratic -
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Fic. 3. y-ray singles spectrum taken at 90° to the beam direc-
tion. The solid and dashed lines represent theoretical fits to
the data, as discussed in Sec. IIIB. Energy dispersion=4.40
keV /channel.

! H. Petterson, O. Bergman, and C. Bergman, Arkiv Fysik 29
423 (1965). :

*K. W. Dolan, D. K. McDaniels, and D. O. Wells, Phys. Rev.
148, 1151 (1966). .

}R. L. Auble, W. C. McHarris, and W. H. Kelly, Nucl. Phys.
A91, 225 (1967). .
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TasLE 1. Individual measurements and their estimated errors, All values are in keV.» For a discussion
. of the singles measurement, see Sec. IT
. . Error due to Error due to
Type of Measured energy: Statistical Calibration recoil-velocity  angular-positioning
measurement =-total error uncertainty uncertainty uncertainty uncertainty
0° - 4440.34-0.8 40.44 +0.22 +0.7 +0.01
180° 4440.60.9 +0.52 +0.36 +0.7 +0.01
90° 44379413 +0.50 +0.61 +0.04 +1.0
90° 4438.3+2.0 - ==1.03 +0.85 +0.1 *1.5
90° 4442.8+2.0 +1.00 +0.85 +0.05 +2.0
90° 4438.94-1.2 =+0.62 +0.34 +0.05 +1.0
Singles (90°) 4440.91+-1.5 +1.15 +0.24 +0.24 +1.0

» Weighted average 4440.04-0.5,

fit. Twelve calibration peaks were used in each run, and
their rms deviation from the calibration curve in all
cases was 0.3 keV or less.

A calibration run was made immediately following
each C' run. To check against a possible change in
pulse height due to drifts in the electronics, standard
pulses,.equivalent in amplitude to about 3.5 MeV, were
fed into the y-ray preamplifier during both the Co®
and C'? runs. Approximately 10~% of these standard
pulses were in accidental coincidence with proton pulses,
and these generated a reference peak whose shape and
location enabled us to determine if there had been any
change in amplifier gain or base line during the course
of the 4-hour coincidence runs. It was not feasible to
calibrate by counting a Co® source in accidental coin-
cidence because the most useful peaks, those in the
vicinity of 3.42 MeV, were too weak.

III. ANALYSIS AND RESULTS
A. vy Coincidence Spectra

v-ray coincidence spectra taken at 0°, 90°, and 180°
to the recoil direction are presented in Fig. 2. The cor-
responding y-ray angles relative to the beam direction
are 53°, 90°, and 127°, respectively. The observed back-
ground is the superposition of accidental coincidences
upon an almost flat distribution of true coincidences in
which the y ray was detected by a Compton-scattering
event in the Ge(Li) detector. The shape of the accidental-
coincidence spectrum for each of the three types of runs
is the same as the singles spectrum observed at the
appropriate angle relative to the beam direction.
v-singles spectra taken at various angles relative to
the beam direction are presented in Figs. 3 and 4.
Table I lists the excitation energy measured in
several different runs, after appropriate corrections have
been made for the relativistic Doppler shift and the
nuclear recoil after v decay. The C'?* recoil energy was
- calculated from the measured incident beam energy, and
corrected by 3%, for energy loss in the target? before v
decay on the basis of the known half life of the state.®
‘L. C. Northchﬁ'e Ann. Rev. Nucl. Sci. 13,67 (1963)
SF, AJzenberg-Selove and T, Lauritsen, National Academy of

Sciences—National Research Council Report No. NRC-61, 5
1962 (unpublished).

90.

The corresponding mean velocity was used to calculate
the Doppler correction, which was — 76.2 keV for the 0°
measurement, +74.8 keV for the 180° measurement,

~and +0.7 keV for the 90° runs. The correction for

nuclear recoil after ¥ decay amounted to 0.9 keV.
Estimated errors of each measurement due to various
uncertainties are also listed in Table I. The Doppler
correction is given to first order by E8 cosd, where E,
is the true y-ray energy, 8 is the recoil velocity (units
of the speed of light), and @ is the angle between the
recoil direction and the direction of the v ray. It can be
seen that the correction is most sensitive to angular
posmonmg errors at §=90°, where cosf is a rapidly

- varying function of angle. The sensitivity is 1.3 keV

per degree. In contrast, for the 0° and 180° runs, an
error of 1 degree in the positioning of the y-ray detector
produces only a 0.01 keV error in the Doppler correc-
tion, since cosf is a much more slowly varying function
near these angles. The estimated errors due to angular
positioning uncertainties shown in Table I were com-
puted on the basis of these results.

Error can be introduced into the measured value of
the recoil velocity 8 (1.7X10~?) by uncertainties in the
beam energy or in the positioning of the proton detector.
An error in the measured beam energy of +0.25 MeV .
will produce a corresponding error of +20 keV in the
energy of the recoiling C!2 nucleus, which will in turn
introduce an error of 4:0.4 keV into the Doppler cor-
rection for the 0° and 180° runs. In addition, the
sensitivity to the positioning of the proton detector is
1.2 keV per degree for these two runs. At 8=90° the
error introduced by uncertainties in recoil velocity is
small, since cosf=0 here. The recoil velocity enters
only in second-order terms of the form 82 (second—order
Doppler. shift) and 8A8 (due to possible errors Af in
the measurement of the angle §). The estimated errors
due to recoil-velocity uncertainties shown in Table I
were computed according to these results.

It is interesting to compare the results for the 0°
and 180° runs as listed in Table I. To obtain these
values, we applied first-order corrections of F75.5 keV
to the measured y-ray energies. The second-order
Doppler correction was. —0.7 keV in both cases. The
results from these two independent runs agree to within
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F16. 4. y-ray singles spectra showing the behavior of the line
shape with angle of observation relative to the beam direction.
The solid curves again represent theoretical fits to the data, with
the same parameters as those used at 90° in the solid curve of
Fig. 3. Energy dispersion=4.40 keV/channel.

0.3 keV. This constitutes a sensitive test of the accuracy
to which we were able to compute the Doppler correc-
tion. In any event, since the first-order correction at 0°
and 180° is given by T E o8, the average result of these
two runs is independent of the Doppler correction to
first order.

One of the energy measurements listed in Table I
is a y-ray singles run. A discussion of this particular
run is included in Sec. ITIB. ' '

A systematic error in our data could have occurred
because we observed a double-escape peak from C2,

while most of the calibration points used were from full--

energy peaks in Co%, In the former case the electron-
positron pairs are produced in the detector with a maxi-
mum energy of 3.4 MeV to be shared by the pair. In
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the latter case the peak observed is a result of multiple
Compton scatterings followed by photoelectric absorp-
tion. The electron spectrum extends to 3.2 MeV. A cor-
rection should be made in both cases for incomplete
absorption of electrons produced near the surface of the
crystal.®* However, the correction is presumably different
in the two cases because of the difference in the electron
energy spectra. It should be noted that the agreement
between magnetic spectrometer results! and data taken
using Ge(Li) detectors?® indicates that any such cor-
rection must be of the order of 0.2 keV or less. We were
unable to observe any significant effect in this experi-
ment. Therefore, we have introduced neither a cor-
rection nor a corresponding error into the final results.

Taking a weighted average of the individual measure-
ments, and adding their estimated errors in quadrature,
we conclude that the excitation energy of the first
excited state of C'2 is 4440.04-0.5 keV. This should be
compared to the value of 4439.794-0.31 keV obtained
by Chasman et al.” for the level energy after correction
for the recoil. The best result previous to these two
measurements, a weighted mean of experimental data
available to 1961, was 443345 keV.5

B. Anomaly in the y-Ray Singles Spectrum:
The Coherent Doppler Effect

When the y-ray singles spectrum was observed at 90°
to the beam axis, a symmetric double peak appeared as
shown in Fig. 3. This effect has been seen with several
Ge(Li) detectors and at several different incident proton
energies. The spectrum is symmetric about its centroid,
which will be shown to correspond to the true y-ray
energy. Since the valley between the two peaks was
only about 30 keV wide at 23-MeV incident proton
energy, it was possible to determine its centroid ac-
curately, yielding an energy measurement for the vy
ray with precision comparable to that obtained from the
coincidence measurements, as shown in Table I. The
explanation for this interesting doubling phenomenon
lies in the coherence between the Doppler shift and the
selective population of magnetic sublevels of the 2+
state in the inelastic-scattering process.

The geometry of the 90° y-singles measurement is
illustrated in Fig. 5. In the particular case of C'* nuclei
excited to the 4.44-MeV level by inelastic scattering of
23-MeV protons, kinematics restricts the laboratory
recoil angle 8r to be 63° or less. Also, the incident pro-
tons are unpolarized so that the scattering process has
cylindrical symmetry about the beam direction. That
is, recoil nuclei having a particular 95 are evenly dis-
tributed over the surface of a cone. One such cone is -
shown in Fig. 5. :

Consider the effect of the Doppler shift on de-excita-

$ Toshimitsu Yamazaki and Jack M. Hollander, Phys. Rev.
140, B630 (1965).

7 C. Chasman, K, W. Jones, R. A. Ristinen, and D. E. Alburger,
Phys. Rev. 159, 830 (1967).
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tion v rays from nuclei on this cone. Neglecting small
second-order effects, we have

E5E1—Eo= EQB(GB) Sinoiz sinqbg s (1)

where E, is the measured y-ray energy and E, is the

excitation energy of the state. Letting o(6) be the num-
ber of recoils per unit solid angle at 6, we find that the
nuinber of v rays striking the detector from recoils in a
small solid angle with coordinates (0,¢) is

@N. 7(0;¢) = ‘7(0) sinfdf w($)ds, 2

where w(¢) is the angular distribution function for the
gamma radiation. Taking 4, the normal to the scat-
tering plane, to be the axis of quantization we have®

w(¢)=2 P(m)Fy(9), 3

where the functions Fo"(¢) are’

Fy™(¢)=1{1—[m(m+1)/6]}| Y:"+1(,6) |
+H{1—[m(m—1)/6]} | Y21 (4,6)]*
+(m/6) | Yam($,6)]2. ()

Y,™(¢,¢) is the spherical harmonic of order 2 and P(m) is
the population of the magnetic sublevel m of the 2*
state.

Combining (1) and (2), we obtain an expression for
the distribution at the detector of v radiation coming
from recoils on a single cone:

d2N v, o(0)w(p)do

dE " Eb(6) cosd

The spectrum can be obtained as a function of E by
inverting (1) and substituting for ¢, defining 2(6,E)
=w(¢[6,E]), to obtain

@,

\Vy

dE

O]

a(6)2(0,E) sinfdé
" {[EB(0) sing— E2y112’

(6)

which is the spectrum due to the cone at angle 6. The
function ©(0,E) contains the coherence between the
Doppler effect and the selective population of magnetic
sublevels.

At this point, a qualitative explanation of the ob-
served line shape can be given. From (1) and (4) it is
apparent that (6, E) is an even function of E. Therefore,
the spectrum (6) must be symmetric about E=0, so that
its centroid corresponds to the unshifted y-ray energy.
In addition, recoils which produce v rays having E=0
must have ¢=0°; that is, they must be moving in the
- plane. Only Fz*! can contribute to w(0°) since no
other modes have components along the normal to the

8 H. Frauenfelder and R. M. Steffen, in Alpha-, Bela- and

Gamma-Ray Speciroscopy, edited by K. Siegbahn (North-Holland
Publishing Company, Amsterdam, 1965), p. 1003.

*J. M. Blatt and V. F. Weisskopf, 7 heoretical Nuclear Physics

(John Wiley & Sons, Inc., New York, 1963), p. 594.
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Fic. 5. The geometry of the 90° singles measurement. The
vector fi represents the normal to the scattering plane defined by
the beam direction and the recoil (0r,6r). Note that ¢ =¢p.

scattering plane.!® But it has been shown by Schmidt
et al.®® that the m= -1 magnetic sublevels can only be
populated by “spin-flip” processes, in which the pro-
jection of the spin of the incident proton onto the
normal to the scattering plane changes sign. This con-
clusion follows from a theorem by A. Bohr," and is in-
dependent of the particular reaction mechanism as-
sumed. Therefore, the number of v rays observed with
E=0 depends upon the “spin-flip” cross section. If this
is small, one expects to see few of these v rays, and the.
result is a valley between two peaks as observed.

To obtain a more quantitative description of the ex-
pected v ray spectrum it is necessary to integrate (6)
over all cone angles up to the maximum angle 8. =63°.
For any value of E, there are some cone angles which
make no contribution to the integral. Therefore, it is .
convenient to multiply (6) by a function S(8,E) which
selects only those cone angles which can contribute.
Setting sing=1 in (1), we arrive at an appropriate form
for S:

S(0,E)=1 if EB(6) sind>E
=0 if Es8(f)sind<E. Q)

Noting that the kinematics of the center-of-mass to lab
transformation makes 8 a double-valued function of 6,
we find

dn, tmsx 5(6)5(6,E)(0, E) sinddo
E(E)‘Z[/o ([E5(0) sin0]2—E2}1/2:| ’

®

where the summation sign indicatés that the integra-
tion is to be performed for both branches of 8. This form
of the spectrum clearly indicates the possibility for
anomalous, i.e., non-Gaussian shapes.
We have written a FORTRAN program for the MSU
Sigma 7 computer® which numerically integrates (8). -
10 F, H. Schmidt, Ronald E. Brown, J. B. Gerhart, and Wojciech

A. Kolasinski, Nucl. Phys. 52, 356 (1964).
11 A, Bohr, Nucl. Phys. 10, 486 (1959).
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Input to the program consists of the measured angular
distributions for inelastic scattering and spin-flip scat-
tering'? from the 4.44-MeV level. The spin-flip data give
a direct measure of the population of the m= -1 mag-
netic sublevels. No information was availuble regarding
the relative populations of the m=0 and the m=42
magnetic sublevels. Provision was made 1o input the
population ratio of these sublevels, which was varied
to obtain a good fit to the experimental data. Although
the population ratio is in genceral a function of the proton
scattering angle, we assumed no angular dependence in
an effort to reduce the number of degrees of frecdom
in the problem to a practical level.

Output from the program consists of a theoretical
peak shape which is then normalized to the experimental
data. After a number of trials, the solid curve shown in
Fig. 3 was obtained by assuming that the m= =42 sub-
levels were not populated in the reaction. In order to
determine whether or not kinematic effects alone could
produce a double peak, in the absence of selective
population of the magnetic sublevels, the calculation
was repeated with the assumption that all five sublevels
were equally populated. The dashed curve shown in
Fig. 3 represents the theoretical peak shape obtained,
normalized to the same total number of counts under
the peak. The double-peaking effect was not reproduced.

Figure 4 illustrates the behavior of the observed line
shape as the detector is moved away from 90°. The
double peak becomes asymmetric, and its centroid
shifts. Finally, at 40° and 140° to the beam direction
one of the peaks becomes unobservable. In all cases, the
spectra exhibit mirror symmetry about 90°.

Doppler shifting of the centroid of the line, in addition
to the expected broadening, is readily explained by the
fact that the C2 nuclei are restricted to recoil within a
forward cone having a half-angle of 63°. y rays observed
at forward angles come from nuclei which always have
a component of velocity toward the observer and are
therefore shifted upward in energy. Similarly, v rays
observed at backward angles are shifted downward in
energy. Finally, the antisymmetry of the first-order
Doppler shift about the 90° observation angle, and the
fact that the angular distribution function w(¢) satisfies

w(@)=w(¢+m), 9)

lead to the requirement that singles spectra taken at
supplementary angles be mirror images of each other.
Theoretical line shapes were calculated for detector

( 12 ;) J. Kolata and A. Galonsky, Bull. Am. Phys. Soc. 12, 500
1967).
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angles between 20° and 160°. When the detector angle
is not 90°, the expression for the first-order Doppler
shift is somewhat more complicated. The correct ex-
pression for the shift E, which replaces (1), is

Ii= EoB(0r)[ cosbr cosbp+sindp singg sinfp], (10)

where 0 is the detector angle relative to the beam axis.
Otherwise, the calculation proceeds as before. The re-
sults are shown in Fig. 4, normalized to the experimental
data. The magnetic sublevel populations used in these
calculations were the same as those used for the 90°
spectrum.

Anomalous line shapes should be observable in more
complicated transitions than the 0+ — 2+ — O+ sequence
considered here. However, the theoretical interpreta-
tion of the observed shapes can be much more difficult.
In particular, if the ground state is not Ot one needs to
consider the possibility of competing multipolarities in
the « transition, and it is also necessary to know the
relative probability for a « transition to each of the m
sublevels of the ground state. ,

The detailed structure resulting from the coherent
Doppler effect can only be observed if the maximum
Doppler shift is much greater than the resolution of the
v detector. This requirement means that the recoil
nucleus must be given a sufficiently large energy, and
that the lifetime of the state must be much less than the
stopping time of the recoil in the target. For incident
protons of energy less than 50 MeV, one is restricted to
relatively light nuclei (4 Z40). If a solid target is used,
the lifetime of the state in question should be of the
order of 1073 sec or less.

The coherent Doppler effect is not limited to in-
elastic proton reactions. The Bohr theorem, applied to
the general two body reaction, will yield selection rules
leading to unequal populations of the magnetic sub-
levels of a given state. We conclude that a Doppler-
broadened y-ray line will in general reveal “anomalous”
structure if viewed with a sufficiently high resolution
detector, as long as a beam axis exists to define a pre-
ferred direction in space.
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Measurements of magnetic field reproducibility made with one of the Michigan State University cyclotron beam analyzing magnets
indicate that an energy setting can be reproduced to better than 1 part in 15000.

An important consideration in the use of a beam
analyzing system is the accuracy with which a given
beam energy can be reproduced. Measurements made
with one of the 45° analyzing magnets constructed for
use in the beam handling system of the Michigan State
University cyclotron facility are used to determine the
effect the magnet turn-on procedure has on the beam
energy and the reproducibility of a given energy if the
same turn-on procedure is used.

The method used to set an analyzing magnet is the
following. The excitation of the magnet is set by
bringing the magnet to a given field, By, measured at a
fixed point in the central region of the magnet using a
nuclear magnetic resonance probe. Since the iron
undergoes hysteresis, B, will in general be reached for
different values of current in the coils. It is possible to’
establish a definite hysteresis loop by following a set
procedure for reaching the desired field. In this in-
vestigation a loop was established by raising the current
from zero t0 0.99 I, waiting 10 min, lowering the

* Research supported by National Science Foundation.
t National Aeronautics and Space Administration Graduate
Fellow.

NMR POSITION

current to zero, waiting 10 min, and repeating the
cycle. The value of B, for I =0.99 I... was 13.1 kG.
Measurements were made at a field of 10.132 kG,
corresponding to a proton energy of 42 MeV. Two
procedures were used to reach this value once the
hysteresis loop was established. In procedure I the
current was increased from zero until the field was
reached. In procedure II the current was decreased
from 0.991,,,.

The field was monitored by a nuclear magnetic
resonarnce probe positioned 9.5” from the center of the
pole piece at an angle of 45° from the beam entrance
line (fig. 1). A radial field map was made along the
beam entrance line. The interior region from 0.0” to
10.0” was mapped in 1.0” steps using the nuclear
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0.00+
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YOKE

BEAM ENTRANCE
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Fig. 1. Diagram of the magnet used in this investigation.
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Fig. 2. Plot of B/B, along the beam entrance line as a function
of distance from the center; showing the physical elements of the
magnet. The gap width is 2.50".
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magnetic resonance probe. The region from 9.0” to
30.8” was mapped in 0.2” steps using a Rawson rotating
coil fluxmeter mounted on an automated milling table.
The signal from the fluxmeter was passed through a
voltage-to-frequency converter, and the one-second-
averaged value of the voltage was punched auto-
matically on computer cards. Five passes were taken to
minimize the fluctuations in the rotating coil readings,
and the average value was used at each point. These
readings were then normalized to the nuclear magnetic
resonance probe readings between 9.0” and 10.0”. A
plot of the field vs radius, matched to a diagram of the
pole piece, is shown in fig. 2.

TABLE 1
Values of the ficld integrals obtained with procedure I(a) and
procedure II(b), for various ranges of integration.

Range|

(in.)
0-10.0 0-12.0 0-14.0 0-30.8

Run
1 9.9949 11.9917 13.8025 15.4796
2 9.9948 11.9915 | 13.8021 15.4777
3 9.9948 11.9917 13.8025 15.4807
4 9.9950 11.9917 13.8026 15.4806
5 9.9950 11.9919 13.8029 15.4823
6 9.9949 11.9916 13.8023 15.4790
Ave 9.9949 119917 13.8025 15.4800
@)

Range

(in.)
0-10.0 0-12.0 0-14.0 0-30.8

Run
1 9.9939 11.9909 13.8019 15.4862
2 9.9939 11.9909 13.8023 15.4846
3 9.9939 11.9909 13.8018 15.4858
4 9.9938 11.9909 13.8021 15.4859
5 9.9938 11.9911 13.8028 15.4883
6 9.9938 11.9907 13.8020 15.4846
Ave 9.9939 11.9909 13.8021 15.4859
)
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- Since

poc IB ds,
values of

f: (B/By)dr

were computed using Simpson’s rule for numerical
integration. Six sets of data were gathered for each
procedure. The values of the integrals are shown in
table 1. For procedure I the mean value of the integral
was 15.4800” with a standard deviation of 0.0016".
For procedure II it was 15.4859” with a standard
deviation of 0.0013". The difference between the two
values is 0.0059+0.0009", representing a difference in
the resulting beam energy of 8 parts in 10* if procedure
ILis used rather than procedure I. The smallness of this
difference undoubtedly reflects the careful shaping of
the pole piece edges as described by Braams'). Refer~
ence to table 1 shows that the major contribution to
the difference of the two integrals occurs in the fringe
field from 14.0” on. This result is to be expected since
the setting procedure forces the magnetic field to be
the same in the probe region. Careful consideration of
the sources of error shows that at least 709, of the
error quoted in the field integrals is due to random
fluctuations in the measuring apparatus. Thus, if the

- same turn-on procedure is carefully followed each time,

these measurements indicate that one can expect the
energy setting to be reproduced to better than 1 part
in 15000. Most nuclear spectroscopy laboratories use
similar turn-on procedures for their analyzing magnets
because of the problems involving differential satura-
tion?). Thus, this work represents, by the direct meas-
urement of magnetic fields, a quantitative assessment
of the effect.
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Abstract: Results of independent investigations performed at MSU and MIT on the decay of 1.1 h
MTe suggest an energy level scheme for 17Sb. Sources were produced at MIT via the 148n(a, n)
7Te reaction, while the MSU group bombarded natural antimony metal with 52 MeV protons.
Ge(Li)-Nal(T]) coincidence experiments, y-ray energy and relative intensity measurements,
and positon end-point measurements were performed at both laboratories and produced results
which were in excellent agreement. On the basis of these results, excited states in 1'?Sb are
placed at 719.7, 923.9, 1354.5, 1454.5, 1716.4, 1810.5, 2213, 2284.8 and 2300.0 keV. Additional
levels, accommodating only very weak ground state transitions, may be present at 1596, 2380
and 2885 keV. No conclusive evidence for the existence of a possible 1'"™Te was obtained.

RADIOACTIVITY: 7Te [from *2Sb (p, 5n) and 148n(a, n)); measured E,, I, yy-coin,
E By-coin. 117Sb deduced levels. Natural Sb and enriched Sn targets.
Ge(Li), Si(Li) and scintillation detectors.

1. Introduction

Recent high resolution and scintillation studies 1=3) of energy levels in odd-mass
antimony isotopes (4 = 119-125), populated in the beta decay of Te and Sn isomers,
have indicated systematic trends of several low-lying states. Where comparisons can
be made, the results of these studies are in reasonable agreement with results of
(*He, d) and Coulomb excitation experiments %), It is the purpose of this paper
to report an extension of such studies to levels in *17Sbh as populated by the beta decay
of 117Te, ,

Past studies of the decay of '!"Te have yielded a substantial amount of infor-
mation ®~*?) but have been hampered by the inherently poor resolution of scintillation
detectors. The difficulty is compounded by the complexity of the decay scheme and
by the short half-life. Some previously reported evidence 1) for the existence of 1.9 h

t Present address: Los Alamos Scientific Laboratory, Los Alamos, New Mexico.
™ This work was supported in part by the U.S. National Science Foundation.

1t Permanent address: Laboratory of Physics, Institute of Technology, Otaniemi, Finland.

¥ This work was supported in part by the U. S. Atomic Energy Commission ynder contract No.
AT(30-1)-905.
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117"Te and 1.1 h *'7*Te isomers is in agreement with the extrapolation from system-
atic trends. However, other groups %1% !2) have failed to observe any transitions
which can be attributed to '*”™Te. In particular, a positon end-point of approximately
1.8 MeV has been reported, but disagreement exists over the origin of this transition
(refs. °~12)).

In this investigation, several previously unreported gamma rays were observed.
Coincidence data, obtained with various Ge(Li)-NaI(Tl) detector combinations,
coupled with energy sums and relative intensity considerations, suggest a decay
scheme for !'”Te which differs considerably from those previously proposed %-12).
Positon-gamma coincidence data indicate a lower limit for the disintegration energy
of ''"Te.

Little evidence was found for the existence of a possible !1™Te. Although one
y-ray was observed that might be attributed to an isomer, neither its yield nor other

y-rays that would follow the decay of such an isomer suggested the presence of
117mTe- B

2. Source preparation and apparatus

The ''’Te activity was produced by proton bombardments of natural SbCl,
in the Michigan State University Cyclotron. Bombardments were carried out for
approximately 5 ua min at 48 or 52 MeV. The higher energy was desirable because
of increased yield of *!7Te relative to that of 11°Te. No other significant differences
were observed in spectra obtained from the 52 MeV as opposed to the 48 MeV
bombardments.

The target was dissolved in 3N HCl and the Te activities were precipitated with SO,
gas after traces of TeCl, and hydroxylamine hydrochloride had been added. The total
time lapse between the end 6f bombardment and initial counting was approximately
15-20 min. Sources produced at 52 MeV could be counted for three half-lives before
the presences of '°Te became significant. Although the spectra of *!°*Te and *!*™Te
are known **), the large number of gamma rays present in 1!°™**Te serves only to
complicate the spectrum and mask lines in '*"Te. Hence fresh sources were prepared
before the intensity of the 644 keV gamma in !%Te became comparable to that of
the 720 keV line in 117 Te.

The experimental arrangement at MSU was very 51m11ar to that described previous-
ly #). However, a Ge(Li) counter with somewhat better resolution than before was
employed for some of the singles counting.

The '7Te was produced at MIT by irradiating !14Sn0,, ennched to 60% in
1148n, with “He ions in the MIT cyclotron. In experiments where only the 114Sn(x, n)
117Te reaction was sought, the “He ions were degraded to ~22 MeV with Al foil.
At this energy only a small amount of **®Te was produced. Using higher energies
gave higher yields of **"Te but also resulted in the production of a great deal of *1Te.
As the ''°Sn fraction of the target was 10 %, some ''°Te was produced, but it did
not interfere with the study of *'”Te decay until 4 to 5 h after irradiation.
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Fig. 1. Singles spectrum of "Te below approximately 1800 keV, recorded at MSU with a 3 cm® Ge(Li) detector.
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3. Gamma-ray singles spectrum
Gamma-ray singies spectra were recorded at MSU with several Ge(Li) detectors.
Below 1800 keV a 3.0 cm3 counter with ~ 3.0 keV FWHM resolution for the 662

keV gamma of '37Cs was used. The efficiency for detection of weak, high-energy
transitions was increased with a 7cm?® counter whose resolution was =~ 4.5 keV
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Fig. 2. High-energy portion of a singles spectrum’ of 1*7Te, recorded at MSU with a 7 cm® Ge(Li)

detector. This spectrum was recorded after approximately one half-life of '7Te to allow traces of

3Cl contaminant to decay out. Several spectra were recorded from sources of comparable age,

and were summed to give the above spectrum. Lines at 2323, 2521 and 2617 keV are of unknown
origin but decay with a half-life longer than that of "Te.

FWHM. Portions of typical singles spectra are shown in figs. 1 and 2. A list of
transitions and their relative intensities is given in table 1.

~ Half-life measurements were performed on the 720, 1091, 1278 (D.E. of 2300),
1717 and 2300 keV lines. Two series of 8 min runs were taken — the first set spanning
about 80 % of a half-life, the second about 1.5 half-lives. Corrgctions were made for
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deadtime and source decay. The mean value obtained was 1.14 h with an average
deviation of 0.08 h from the mean. The value of 1.14 h is in agreement with values
of 61+2 min, 1.1+0.1 h and 65+ 5 min reported by refs. > 10,12y respectively.

The gamma-ray energies_ were measured a number of tlmes with both internal and
external cahbratlons, and second-order least-squares cahbratlon equatlons were.

] - Tamel
Energies and relative intensities of y-rays present in the decay of 11"Te-

MSU MIT _ Adopted
Energy Uncertainty Rel. Energy ¢) Rel. Energy ©) Rel.
(keV) (keV) intensity » ) (keV) intensity ®°) (keV) intensity ")
473 9) ~0.5
568.8 0.5 1.3 568.8 0.8 568.8 1.0
634.6 0.5 0.8 634.3 0.5 634.5 0.7
719.8 0.4 100 719.5 100 719.7 100
830.8 0.5 0.9 831.3 0.6 831.0 0.8
886.8 0.5 2.4 886.5 2.2 886.7 2.3
923.9 0.4 9.4 923.8 - 9.8 923.9 9.6
930 1.0 ~0.5 930.4 0.3 930.2 0.3
996.7 0.4 6.1 996.7 6.1 996.7 6.1
1090.8 0.4 10.5 1090.5 10.6 1090.7 10.6
1354.6 07 0.6 1354.3 0.9 1354.5 0.8
1361.0 0.7 0.6 1359.8 0.7 1360.5 0.7
1454.8 0.4 1.2 1454.3 1.4 1454.5 1.3
1565.2 0.6 1.3 1565.0 1.7 1565.1 1.5
1579.9 1.5 0.8 1581.0 0.3 1580.5 0.3
1596 1) 2.0 0.5 1595.34) 03 - 1595.3¢) 0.3
1716.5 0.4 23 1716.2 260 1716.4 24.5
2213 1.0 0.6 2213 0.5 2213 0.5
2285 1.0 0.7 2284.5 04 2284.8 0.6
2300.0 0.5 16 2300.1 18.0 ~2300.0 17.3
2380 %) 1.5 0.2 2379.5¢) ~0.2 2379.3 ¢) 0.2
2885 1) 2.0 0.1 2885¢) ~~0.1 2885¢) 0.1

#) Uncertainties in relative intensity are estimated as :}:10 % for the st.rong transmons.
®) Gamma intensity only.

©) Uncertainties in energy values are 0.7 keV for those whose relative intensities are greater than
2, and 1.5 keV for others.

9) Seen only in coincidence spectra. ’
€) Assignmen_t to 117¢Te tentative.
) Possibly double escape peak of a contaminant 2617 keV transition.

constructed. The data were treated essentially as described previously '%). The
relative intensities were measured with the 7 cm® Ge(Li) counter. Corrections for
relative photopeak efficiencies were made from a curve obtained from *?°Te and -
119Te sources whose gamma-ray relative intensities had been previously measured
(refs. +14)). The energy and relative intensity values given in table 1 are mean values
taken from a number of runs. The errors in the energies are rms dev{ations from the
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mean, while the errors in relatwe intensities are estlmated as +10 %, except for the
very weak lines. =
Gamma rays were detected at MIT with a Ge(Li) detector whose volume was 1.2cm?

The spectra were recorded with a 4096-channel, multi-parameter, pulse-height analyser
~ system that included a 4096-channel ADC, two 1024-channel ADC, a 4096-channel
* memory, a buffer memory and control unit, a magnetic tape unit and an eight-channel
digital gate. Singles spectra were recorded using the 4096-channel ADC and memory.
-Energies were determined by calibrating the gain of the system with y-rays whose
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Fig. 3a. Portions of 4096-channel spectra taken at MIT.

energies were well known and using a linear interpolation between the peaks of known

energy. The relative intensities were calculated by correcting the photopeak areas .

using a curve constructed by counting a number of radioactive sources whose y-ray
intensities are well known. The results are also summarized in table 1. A half-life of
62+ 3 min was determined by following the decay of the 720 keV peak. This was done
by recording the spectrum on magnetic tape every 15 min over a period of 3 h.

The intensities of the other y-ray peaks, relative to the 720 keV y-ray peak, were also
determined over longer counting periods. The relative intensities were also observed
at different *He ion bombarding energies. Only those y-rays whose relative intensities
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e
remained constant within the limits of our error were assigned definitely to 117 Te,
We have shown in fig. 3 selected portions of 4096-channel spectra where several low
intensity peaks of interest are observed. -
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Fig. 3b. (See caption fig. 3a.)

4. Gamma-gamma coincidence results

Coincidence experiments were limited by the 1.1 h half-life. Besides conventional
Ge(Li)-NalI(Tl) coincidence experiments, three other types of coincidence counting
were performed at MSU. First an “any-coincidence” spectrum, employing an in-
tegral NaI(T1) gate above the 511 keV photopeak, was recorded. In this manner, due
to lower Compton backgrounds from positon-fed ground state transitions and due to
increased efficiency in the gate, transitions in coincidence with gamma rays of energy -
higher than 550 keV were enhanced. A second type of experiment, complementary
to the “any-coincidence”, was to count only those pulses from the Ge(Li) counter
which were not in coincidence with a signal from the Nal(T1) crystal. This and the

“any-coincidence’ experiments were performed with a 20.3 cm x 20.3 cm Nal(T1)
split annulus %), The “anti-coincidence” spectrum served to indicate any tran-
sitions which are primarily electron capture fed and proceed directly to. ground. In
this spectrum Compton scattered photons from the Ge(Li) counter were generally
detected by the NaI(Tl) annulus, reducing underlying Compton backgrounds in the
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Ge(Li) spectrum. However, this same scattering resulted in enhanced Compton tails
of high-energy lines in the “any-coincidence’ spectrum. '

A third type of coincidence experiment performed with the split annulus was to
simultaneously gate on 511 keV photons in each half and count the resulting coinci-
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Fig. 5. Coincidence spectra obtained with a 7 cm?® Ge(Li) counter anq 2 7.6 X7.6 cm Nal(TI) crystal.

dent Ge(Li) spectrum. This established any positon-fed levels and indicated double
escape peaks of high-energy gamma rays. The spectrum is shown in fig. 4. »

Other coincidence. spectra were recorded with the Nal(T1) detector scanning
essentiallty'all of the spectrum above 600 keV. To compensate for the short half-life,
strong sources were used at the start of all coincidence counting, leading to a large
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number of chance events. Hence, interpretations of the coincidence spectra must be

based not necessarily on the presence of a given line but by its enhancement from

singles relative to other lines.

Because counting could be done for only relatively short periods at a time, most
coincidence spectra exhibit regions with large statistical fluctuations. In order to as-
certain whether a number of possible peaks were more than background fluctuations,
most of the coincidence runs were repeated with different sources. Coincidence evi-
dences were obtained for all lines of less than 1800 keV energy which could be ob-
served in singles spectra. In addition, several other possible gamma rays were suggest-
ed by some coincidence experiments, but these did not reproduce well enough to
Wwarrant their placement in the decay scheme.

The results of the coincidence studies are summarized in table 2. Several typical

spectra are shown in fig. 5.

_ TABLE 2
"'Te gamma-gamma coincidence'relationShips observed at MSU

Fig. Gamma in Nal(Tl) Coincident gammas in
gate (keV) Ge(Li) spectrum (keV)
4 511-5119) 720, 924, 997, 1091, 1717
5B 720 635, 997, 1091, 1565, 1580
5C 887 924
5C 924 887, 1361
5C 930 1355
5D 1355 930
5D 1361 ' 924
5D 1455 831
SE. 1717 569
>1850°) " none observed

*) Triple coincidence experiment.
?) Spectrum not shown.

Coincidence data were recorded at MIT using the buffer memory and magnetic
tape unit to store addresses of coincident pulses from the 1024-channel ADC units.
In such experiments, a 7.6 cm x 7.6 cm Nal(T1) detector was used in conjunction
with the Ge(Li) detector. The coincidence circuitry consis;ed of two amplifiers that
were operated in a double delay line mode whose pulses were fed into two single-
channel analysers operated in the zero-crossing mode. The outputs from-the single-
channel analysers were fed into a coincidence unit whose resolving time (27) was set
at 40 nsec. The two detectors were at ~ 120° with a 0.6 cm lead shield to eliminate
Compton scattering coincidences. - o -

The results of the coincidence experiments at MIT are listed in table 3. They may

o€ seen to correspond closely with those obtained at MSU although, in general, the -

statistics at MIT were not as good as those at MSU as a smaller Ge(Li) detector was
used. By using the buffer system, however, it was possible to observe coincidences
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with smaller gates in the NaI(Tl) spectrum and to observe many commdences from

both dlrectxons
TABLE 3

Te gamma-gamma coincidence relationships observed at MIT*)

Gate area Gamma rays in Coincident gamma rays
(keV) NaI(Tl) gate (keV) ° - in Ge(Li) spectrum (keV)
690- 750 120 635, 997, 1091, 1360, 1565
800- 850 831 1455
850- 910 887 924
910- 960 924, 930 887, 1355, 1360, 1292 )
960-1040 997 569, 720
1050-1140 1091 473,720
1300-1400 1355, 1361 924, 930
1400-1500 1455 831
1550-1635 1465, 1580, 1596 720
1680-1760 1717 569
*) Spectra not shown. 'b) ueTe,
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S. Positon-gamma coincidence results

Positon-gamma coincidence spectra were recorded at MSU with an 8.8 cm x0.5
cm plastic scintillator and a 7.6 cm x 7.6 cm Nal(TI) detector. Gating regions in the
Nal(T1) spectrum were selected at 511, 720, 924 and 1717 keV. The resulting coin-
cident positon spectra confirmed that there is no significant positon decay to the

20
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y _
1500 - 2000
- Energy [kev]

Fig. 7. A Fermi-Kurie plot of positons in coincidence with 720 keV y-rays.

ground state of *”Sb. All positon end-points indicated the beta disintegration energy
“to be 35504100 keV.

At MIT positon coincidences with y-rays were also observed by using a3 mm deep V

Si(Li) detector whose full width at half maximum for 137‘Cs conversion electrons
was =20 keV. Counting was accomplished by placin_g the source inside of the vac-
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uum chamber housing the detector, evacuating the chamber and cooling the detec-
tor to near liquid N, temperature. Both the singles spectrum and the spectrum in co-
incidence with 720 keV y-rays (fig. 6), showed the same end-point of ~ 1750 keV.
The Fermi plot in fig. 7 indicated an end-point of 17501+ 30 keV. The Qg would thus
be 3492+ 30 keV.

6. The proposed decay scheme of !'"Te

The proposed decay scheme of *!7Te, shown in fig. 8, is supported by coincidence
results, energy sums and relative intensity considerations. It accommodates all of the
y-rays that we have definitely attributed to the decay of ''"Te but does not show
several low-intensity y-rays that have been observed by both groups. These low in-
tensity y-rays are not definitely attributed to the decay of some other nucleide and are
not definitely assigned a half-life unequal to 1.1 h. The weaker y-rays which we do
place in the decay scheme (those whose relative intensities are < 2) are clearly ob--
served by both groups and have half-lives which are not noticeably different from 1.1 h.
Although the agreement on relative intensities is not too good on the very weak tran-
sitions, the uncertainties inthese values are large enough to accommodate both numbers.
The agreement is poorest on those y-rays whose presence or absence from the decay
scheme does not affect the level scheme, i.e. the 634, 1580 and 2285 keV y-rays, each
of which is placed as decaying from a level that is well established by other transi-
tions. The inclusion of weak y-rays in the decay scheme is strengthened by their ob-
servance by both groups. In only the rarest of instances would it be possible for con-
taminant y-rays to be in approximately the same relative intensity to **"Te y-rays in
sources produced by the two different methods of source preparation.

Three levels that are heavily fed by positons are indicated at 720, 924 and 1717 keV
by the 511-511 keV gamma coincidence spectrum (fig. 4). The lines at 695 and 1278
keV are assigned as double escape peaks of the 1717 and 2300 keV gamma rays,
respectively. The non-existence of cascades among the 720, 924 and 1717 keV tran-
sitions can be seen from spectra taken in coincidence with these regions. In each case
the presence of the other two lines can be accounted for by chance coincidences and
underlying Compton scattering events in the gate.

Strong coincidences between the 720 keV region and the 997, 1091 and 1565 keV .
gamma rays and between the 924 keV region and the 887, 1355 and 1361 keV lines con-
firm the 1717 keV level and suggest additional levels at 1811 and 2285 keV. Further
evidence for the level at 2285 keV is provided by a 2285 keV transition, by the suggest-
ed presence of 924-1361 and 930-1355 keV cascades, and by the presence of the 831
keV line in coincidence with the 1455 keV region. The intermediate levels of the latter
two of the above cascades are placed at 1355 and 1455 keV from relative intensity
considerations. ' o

The 1355 keV level may also depopulate to the 720 keV state as is suggested by the
trace of the 635 keV line in coincidence with the 720 keV region. The 1455keV level
has not been found to involve any transitions other than the 831-1455 keV cascade.
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Additional coincidence data show the 569 keV transition to take place from the
2285 keV state to the 1717 keV level and a possible 473 keV transition from the 2285
keV state to the 1811 keV level. The absence of the strong 2300 keV line from the
“any-coincidence” spectrum indicates a state at 2300 keV. The 2300 keV state also
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depopulates to the 720 keV state as is evidenced by the trace of the weak 1580 keV
line in coincidence with the 720 keV region.

No coincidence experiments involving the high-energy transitions are feasible at
this time. Estimates from singles and coincidence counting rates indicate that at least
a 24 h counting time would be necessary with fresh sources produced at frequent
intervals to obtain conclusive coincidence data for any of the lines above 2300 keV.

The very weak y-rays that are observed by both groups at 1596, 2380 and 2885 keV
have not been placed in the level scheme. As these y-rays do not fit between any
existing states and are not seen in any coincidence spectra, their inclusion could be
accomplished only by placing levels at these energies. As the presence or absence of
levels at these energies does not significantly alter the interpretation of the level
scheme or its comparison with other nuclei or theoretical calculations, we have not
included them in the level scheme.

The very striking similarity with respect to level structure and beta feeding ratios
between this decay scheme and that of *!9%Te suggests this to be the decay of a low-
spin '""Te parent. The ground state spin of '!"Te is known to be 3* from atomic
beam measurements !7). If this is indeed the decay of the ground state, then tentative
spin and parity assignments can be made for some of the levels on the basis of log ft
values. States at 720, 1717, 1811 and 2300 keV all have 4.0 < log ft < 5.8, indicating
allowed beta decay 18). Hence, these states should all have positive parity and J = §
or . Slightly higher log f? values for the remainder of the levels indicate allowed or
first forbidden beta transitions, implying J = 4, 3.

The assignments for the 720 and 924 keV states are consistent with other data and
systematics in this region (see discussion in sects. 7 and 8).

7. The search for '™ Te
7.1. SYSTEMATICS OF ODD-MASS TELLURIUM AND ANTIMONY STATES

As shown in fig. 9, excited states of J = 3* and 41~ can be seen to migrate upward
in energy with decreasing neutron number in 25Te, 123Te and !2!Te relative to the

4" state. Isomeric transitions, originating at the 1~ states, are known to occur in all

three isotopes !°). However, while 11°®Te is known to exist, no isomeric transition
has been observed +:%:20-21),

Two plausible explanations for this phenomenon can be obtained if one relies on
the shell-model systematics in this region.-As can be seen in fig. 9, the separation of
the '~ and 3* levels decreases to less than 100 keV as one approaches 1*°Te from
the right. The Weisskopf estimate for single-particle M4 transition probabilities of
less than 100 keV in energy, indicates a half-life of a few years, which is much too
long to compete with 4.7 d beta decay. In the case of '’Te, the 3* level may be
even closer to or.possibly higher than the L1~ state. :

Systematics of antimony levels ! ~®), (fig. 10), suggest 2 3+ state at approximately
530 keV in 117Sb, A state at this energy, tentatively identified as having spin Z, has
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Fig. 9. Low-lying levels in 4,Tey isotopes 1*). The §*+ and 4~ levels for Te and *Te are extra-
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been observed via (*He, d) reactions ®~®). Analogous to the decay of 2!™Te and
119mTe, 117™Te should decay via afirst-forbidden, unique beta branch to the 530 keV it
statein **’Sb with a partial half-life of several days. However, this may be much too
slow to compete with allowed or other first-forbidden beta groups which are expected
to be present from systematics and the large decay energy. Especially if, as in !1°Sb,
high-spin negatlve-parlty states are present *2!22), the beta decay process could be
very rapid.

An alternative explanation for the absence of an identifiable ll7'“Te activity can be
sought from the case of *!>Te. A 275 keV M3 transition in '!5Te has been reported
to have a half-life of approximately 0.1 sec, suggesting a 1+ excited state 23-24),
Hence it is possible that a 3" level may exist below the 1,1~ state in !'7Te, making
de-excitation of the L~ state comparatively rapid. Such a sntuation is also known to
exist in *'5Sn which has the same number of neutrons (N = 65) as !!"Te. In that
nucleus, the 3* level is found 107 keV below the L level and the 4! L1~ level has a
half-life 2%) of 159 ps.

7.2. EXPERIMENTAL RESULTS

A number of attempts were made to identify an isomeric activity 1*"™Te and were
primarily based on a search for a 530 keV gamma ray depopulating a spin 3+ state
of this energy as predicted from systematics and observed via (*He, d) reactions ¢~ %),
Neither at MIT nor MSU was any evidence observed for any gamma-ray activity
from a possible **’™Te having a half-life longer than about 2 min but shorter than 1 h.

In one type of experiment a thin target of antimony metal was bombarded at MSU
to produce the highest available ratio of '!"Te to !'°Te. The chemically extracted
activities were followed for several days. A very weak, but unquestionable, peak at
530 keV became evident as the 16 h 11?*Te activity decayed away. Since this line was
present in a spectrum recorded immediately after subsequent specific tellurium chemis-
try, it must be associated with the decay of some tellurium parent.

Next, a search was made at MSU for the 2.5 h.daughter of *'7Te. The antimony
daughters of *!*Te and '!°Te were periodically extracted from the source which
emitted the 530 keV gamma ray, among others, but the prominent 160 keV transition
in the decay of '*7Sb could not be identified in the samples. However, the amount of
activity expected was extremely small, and could have been masked by the presence
of small amounts of **°Te impurity. -

Furthermore, assuming that any 11"™Te would be produced in approximately the
same ratio to *!7*Te as '*"™Te is produced to 1°®Te, a far greater amount of the

- 530 keV gamma activity should have been present if this transition does indeed origi-

nate from **7™Te. Thisis especially true in the !'*Sn(a, n)*!’Te reaction used at MIT
to produce the '!"Te. It can be noted from fig. 1 that the 1'°*Te that gives rise to the
644 keV y-ray is the major interfering isomer at MSU. At MIT, where a target con-
taining 60 97 ***Sn and 10 % !15Sn was used, the y-rays at 270 and 1213 keV, which
follow the decay of the 11~ !1°™Te isomer, were found in nearly as much abundance
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as the 644 keV y-ray from ''**Te. If an 2~ isomer of !*"Te were present, it should
have been six times as abundant as the 11"“'Te that we observed, if the two had com-
- parable half-lives. Failure to observe any evidence of a 530 keV 7y-ray could be ac-
counted for only by a half-life for **"™Te of no less than 1 y. Also, because of the
large beta disintegration energy, a far richer gamma-ray spectrum can be anticipated.
On the basis of systematics in this region it is very unlikely that most of the beta decay
of 117™Te would go directly to the ground state of 117Sb (third-order forbidden tran-
sition).
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Fig. 11. A comparison of the trends of low-lying states in odd-mass antimony isotopes with the
trends calculated by Kisslinger and Sorensen ). The states have been shifted to allow the §+ state
to be used as a reference level.

Hence, while the existence of an isomeric state 127Te with an appreciable half-

life cannot be definitely excluded, it is suggested to be very unlikely. The fact that the
530 keV gamma ray is associated with a tellurium parent or with an activity which

- survives specific tellurium chem1stry, remains, at present, a mystery. The resolution

of this problem is complicated by the very low intensity of this gamma ray relative
to the gamma rays of !'°™Te.
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8. Discussion of results

Although no definite spins can be assigned from our experiments, comparisons
with (*He, d) data ®~®) and recent (p, n) experiments 2°6) suggest the probable as-
signments for the low-lying states of adjacent 51-proton, odd-mass nuclei to be as
shown in fig. 10. These levels have been redrawn in fig. 11 A with the $* state as the
reference level. A very smooth variation can be seen with respect to neutron number.

E (keV) Jor log ft. E (keV) J,r log ft.
2885
2380. 27
2300 52
2285 50
2215 6.8
181} 58 ' 1820-— 6.5
1455 70 1487 7.2
1355 cg A3 7.0
S B 1339- 76
924— : %" 66
720- —— 12" 56 0 3%* 65
, . 644 2t 56
538 72 .
270— = 72*
0— — ) 50"
"7 i)
Sb Sh

Fig. 12. Low-spin levels of 1"Sb compared to the levels of n7gh,

- It is of interest to compare the low-lying levels with the calculation of Kisslinger
and Sorensen 27), in which a pairing plus quadrupole interaction is assumed. The
results of this calculation are shown in fig. 11 B. While quantitative discrepancies in
energy exist, there is very impressive agreement in the order of the levels and in their

relative positions. However, the crossing of the 3" and 3* and of the §* and 3*
+ states occurs slightly later and.earlier, respectively, in the calculated than in the ex-

perimental set of states. »
.We show in fig. 12 a comparison of the low-spin levels observed in ™°Sb with those
observed in !7Sb. The two groups of levels are quite similar except that the higher
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Q in '*7Te decay permits higher energy **7Sb levels to be observed. The log f7 values
are seen to range over & 2 units in each case with some transitions that are likely
allowed having log ft values > 7. It may be observed that, in spite of an approximately
260 keV increase in the difference between the g; level and the dy ground state, the
levels around 1400 keV and around 1800 keV remained almost unchanged (except

3213 32"
3207 Iv2*
3065 32"
2885~~~ m=——————— -
2547 3"
2380 2410 ir2*
2300 .
2285 2251 3
2215
181l
1717 : .
1598 _ 52
1562 LA
1455
1355
1285 72*
3" .
924 /2 862 3*
720— . 2* 7n7 ve*
538 - 72"
. 50 T2t
o} 5/2 0 5/2*
EXP . KS

Fig. 13. Low-spin levels from Kisslinger and Sorensen calculations compared to the levels of 117Sb.

for our failure to observe a level in *'7Sb similar to the 1437 keV level in 11°Sb).
This is in contrast to the rise in the positions of the lowest 4* and 3 * levels that were
discussed earlier and may indicate that the main configuration of these levels is that
of a core excitation coupled to the dy proton in its ground state. As the first excited
states of 1'Sn and 1'®Sn are 1294 and 1230 keV, respectively 28), such levels would
be expected at similar positions in the two schemes. "
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It is also of interest to compare the high-energy levels that we have observed in
1178b with those whose spins are $* and 3* as calculated by KS. They are shown in
fig. 13 where we have also shown the calculated positions of the lowest $* and 1*
phonon levels as well. The calculated levels at 717, 862 and 1562 keV are primarily .
made up of one phonon-core vibration coupled to the single-particle §* or 3 levels.
The higher levels are primarily made up of two phonon-core vibrations coupled to the
single-particle levels. The general pattern of calculated levels appears to compare well
with the observed levels below 2 MeV, although the observed levels are, in general,
lower in energy.

To the best of our knowledge, at this time, there exist for the case of !17Sb no cal-
culations based on the core-coupling model, in which vibrations of a doubly even
core are assumed to couple with single-particle states of extra-core nucleons. The
model shows some qualitative agreement with experimental states in *!?Sb. Hence,
it would be of interest to locate the corresponding high-spin states in 117Sb. However,
other means of excitation would be necessary since it appears that an isomeric state
does not exist in ! Te. Estimates from a comparison with the set of states populated
by beta decay of ''*™Te and '!°*Te, suggest that a large number of high-spin levels
should exist in the **’Sb nucleus.

The authors at MSU wish to thank Dr. W. P. Johnson for his assistance with the
cyclotron operation during bombardments. They are grateful to Dr. R. E. Berg for
the use of one of his detectors for some of the measurements. A special note of thanks
goes to Dr. L. M. Beyer for many helpful discussions and suggestions. The authors
at MIT wish to thank Mr. Earl White and the crew of the MIT Cyclotron for their
assistance with the irradiations and Mr. John Wild for helping prepare the samples
for counting. They also wish to express appreciation to Professor L. S. Kisslinger for
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A single crystal Ge(Li) Compton spectrometer has been tested showing considerable promise as a device for detecting y-rays in
the presence of strong Compton and neutron backgrounds

With the advent of high resolution lithium-drifted
germanium, y-ray spectroscopy has been completely
revolutionized. The chief advantage of these detectors
is in their ability to make precise (typically a few parts
in 10*) energy measurements. A major disadvantage of
these devices is that the gamma ray of interest, in many
instances, is submerged in a rather large number of
background events. These background events are
primarily due to the Compton-scattering of gamma
rays out of the detector. Several methods have been
previously reported which reduce the effects of

p-type
Detector I-region
= f-Type
Segment Segment
! 2

Compton-scattered y-rays as a source of background.
For example, one method employs a Nal(T1) annulus
detector which detects the scattered y-ray and vetoes
this event as detected in the Ge(Li) detector!); a second
method employs a Nal(T1) split annulus which detects
two 511 keV y-rays in triple coincidence with events
detected in the Ge(Li) detector, thus emphasizing pair
produced events with a double escape?). The first
method has the advantage of reducing the background
under the peak by about a factor of ten or so and the
* This work was supported in part by NSF Contract ~ GP-6760.
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Fig. 1. The experimental arrangement of a Compton-spectrometer and block diagram of electronics.
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Fig. 2. A plot of the Compton-scattered y-ray energy, &’ (in units of moc®), vs the incident y-ray energy, «, for several scattering angles,

disadvantages of suppressing coincident y-rays unless-

one resorts to elaborate precautions of using colli-
mators. The second method can be used only for the
detection of y-rays having energies greater than 1022
keV.

The purpose of this paper is to explore the feasibility
of using a single Ge(Li) crystal as a Compton spectro-
meter and thereby reducing the background due to the
Compton-scattering of y-rays out of the detector. Such
a detector has been fabricated and tested at this
laboratory and is observed to have the following
properties: The background events, relative to the full
énergy events, are reduced by a factor that ranges

between 10 and 30; the efficiency for detecting a full -

energy event is strongly dependent upon the direction
of incidence of the y-ray relative to. the orientation of
the detector; and the detector has a high efficiency for
rejecting neutron events.,

We show in fig. 1 the experimental arrangement of a
Compton-spectrometer. Compton events are empha-
sized by demanding a coincidence between the two
germanium segments. By summing pulses due to the
charge collected in each of the two segments, we can

obtain a measure of the energy of the incident y-rays.
Whenever we have detected simultaneously a recoil
Compton electron in one segment and a photo electron
of the Compton-scattered y-ray in the other segment,
the resulting (summed) pulse corresponds to the full
energy of the incident gamma ray.

By use of a differential discriminator on the pulses
coming from the segment, we can emphasize back-
scattered Compton events, thus strongly enhancing the
directional sensitivities of the detector. This.can be
easily understood by considering fig. 2 where we show
a plot of the Compton-scattered y-ray energy, o’ (in
units of myc?), vs the incident y-ray energy, o for
several scattering angles. Notice, for example, that by
requiring o’ £ 0.5 we restrict ¢ > 90° for all a2 1.0; a
requirement of 0.60 < a’ < 0.66, yields 60° < ¢ < 100°
for L0Sa<2.0 and 90° < ¢ < 120° for all a2.0.
Invariably, one must compromise between directional
sensitivity and overall efficiency.

A #6 ingot of approximately 11 ohm-cm horizon-
tally grown, gallium-doped germanium* with an etch-

* Sylvania Electronic Products, Chemical and Met. Div.,
. Tawanda, Pennsylvania.
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Fig. 5. The directional sensitivity of the Compton spectrometer to 611 keV p-rays with a 150 to 250 keV gate.

pit density of 700/cm? and a carrier lifetime of 400
psec was the starting material. A 0.7 cm length of the
ingot was cut with a diamond saw and lapped on all
sides. Lithjum was evaporated and diffused on one
cross-sectional face of the ingot. The diffusion and drift
techniques were the same as has been reported else-
where. The lithium was drifted into a depth of 0.5 cm.
After the drift, a 0.076 cm wide saw cut was made bi-
secting the n-type lithium diffused surface. This cut was
made such that it just penetrated into the compensated
region. We have found that the electronic cross-talk
between the two segments of the crystal divided by such
acut is extremely small. In fact, we find essentially no
deterioration of the resolution in one segment of the
crystal as an adjacent segment is allowed to avalanche
break down. The idea of making such cuts is not new
and is discussed elsewhere*). Hayashi et al.) find that
the region of confusion at such a cut is approximately
0.1 mm wide. By region of confusion, we mean that
region in which a fraction of the ion pairs is collected
by each set of electrodes. The crystal was mounted in a

cryostat similar in design to one reported by Chasman®)..

The cryostat mount was designed such that it could be
used in the tunnel of a NaI(T1) annulus detector.

A block diagram of a typical electronics arrangement
is shown in fig. 1. The gain of the electronics associated

122

with each segment was matched to less than 0.2%,
using a '>7Cs source. The resolution of each segment
was 6 keV (fwhm) and the sum had a resolution of
9 keV (fwhm) for the 661 keV !37Cs y-ray.

Fig. 3 shows a comparison between an ungated 22Na
spectrum (the upper spectrum) and the gated sum
spectrum of the same source (the lower spectrum) with
the electronic' gate set between 60 and 250 keV. The
region of Compton-background events between the
511 and 1274 keV peaks is reduced by a factor of ~ 10
relative to the number of events in the full energy
peaks. By comparing these spectra it is found that the
efficiency of detection of the 1274 keV gamma-ray in
the full energy peak by the Compton spectrometer is
one tenth of that for detecting it when the system
operates as a normal detector.

* Fig. 4 shows, in the same way, a comparison between

an ungated *°Co spectrum (the upper spectrum) and
the gated sum spectrum of the same source (the lower
spectrum). v

Table 1 gives the Ge(Li) Compton spectrometer en-
hancement of the ratios of the peak areas to the under-
lying backgrounds for the 5°Co gamma-rays. The rela-
tive efficiency is approximately constant as a function of
energy ; however, it is strongly dependent upon the ener-
gy width of the back-scattered y-ray gate (150-250keV).
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Fig. 7. Spectra of a mixed 137Cs and $°Co source showing improved rejection of background events using Compton spectrometer
vetoed by a Nal(T1) annulus detector.

The directional sensitivity of the Compton spectro-
meter to a 661 keV y-ray with a 150 to 250 keV gate is
shown in fig. 5. The directional sensitivity has a width
of 131.5° (fwhm). This is consistent with the angular
selectivity of the backscattered y-ray gate (fig. 2). In
order to minimize geometric corrections the data were

TaBLE 1
Ge(Li) Compton spectrometer enhancement of ratios of peak
areas to the underlying background for 56Co gamma rays.

E (Peak area background) coinc.
(keV) | (Peak area background) singles

511 24

847 26 .
1039 15 <« (Weak peak on
1238 2.6 Compton edge of
1359 32 1238-keV gamma
1771 5.2 ray.)

normalized to the ungated counts in the full energy
peak. The angle is measured between the plane of
orientation of the detector and source direction.

In order to assess the performance of the Compton
spectrometer in the presence of a high neutron flux, the
spectrometer was placed adjacent to a thick Be target
which was bombarded with 37 MeV protons from the
Michigan State University cyclotron. Fig. 6 shows both
a singles spectrum and a gated sum spectrum. Note the
large asymmetric peak at 0.690 MeV in the singles"
spectrum. This peak has been identified as being due to
internally converted electrons associated with an EQ
transition in 72Ge and could only be produced here as
a result of the neutron interaction in the germanium
detector. This peak is missing in the coincidence
spectrum as one expects it shouid be. .

As a further test of the Compton spectrometer, a .
segmented detector, similar to the one above, was
placed in an annulus®) of NaI(TI). The NaI(TI) detector
served as a veto of Compton-Compton events. Fig. 7
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shows spectra of a mixed !3’Cs and 5°Co source. The
661 keV peak to background event ratio is 17 to 1 for
the Compton spectrometer with Nal(Tl) annulus
detector veto. The improvement with the annulus
detector veto could be made substantially better with a
more effective source — annulus — Ge(Li) detectors
geometry. The arrangement used here was far from
optimum,

In conclusion, the Compton spectrometer reported in
this paper shows considerable promise as a device for
detecting y-rays in the presence of strong Compton and
neutron backgrounds and as a directional gamma ray
detector. It should prove to be especially useful over
the y-ray energy range of 0.250 and 2.0 MeV.
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Ge(Li)-NaI(Tl) ANGULAR CORRELATION STUDIES
OF GAMMA CASCADES IN THE DECAY OF "™Te
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Abstract Angular correlation measurements have been performed with a Ge(Li)-Nal(T!) detector
combination on several gamma-ray cascades present in the decay of 4.7 d 1*"Te. Results
obtained for the 153-1213, 942-270, 1095-270, 976-979, 976-979-270, 2089-270, 1137-270
and 912-153-1213 keV cascades are in substantial agreement with previous spin assignments

which were based primarily on conversion electron studies. Possible multipolarity mixing ratios

are suggested for the 153, 270, 912, 942 and 1213 keV transitions.

E RADIOACTIVITY: 3%Te {from 2%.1238h(p, xn)]; measured yy(0).
198h levels deduced J, 8. Natural targets, Ge(Li) detector.

1. Introduction

Recent gamma-ray studies with high-resolution singles and coincidence systems )
have shown the decay schemes of 1%%Te and 1!°™Te to be considerably more complex
than could previously be deduced from studies with electron spectrometers and

scintillation counters alone > *). Earlier, results from conversion electron studies > *%)-
have been used in conjunction with results of some angular correlation experiments -

‘that were performed with scintillation detectors 2,5,6) to assign spin values to a
few of the states.

As has been shown by Ge(Li)-NalI(T1) coincidence studies *-2), the decay scheme
(fig. 1) and the gamma-ray spectrum, (fig. 2) of *1°™Te are far too complex to allow
reliable interpretations to be made from coincidence data which have been obtained
from scintillation detectors alone. It was the purpose of this investigation to perform
angular correlation measurements for 119me using a Ge(Li)-NalI(TI) coincidence
spectrometer.

The results obtained in this study are in substantial agreement with most of the
previous assignments 2,3,6) 'Since the previous conclusions were based primarily

on conversion electron data, the present results provide an independent confirmation -

of most of the previous spin assignments.

t Present address: Los Alamokj» Scientific _Laboratory, Los Alamos, New Mexico.,
tt This work was supported in part bythe U.S. National Science Foundation.
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Fig. 1. Decay scheme of 4.7d !mTe from ref. ). Except for minor discrepancies in relative in-

tensities of some gamma rays, this decay scheme is identical to that proposed by Graeffe et al. %).

The spin values assigned are based on the combined results of this investigation, the conversion
: coefficients of the 153 keV transition %%5%) and log ft values 1.%),
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Fig. 2. A singles spectrum of 1"0Te recorded after the 16 h 1**¢Te had decayed away. The spectrum,

from ref.1), was recorded with a 3 cm® Ge(Li) detector. The spectrum shown is from a source which

was considerably older than most of the sources used for the correlation measurements. Hence the
121Te lines are more prominent here.

2. Source preparation

The 11°™Te activity was produced by 34 MeV proton bombardments of natural
antimony metal in the Michigan State University cyclotron. Tellurium activities were
chemically removed from the target material by precipitation with SO, gas 7). The
counting was usually performed from one to three weeks after bombardment. After
one week, the 16 h 119¥Te activity had decayed away, and the presence of *?!Te did
not become bothersome for two to three more weeks. :

3. Apparatus

The Nal(Tl) detector was moimt_ed on a movable arm which enabled the detector
to be rotated from 90° to 270° with respect to a line defined by the center of the fixed
Ge(Li) crystal and the source. The NaI(TI) crystals employed were of two sizes,
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7.6 cm x 7.6 cm and 5.08 x 5.08 cm. During the course of the experiment, two dif-
ferent Ge(Li) detectors were also used. Both of these were of the five sided wrap-
around type and had active volumes of approximately 20 cm?® and 30 cm?. Under
the best conditions, the 30cm? detector had a.resolution of ~ 4.5 keV FWHM for
the 662 keV line in ' >"Cs. However, because of pulse shaping, which was necessary
to satisfy the timing requirements of the coincidence circuitry and the analyser, and
because a different preamplifier had to be used, the resolution was typically 8 to 9
keV FWHM during the actual experiments. The larger of these counters was mounted
with the axis of the p-type core in a vertical position, while the core of the smaller
was in a horizontal position with the open face farthest from the source. Each of the
detectors was mounted in an elbow-type cryostat with a liquid air reservoir placed
above the cold-finger. ’ :

Both Ge(Li) detectors were fabricated at the Michigan State University Cyclotron
Laboratory.

To minimize gain drifts in the electronics, the temperature surrounding most of
the apparatus was kept constant to within +0.5 C°. In order to compensate for any
small drifts which might occur, spectra were recorded at each angle for short periods
(typically 40 min) only. The final spectrum for each angle was a summation over a
number of such individual spectra and included spectra recorded at 360° minus that
angle. In this mariner first-order corrections were also made for small misalignments
in the source position and for source decay. '

. A multiple coincidence unit with a variable resolving time was employed and
spectra were simultaneously recorded in the two halves of a 1024-channel analyser.
Typical resolving times were < 80 nsec. »

Source strengths were of the order of a few uCi. Typically 103 pulses/sec from the
Nal(TI) detector satisfied the gate requirements. Approximately 0.5 % of these were
in coincidence with pulses from the Ge(Li) detector. - 4

4, Data analysis

The correlation coefficients obtained were approximately corrected for effects

“of the finite solid angles subtended by the detectors. The correction for the Nal(Tl)

detector was obtained from calculated tables 8). Because of the irregular geometry,
calculations become very difficult for the Ge(Li) detector. It was assumed that an
approximate correction could be made from tables for NaI(T1) detectors of comparable
size. That this assumption was not grossly in error was demonstrated by performing
the angular correlation measurements on well-known cascades ?) present in the decay
of °°Co and '*2Eu. Results of experiments on the well-known correlations in these two
isotopes suggest that the correction in A, for the Ge(Li) counter is approximately 5 %
for gamma-ray energies in the 1 MeV region.and increases to about 10 % near
100 keV. All measurements were performed with the same source to Ge(Li) detector
distance of 5.5 cm, corresponding to a solid angle of approximately 0.025 sr.
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Peak areas were determined after subtraction of a background which was obtained
by least-squares fitting a third-order curve to regions of the spectrum near the peak(s)
of interest. The computatlons were performed on the MSU CDC-3600 and the MSU
SDS Sigma-7 computers. A portlon of a spectrum in coincidence with the 270 keV
transition in 1°™Te is shown in fig. 3. The solid lines under the peaks are backgrounds
determined by the computer.
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Fig. 3. A portion of the 1*=Te spectrum in coincidence with the 270 keV transition. This spectrum

was recorded with a 20 cm® Ge(Li) detector oriented at 180° with respect-to the source and to a

7.6 7.6 cm Nal(Tl) detector. A Compton coincidence spectrum "has been subtracted. The ani-

sotropies are of a large enough magnitude such that at a 90° orientation the heights of the 942 keV

gamma ray and the 976-979 keV doublet are less than the height of the 1137 keV line. The 1213 keV

line arises from purely random events, and provides an index for chance corrections. The solid lines
below the peaks are computer fitted backgrounds. -

~-

First-order corrections for coincidences with Compton events in the gate. .were
made from spectra recorded in ‘coincidence with regions adjacent to the peak.
Wherever possible, gates were simultaneously set on the photo-peak and on regions
on both sides of the peak. The two Compton gates were of approxxmately equal

 width, which in turn was approximately one-half the width of the photopeak gate.
The outputs of the two Compton coincidence circuits were combined through an
'OR circuit and the resulting Compton coincident spectrum was recorded in that half
of the analyser memory which was not used to store counts in commdence with the
photopeak region.
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Corrections for random events were made in one of two ways. First, a chance .
coincidence spectrum was recorded by delaying the signal from either detector by a
time greater than twice the resolving time of the coincidence unit. After any counting
time and/or decay corrections, the appropriate number of counts could be subtracted
from the true plus random coincidence spectra. A second method was sometimes used
if a given line in the spectrum was definitely known to be not in true coincidence
with any events in the gate. Normalization of a singles spectrum to this line then
yielded an appropriate correction.

That the random coincidence rate was relatively low can be seen from fig. 3. The
peak at 1213 keV is the only transition not in true coincidence with the 270 keV
gamma ray in the gate. Since a Compton coincidence spectrum has already been
subtracted, the presence of the 1213 keV line must be due purely to random events.
Because in a singles spectrum the 1213 keV gamma ray is approximately nine times
as intense as the neighbouring 1137 keV transition, it is evident that the chance
correction in this case is very small.

Except for most of the measurements involving the 270 keV transition, the gate
was usually set on the higher-energy member of a given cascade. The advantages in
this case are three-fold. First, the greater efficiency of Nal(Tl) relative to Ge(Li)
for high-energy gamma rays increases the coincidence count rate, Second, in tfe
higher-energy regions of the spectrum there are fewer gamma rays whose Compton
distributions will fall in the gate. Hence, Compton corrections will usually be smaller,
and, in some cases, can be eliminated. Third, because of a decrease in the total
number of counts (photo plus underlying Compton) in the gate, the chance counting
rate will also be reduced. : v A

The errors assigned in the correlation measurements are based primarily on;the
reproducibility of the correlation function over several measurements and on the
uncertainty in the solid angle corrections. It was found that the A, values typically
reproduced to within approximately +10 to 15 % of an average value. The primary
difficulty was due to poor statistics resulting from the low count rates. This, combined
with an estimated to 5 to 10 % uncertainty in solid angle corrections, implies the results
for A4, values to be good to approximately +20 %, with a much larger error in the A,
values. '

To check the results, some experiments were performed with scintillation counters

bonly. The measured individual anisotropies for several gamma rays which are not

resolved in NalI(Tl) spectra, were combined and compared with results for the
composite peak in a scintillation experiment. For example, the four gamma rays in
the 900, keV range and the two gamma rays and one weak double escape peak in the
1100 keV range (fig. 3) appear as two separate peaks in corresponding Nal(T!)
spectra. The composite anisotropies in the Ge(Li) spectra were generally in good
agreement with the anisotropies in the Nal(T1) spectra recorded in this laboratory
and elsewhere 5). : I
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5. Results and interpretation of the level scheme

Correlation functions obtained in this investigation for most of the cascades are
shown in figs. 4 and 5. The numerical results are summarized in table 1 where a
comparison is also made with values obtained by other investigators %% ¢). A sum-
mary of the multipolarities and mixing ratios which are suggested by these results
and internal conversion coefficient measurements >** %) is given in table 2. Also
listed in the same table are multipolarities assigned in previous investigations.

wie) . L) .
2089-270 kev '-0} 912-1213 keV

e \
L % 0.5+ {
1
1.01—
[ ] 1 i [ | 1
90r 120° 150° 180° e 90° 120° 150° 180° <]
w(e)| wie)
,,03;_\ vs;-lzls keV 20b 976 -979 keV

N T_—"
os} — 10§
] 1 L i ] 1
90° 120° 150° 180° e 90° 120° 150° 180° 3

Fig. 4. Expenmental correlation functions for four gamma-ray cascades. The errors associated with
individual points ‘are assigned primarily on the basis of statistics. The solid line is a least-squares
Legendre polynomial fit to the data points.

Because of the large uncertainties in the 4, values, all of the interpretation_of the
correlation-data were based on the 4, values only. In all cases, however, the cor-
responding experimental and theoretical 4, coefficients agreed to within the ex-
perimental uncertainties. Although in general, any one -experimental correlation
function is consistent with more than one set of spin assignments, combmmg the
results for several cascades involving common levels has strongly suggested unique
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assignments for some of the states. The spin values assigned from this study are those
in the decay scheme shown in fig. 1. A summary of the interpretation is given below.
w(e) w(e)
2.0 r } /—§ 20 i

1.6§: :.o?-—’/‘[/§

942-270 keV 977-270 keV
L | ! 1 1 L
90° 120° 150° 180° e 90° 120° 150° 180° -
wie) wie) a
§095-270 keV H37-270 keV

"oft\ : ;.oié—\} .

oo} \} } o9 \%

08 ) 0.8

1 ) 1 i ) 1

90° 120° 150° 180° e 90° 120° 150° 180° e
Fig. 5. Same as fig. 4 for four additional cascades. The differences in the magnitudes of the error
bars for points in a given set arise from the fact that the results from several runs with different
angular increments have been combined.

5.1. THE 1366, 1213, 270 AND 0 keV STATES

The only two spin sequences for the 1366, 1213, 270 and 0 keV levels which are
consistent with log ft values '), an E1 multipolarity assignment to the 153 keV
transition from conversion electron studies 2> 3 %), and previous angular correlation
measurements >%-¢) are L1-, $*, 3*, $* and $7. 3%, 3%, 3%, respectively. Of the
cascades involving these four states, only that involving the 153 and 942 keV transi-
tions, which depopulate the 1366 and 1213 keV levels, respectively yielded a correla-
tion function which is consistent with only the first spin sequence. However, the
942-270 keV cascade produced an experimental A, value which requires a most
liberal allowance for experimental error in order to be consistent with the latter
sequence, whereas, this 4, value is in agreement with theoretical values obtained from
the first spin sequence.



2N

. MMy DECAY

‘Apmis s1y) wosj sjqissod jou uaoﬁnu.ﬂu urds anbrup) (g
A. ©IBP 952U} UI J2[QNOP © 8q 03 PAISPISUOD J0u sem Yead A2Y 6601 SYL (3
*(or SIPBOSED OM) 953Y) UT BUIWES A9 Tp6 oY) JO UOISSIUIS JO 19pI0 UY a8uryDd oY) Jo asnesaq oBueyd usdis (;
*UOTIEB1ISOAUL SIY} UT PIPIODAI BIEP Y UT Juasazd JOU sem JueUTWLIUOS Surprws vonisod sty Y Jueuru
~8jU0d ® Ul suonsod jo od5uasaid oY) Jo asnesaq sjfue O8] oy) Iesu Squ 21ep BULIOUSBY (, "JoI UI PIUIULIZNOP 2I0M SIUSIOWS0D UONE[S1I0 353YL, (5
CGed (.
(s394 (o
(o 3od (g
‘s1jowresed Suixiw pue sadusnbas urds ay) JO SIOTOYD o) IOLIISIT 03 PASN U2AQ Sty
UOHISURL) A9 €51 3Y} JO JUSIDYJS00 UOISIFAUOD [BUISUT AU “BIEP UONIL]1I00 Juasaid oY) WIOI] PauruLIep seouonbas urds pue sispowesed SUIXI (s

nnTN_m,

(q T0F o1'0— . T0F €50
Gz 1'0F 60'0— $0'0F €70 6L6-9L6
(a © o TOF o10— 1°0F 9z°0~ £1ZI-£101
(a 1'0F 200 80°0F op'0— £121-2i6
(x - 1'0F 600 §0'0F sT'0 0LT-LL6
(o £2°0F850°0 GS10°0F 210
(4 S10°0FT10°0 (a S10°0F £80°0 .
DT DE 1'0F Z0'0— 70°'0F6L0°0 0LT-680T
(x 1'0F $0°0 T0°0F ZI'0— 0LZ-LETT
T E L IR S A A
: io (35 L00'0F SO0 (24 $00°0F 140°0—
10 S%ex o¢— 10 % E ¢0— Dok 1'0F 600 £00°0F 91'0— 0LT-$601
Y00 S 0 S €00 G90—= M= 71— ik T0F 91'0 ST'0F 60 6—€S1
(o0 S10°0F €100 (o 110°0F€LTO
Gog S¥9= o 10— "= pe— T DiTDE 1'0-F 01'0— 1'0F 950 OLT-Th6
(p 900'0F 9000°0 (» 900°0F $90°0—
(o $00°0F700°0— (> $00°0F 790°0—
(3 $00°0FZ00°0 (4 §00'0F 690'0—
£0°0— = *¥'9 = g00— P00 S 9 = 0'0— e DDk 10'0F 100°0 L000F 1L0°0— £1Z1-£51
o o (s 20UsNbas Yy Sy (AY)
R Aa m.—ouoEmumn wcmx:& . Enm vocm_mm< SIUSIOIPY200 comuc—uuuoo momw.—oﬂw
apesse)

BIEP UOIR[A1I00 Je[nBue pwwesS-ewwed qG,, JO AIRWwng

1 T1avL

135



136’

272 G. BERZINS AND W. H. KELLY

v ~ TABLE 2
Comparison of multipolarities assigned by various investigators

Proposed multipolarity

Transition Svedberg Graeffe Singru Present

(keV): ‘et al.®) et al.®) etal.9) work -
153 E1l El El El, (£ 0.1 % M2)
164 Ml M1, E2
270. M1 M1, E2 M1,409% E2 M1, (<20%or80to90%E2)
912 _ ML E2 M1, (20 to 70 % E2)
- 942 S Mt M1, E2 M1, (26 to 60 % E2)
976 Ml e)
979 ' )
1013 M1, E2 )
1048 M1 M1, E2
1081 El
1096 T M2 M2 M2
1137 M1 El M1, E2
1213 E2 M1, E2 M1, E2 E2, (5 0.1 % M3)
1366 E3 E3 E3
2089 El or M1, E2
%) Energy values from ref. 1).
b) Ref.?).
¢) Ref.?).
9) Ref. ®).

) Results inconclusive.

. Although the results of these angular correlation measurements, coupled with
the internal conversion and log ft data, strongly suggest the spin sequence of L1~
$*, %" and $* for the 1366, 1213, 270 and 0 keV levels, respectively, some additional

- remarks should be made. In order to produce an A4, value which is as large as the

measured value, even with a liberal error, the 153 keV El transition must have ap-
proximately a 0.1 % M2 admixture. Because of this M2 admixture in the 153 keV
transition, there must be an M3 admixture of comparable magnitude in the pre-
dominately E2 1213 keV transition.

As can be seen in table 1, the mixing parameter for the 942 keV transition changes
sign in the 942-270 keV as opposed to the 153-942 keV correlation. This is consistent
with a well-known triple cascade theorem °).

5.2. OTHER LEVELS

Except for the case of the four levels discussed above, at least two possibilities still
remain in the spin assignments to the other states. It should be noted that, with pos-
'sibly one exception, the correlation measurements are consistent with the most recent
conversion electron study assignments 2). The possible discrepancy exists for the
case of the 1407 keV state, where a $~ spin assignment has been made previously 2).
The negative 8,4, which has already been established, does not permit the observed
A; value for the 1137-270 ke V cascade unless the proposed E1 1137 keV transition is
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appreciably (a few per cent) M2 admixed. Eithera 3*, %* or‘—‘—+ assignment would be
consistent with the correlation results.

The 1013-1213 correlation leaves % -3 1l and 13 as the possible spin as51gnments for
the 2226 keV level. :

From the already established spins and parities of the 1366 and 1213 keV levels
and from the correlation measurements on the 912-153 and 912-(153)-1213 keV

cascades, the spin and parity of the 2278 keV level must be $~ or £2~. The 912 keV .

M1 + E2 transition consists of from 20 to 70 % E2.

From the 2089—270 keV correlation an 3** assignment can be ruled out for the
2360 keV state, and L1~ is unlikely since then the 2089 keV gamma would have to be
M2 with about a 20 % E3 admixture. A spin of § is the most probable value, making
the 2089 keV transition M1+ E2 or almost pure El.

No reliable evidence was obtained to allow spin assignments to be made to the
1048, 1250, 2]29 and 2284 keV states.

6. Conclusnon

Although uncertainties in the correlation coefficients are large enough at present
to prevent in several cases a unique spin assignment on the basis of the angular cor-
relation experiments alone, these experiments complement and provide independent
support for assignments based on conversion electron studies. As is evident from the
complexity of the decay scheme of ''*™Te, correlation experiments performed with
scintillation counters alone are not adequate in this and in many other cases. The

fact that quantitative coincidence studies can be made with reasonable success with _

a Ge(Li)-Nal(T1) system should, hopefully, provide motivation for more experiments
of this nature for establishing decay schemes as well as for angular correlation meas-
urements.

The authors wish to thank Dr. W. P. Johnson for his assistance with the cyclotron -

bombardments and Dr. C. R. Gruhn for his efforts in developmg a Ge(Li) detector
fabricating laboratory. The kindness of Dr. R. C. Etherton, Southern Illinois
University, in allowing us to use his Ge(Li) detector for the early measurements, is
gratefully acknowledged. Gratitude is also expressed to Drs. L. M. Beyer and Etherton
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A post-focusing accelerator for a &V 2 spectrometer is described
which enables electrons down to less than 150 eV to be detected
quantitatively with almost negligible spurious background. The

1. Introduction

Though other types of detectors have been tried, the
most successful attempts to detect electrons with
known efficiencies substantially below 5 keV in energy
have involved the use of either prefocusing or post-

focusing acceleration combined with a thin-window

gas counter or a photographic plate as detector! ~'*),
Whereas, on the one hand, acceleration of the electrons
as they leave the source (prefocusing acceleration) has
the disadvantage of markedly worsening the ultimate
resolution of the spectrometer for low energies, on the
other hand, until recently, all attempts at acceleration
near the detector had difficulty with a vastly increased
background whenever the accelerator potential brought
low energy electrons above the window energy cutoff.
However, two post-focusing arrangements which seem
capable of quantitative intensity measurements to
nearly zero energy have recently been reported: one
briefly by the present authors!®) and the other by
Slatis'®). The former will be described in more detail
here.

Most previous workers had used 10 kV or more with
windows of the order of 0.1 mg/cm?. The work of

Achor®) had shown that accelerating voltages of about’

5 kV could be used with windows down to 10 pg/cm?
(100% transparent to about 5 keV), with the only excess
background coming from nearly zero energy electrons
picked up by the accelerator from the spectrometer
volume. The recent work of Mehlhorn and Albridge'?),
though with a thicker window, had shown that the use
of a small negative retarding voltage prior to accele-
ration reduced but did not eliminate the unwanted

“background. We therefore decided to use low voltages
~with thin windows and a retardation electrode. The

former decision was reinforced thereafter by the work
of Geiger et al.}?) in which 2.4 kV were used with a thin
window to detect- the M and N conversion lines
(~3 keV) of *'Sm.

In designing the accelerating cell, we kept the follow-
ing objectives in mind:

properties of the accelerator are illustrated with K- and L-Auger
Jines of 1'3In from 1138n.

1. Elimination of all steep electric field gradients;

2. Minimization of the field in the immediate vicinity
of the counter window where leaks were expected;

3. Use of very regular and smooth surfaces; _

4. Cleanliness of the surfaces in the acceleration
space;

5. Reduction of the penetration of the accelerating
field through the resolution defining slit.

2. The acceleration cell and supporting electronics

Fig. 1 shows the combination of slit sizes and geo-
metry which was used to obtain the L-Auger spectrum
of 13In (=2 to 4 keV). The spectrometer baffles were
set to give an incident beam of about 4° spread at the
focus. The plastic screws on the side of the cell nearest
the source were tightened more firmly than the others
to correct for approximately 1 mm deviation of the
curving beam at point no. 3.

3. Counter anode and outside wall

The basic counter design is the same as that described
by Parker'”). The anode is a stainless steel wire 0.005 cm
in dia. which is raised to the operating potential by a
high voltage power supply, the negative terminal of
which is connected to the positive terminal of the
accelerator power supply and to the counter wall. The
counter is operated in the Geiger-Miiller region and
uses a 67%, argon-33%, ethylene mixture at 55 mm Hg,
with a resulting slope of 129, per 100 V. Teflon tubing
is used to isolate the counter from the gas tank. The
high voltage connections are made via a non-magnetic
coaxial cable’, where the shield is at the accelerating
potential and the inside conductor is at the counter
potential.

* Research was supported in part by the National Science
Foundation. )

+ Presently at Harvard University as Research Fellow in Physics
on the Cambridge Electron Accelerator, Cambridge, Mas-
sachusetts. N

T Belden 8239.
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Fig. 1. Post-focusing acceleration cell and voltage connections.

4. Counter window on copper mesh

The windows consisted of collodion of thickness 10
to 20 ug/cm? supported on copper mesh. They had a
long lifetime in the spectrometer and permitted vacuums
of better than 10~ Torr.

5. Intermediate plate '

An intermediate plate was introduced after experi-
menting with single insulating slabs of several thick-
nesses, and after a study of the relationship of system
vacuum to counter background. We observed early in
these investigations that application of accelerating

_ potentials in excess of 3 kV across a single insulator
spacer approximately 1 cm thick with a system vacuum
of ~107° Torr, led to the appearance of a new class of
pulses (distinct from the easily recognisable counter

pulses). Their amplitude and frequency seemed to

increase with residual gas pressure, with decrease in

insulator thickness, and with accelerating potential.
Unfortunately, during these tests it was difficult to keep
. the variables under quantitative control and therefore,
the change of the number of such pulses with these
variables was not precisely and quantitatively deter-
mined. o
We felt that these spurious pulses may have had their
origin in the accelerating volume, and were possibly
due to the formation of positive ions which, when
accelerated to the cathode, produced secondary
electrons, thus producing a kind of capacitive discharge
which could have easily been transmitted into the -
counting circuit. v
Although the spurious pulses which were observed
at moderate accelerating potentials and good vacuum
were ‘smaller 'in amplitude than the scaler threshold,
discrimination ‘becamg impossible when the applied
voltage exceeded 4 kV. A two-stage accelerator was
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then constructed with a higher electric field immediately
behind the momentum resolution slit and a lower field
in the region of escaping gas in front of the counter.
This arrangement is shown in fig. 1 where only } of the
accelerating potential is applied across the slightly
narrower region next to the counter.

6. Slits

Although the momentum resolution defining slit had
a width of 1.0 mm, smaller widths can easily be used.

The retardation slit width was 1.5 mm. The roles of
the two slits might be interchanged, although this was
not tried. The disadvantage of reversing the roles is
that the retarding slit would be moved into the ac-
celerator field and therefore would probably require
more retardation voltage. The primary disadvantage to
its present location is that it offers the incident beam,
which misses the opening in the retardation slit, a
negatively charged obstacle. The resulting collisions
probably produce secondary - electrons which are
attracted in by the accelerating field and may contribute
to the spurious background which will be discussed in
the following section.

The basic material used for the electrodes was yellow
brass (67%, Cu-33%, Zn). The counter material was also
brass with a somewhat higher content of zinc. The
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electrode surfaces were finished with fine emery polish-
ing paper, cleaned with Brasso, and washed with
benzene. All corners were smoothly rounded to about
1.2 mm radius. Care was taken to avoid the introduc-
tion of foreign materials on the electrodes.

7. Operation and performance

Tests performed on the spectrometer following intro-
duction of the accelerating components showed that,
in the absence of the accelerating voltage, the beam
transmission and instrumental resolution were un-
changed. Actually, in the preliminary studies, a 0.5 mm
momentum resolution defining slit was used. The change

. of the width of the momentum resolution defining slit

from 0.5 mm to 1.0 mm had no effect on the accelerator
performance except that the height of the plateau of the
upper curve of fig. 2 increased in the case of the wider
slit.

After introducing the intermediate plate, it was
observed that the spurious pulses mentioned above
occurred only at accelerating potentials above about
6 kV and were still small enough at 8 kV to be rejected
by suitable selection of the scaler threshold. The quanti-
tative results of the tests of the accelerator are shown in
figs. 2-5. Fig. 2 shows that the counter pulse rate
increased with accelerating voltage to a plateau (no
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magnetic field and no source). With a typical source
in the spectrometer, the only change that was produced
with no retardation was a small increase in the plateay
height of the curve. Fortunately, the application of the
retardation potential, as shown in figs. 2 and 3, reduced
the excess background almost to natural background
level. The lower curve in fig. 2 shows the retardation
effect over the full range of accelerator voltages. Thus,
one may postulate that the top curve of fig. 2 represents
the delivery of low energy electrons from the main
vacuum system to the detector. This is strongly sub-
stantiated by the fact that these electrons may be
repelled by the application of the small retarding
potential, and also by the results shown in fig. 4 where
increasing spectrometer magnetic field reduces the
excess background measured with no retardation.

Further, it is interesting to note that the point at
which the unretarded curve leaves the retarded curve,
figs. 2 and 4, corresponds very closely to the cut-off
energy of the window. This point of divergence of the
two curves was, for all windows tried, consistent with
the cut-off point computed from the estimated window
thickness'®). It may also be noted that for the 12 ug/cm?
window the shape of the curve corresponds very closely
to the absorption curves by Lane and Zaffarano! 8). The
difference tetween the lower curve in fig. 2 and natural
background is probably due to events occurring in the
accelerating space itself.

Considerable time was spent in studying the effects of
the post acceleration cell once the spectrometer was
allowed to focus an electron beam. We found that at
about 20 keV, there seems to be no defocusing, as
shown in fig. 5, but there was a spurious contribution
to the counting rate on the K-L,L; line which was
roughly dependent on the acceleration and the beam
strength, e.g., 2% at 6 kV acceleration. This appears
to be substantially smaller than any background pre-
viously reported'#). At lower energies there was no
simple way of checking the accelerator performance

R. J. KRISCIOKAITIS AND §. K. HAYNES

without an intense isolated line in the region of interest.
By running curves of the type shown in fig. 5 (left) it
was possible to show, however, both that defocusing is
negligible for this resolution and that the peaks were
not shifted by the accelerating potential. This was done
by a point-to-point comparison of neighbouring shapes
for the two cases of acceleration and no acceleration.
Examination of the peak to valley ratios of both curves
(using a rough absorption correction) yielded an
accelerator-induced noise figure of about 1%, of beam
strength in this energy region. The insert shows graphi-
cally the growth of the L,-M,M s peak from !!3In with
accelerator voltage. No inconsistencies were found to
within the statistical uncertainty of about 5%, per point.

Our thanks go to Dr. L. J. Velinsky and Mrs. M.
Velinsky for some of their initial work on the design
of the post-focusing accelerator.
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Abstract: The L- and K-Auger spectra for 3In derived from the orbital capture decay for '°Sn have
been measured by means of an iron-free, t\/2 beta-ray spectrometer. A total of 47 L-Auger
lines and groups of lines have been identified and their intensities estimated. Incremental nu-
clearcharge values.1Z = 0.55and 0.67 were found to fit the transitions of type L, » 3-M, 2 3Mj, 2,3
and L, , 5-M; ;M, ;, respectively. Analysis of the K-Auger spectrumled to ldenuﬁcauon of nine
lines in the K-LL group, as predicted by the intermediate coupling theory. The relative in-
tensities of the K-LL lines indicate closest agreement with calculations by Asaad who takes
into account configuration interaction as well as intermediate coupling. The ratios (K- -LX)/
(K-LL) = 0.431 +0.003 and (K-XY)/(K-LL) = 0.0513£0.0007 were also measured.

E ¢ ATOMIC PHYSICS In measured EK’L.A‘,S", I, L-Auger-

1. Introduction

Measurements of L-Auger spectra are important not only as a source of informa-
tion on the coupling of pairs of M-vacancies but also because an understanding of the
L-Auger spectra may make possible the eventual use of L-Auger electrons as detec-
tors of L-subshell vacancies produced in orbital capture. The few L-Auger measure-
ments performed thus far have mainly been confined to the heavy elements ''' where
the low-energy spectral limit is high enough to pefmlt relatively simple electron de-
tection techniques.

We thought it would be of interest to make a prellmlnary exploration with a /2
iron-free spectrometer 2) of the experimental problems (low-energy detection [~ 2
keV], very thin source, good vacuum) associated with observing L-Auger spectra of
medium-Z elements. In addition to the desirability of a general investigation of the
Auger spectra for medium-Z, we thought that the larger K-Auger yield 3) at medium-
Z might make visible L-Auger lines which follow a K-LL Auger process (vacancy
satellites) 4 32).

The spectrum of L-Auger electrons associated with the decay > °) 113gn(119 d)
EC!!3™n(1.7 h) was chosen for the study since very high specific activity sources are
needed and can easily be obtained for this nucleide.

* Presently at Harvard University as Research Fellow in Physics on the Cambridge Electron
Accelerator, Cambridge, Massachusetts.
*t Research was supported in part by the National Scxence Foundatlon .
1 See ref. 1), p. 1532.
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Because of the ~ 2 keV lower cnergy limit for L-Auger electrons for medium-Z
elements, it was necessary to develop a post-focussing accelerator to drive these elec-
trons through the detector window. This device is described elsewhere 7).

In order to utilize the high resolution of the iron-free, n,/2 spectrometer 1) at such
low energies, the source had to be very thin. We describe in sect. 3 the special source
preparation technique employed for this purpose..

We present in sect. 4 the L-Auger spectrum.of our best source of !! 3Sn and 113In
in equilibrium with analysis and interpretation. Since we used the K-L,L; K-Auger
line for low-energy calibration, we also measured the complete K-Auger spectrum of
the same source. The K-Auger spectrum and analysis are given in sect. 5.

) 2. Experimental procedure
2.1. SOURCE PREPARATION

Isotopically enriched (=~ 72 %) ''?Sn in oxide form was irradiated in the Oak
Ridge Research Reactor for seven weeks and subsequently converted by ORNL to
metal powder. The isotopic mass separator of the Argonne National Laboratory was
then used to reduce the proportion of stable '!?Sn and other impurities.

We initially tried direct preparation of our sources by the mass separator. As in-
dicated by Bergstrom et al. ®), there is substantial penetration of the ions into the
target (later to be the specirometer source backing) when deposition is at the 40 to 60
keV beam energy of the separator. Such penetration is sufficient to cause an appreci-
able low-energy tail for a mono-energetic electron line. Therefore, for electrons in the
2-4 keV range, the beam energy of the mass separator must be substantially reduced.

A direct deposition of a retarded beam at, say, 1.0 keV on the source does not, on
the other hand, necessarily assure a solution. At very low (< 1.0 keV) depgsition
energies retention of the ions on the target may be a problem, besides the fact that
even at ~ 1.0 keV there is still some penetration into the target ®). After several
sources were made by direct deposition which were either too weak or showed sub-
stantial source thickness effects, we tried a different technique.

The separated and retarded (=~ 1.0 keV) *!3Sn beam was collected on a tantalum
strip 5x 0.394 x 0.013 cm. The strip was then cut along its length into strips roughly
0.072 cm wide. They were connected one at a time to act as filaments in a vacuum
evaporator. The residual gas pressure in the evaporator was about 10™° Torr. An
Al mask, meaisuring 0.5 x 18.0 mm, was used to define the source deposit ona ~ 1.5
mg/cm? Al backing. The filament was ﬂgshcd to very dull red to remove any volatile
foreign matter, then the mask and backing were introduced and the filament flashed
twice to dull red. These steps sufficed to remove most of the active deposit from the
filament. Two such filaments were needed to produce the source which was used for
both the L- and K-Auger runs. ‘

2.2. MEASUREMENT

The 7,/2 spectrometer was adjusted for a momentum resolutlon of 0.12%,. The
2 to 4 keV region of the L-Auger spectrum was scanned repeatedly by taking 1000
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points at equal momentum intervals. The focussed beam was post-accelerated by a

5.5keV electrostatic potential 7). The voltage was increased to 6.5 keV when investi-
gating the region down to 1.0 keV. The counter window was collodion (12-15 ug/em?)
supported on a copper mesh. The momentum of the L-Auger spectrum was compared
to that of the K-L,L; Auger line with a precision better than 10™4.

The spectrometer vacuum was maintained at 5x 10~ Torr: There appeared.to be
a deterioration of source quality with time as the L-Auger spectrum was run over a
period of 550 h. During this time, the slope and peak intensity of the most prominent
L;-M M line (fig. 2) decreased by 23 9 and 13 %, respectively. The decrease was
attributed to contamination of the source surface by vacuum pump oil. Some loss
of source material may also have occurred but was estimated to be less than 3 % on
the basis of observation of the K-L,L; line. A check on the source quality approx-
imately 1600 h after the run started indicated that the deterioration process was
progressing at a decreasing rate and that most of the damage had occurred in the
first 400 h or so. In order that source deterioration not affect the shape of one portion
of the spectrum more than another, several scans were made over the spectrum.
Each scan over the regions with strong lines occupied about 60 h, and during this
time change of source could be considered insignificant.

The earth’s magnetic field was compensated to < 0.2 mG for the vertical com-
ponent and 0.1 mG for the horizontal components with the help of four daily checks
with a saturable strip magnetometer. Short term drifts of the vertical component
of the earth’s magnetic field are immediately compensated by the control circuit 2).

The K-Auger spectrum was obtained under conditions closely identical with those
of the L-spectrum except that the post-focussing accelerator was not used, and instead
of a copper mesh supported window, we used one of density ~ 40 ug/cm? which
needed no support. Also, the spectrometer baffle opening was slightly reduced.

3. The L-Auger spectrum
3.1 ANALYSIS

The L-Auger spectrum of a radioactive nucleide depends both on the form of the
Auger spectrum for each of the three L-subshells and also on the numbers of va-
cancies produced in each subshell by the decay (it is also important whether a second-
ary L-vacancy is produced by a preceding Auger process or not). The numbers of
vacancies clearly depend on the decay scheme.

The chief features of the decay of **Sn are well established ®~*%), Fig. 1 shows the
decay scheme due to Schmorak et al. ®). Studies on the L/K orbital-capture ratio in
the decay to the 648 keV state °~1%) and the 393 keV state °~1°) have been some-
what inconsistent, however.

Our measured L-Auger spectrum of !!3Sn — !13In is shown in fig. 2 together with
the predicted energy ranges of the different L-Auger groups. The analysis is com-
plicated by several factors.
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~ (i) A substantial number of vacancies occurs in, all three L-subshells. Because,
‘of the uncertainty of the L/K capture ratio, precise predictions of the numbers are
1mpossnble If capture to the 648 keV state is neglected and the capture energy to the
393keV state is high, the vacancy probability per disintegration is that shown in
"“table 1. It should be noted for these estimates that the L-vacancies resulting from the
K-LL and K-LX Auger processes will not have the same initial energy as those
resulting from capture, internal conversion and K, radiation.

9%, B7T<E<II50
w2+

IT . 919
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(- %- )
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N\,
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You

T
STABLE  Ing]

Fig. 1. Decay scheme of 3Sn from Schfndrak, Emery and Scharff-Goldh;:ber ).

(ii) Since there is a substantial number of vacancies in each subshell, all of the
bands indicated in fig. 2 should be present. Because each band is quite complex,
frequent overlap of as many as three bands should give many very closely spaced lines
which would be difficult to resolve and identify even if their line shape and expected
energies were perfectly known.

(iii) The experimental shape of a line is a combmanon of natural line shape,
spectrometer line shape and source thickness. The spectrometer line shape is known.
Because the widths of the different L-, M- and N-shells differ, the estimation of the
contribution of the natural line width to the width of any experimental line presup-
poses identification of the line and knowledge of the widths of the vacancies involved.

(iv) Identification is complicated by the overlapping bands and the resulting close
spacing of the lines and by the fact that for any L-X;Y, line the coupling of the
X;Y, vacancies is presumably intermediate rather than pure ji and the coupling
energy is not very precisely known. Furthermore, most level widths for Z = 49
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TABLE 1
Estimated relative primary vacancy distribution per disintegration for the K, Ly, Ls, L, shells

Process creating vacancy K . L, L, Ls
electron capture *) 0.871 0.1043 0.0022
internal conversion ) (393 keV) 0.283 0.0410 0.0061 ~ 0.0082
radiative transfer from K ¢) ) . 0.2665 0.5240
Auger transfer °) " 0.0850 0.0940 0.1425
sum 1.154 ' 0.2303 0.3688 0.6747

%) Calculated using Brysk and Rose %) formulae corrected for imperfect overlap and exchange
effects as suggested by Bahcall ¢).

b) Calculated using tables of internal conversion by Sliv and Band ref. '), p. 1969).

¢) The K fluorescence yield ) was assumed wg = 0.8285-:0.0050. The radiative and Auger transfer
of K-vacancies to the L-shells were determined using the tables of Wapstra et al. **) and our own
measurements of the K-Auger group. .

fLyM,M, (2808keV)

3 50071 « BEST SOURCE

» APPROX. 12
TIMES THICKER

3 0001

2 500/
20004
N (counts)

1500¢

10001

206K .8 210k - .2 4 216K
o P :

Fig. 3. lllustration of the serious source thickness effects and DEL encountered in this energy region.

Both sources were prepared directly in the isotope separator. The thicker source differs from the best

source principally because the source material is confined to a smaller area on the source backing.

Both spectra are roughly normalized to the same area. The spectrum with the thicker source was
: obtained at a slightly higher resolution. .
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TABLE 2
Energies and relative intensities of the L-Auger lines

Line Trans. Energy Energy Estimated - Comments
no. calc. meas. intensity
(eV) (V) L-M;M;
= 100.0
1 L-M; M, 2047 2053 <2.5
2 Ly-M,;M, 2173 2167 30 -
'3 Ly-M; M, 2213 2211 5.0 possible multiplet
4 Ly-M M, 2296 2290 7.0
5 2320 possibly DEL
6 Ly-M,M, 2336 2339 20.5 possible multiplet
7 2352 Ly-M.M;lL.C.
satellite(?)
8 Ly-M;M; 2373 2375 270 signs of multiplet
9 L-M,M, 2424
Ly-M;M, 2420 2418 6.5
10 Ly-M,M; 2432 2431 11.5
11 L,-M;M, 2504 2506 13.5
12 L;-M;M, 2550 2542 18.5 L;-M.M; contr.
13 Ls-M,M; 2558 2555 36.5
14 L,-M;M, 2582 2577 21.0
15 Ly-M M, 2595 2592 48.0 Ls-M;M, contr.
16 L-M,M; 2640 2639 9.5 L;-M;M, contr.
17 L,-M,;M, 2680 2666 ~2.5 (@)
18 L,-M,M, 2721 2712 ~~2.5
19 Es-M;M, 2758 2763 50.0 L;-M;M; contr.
20 Ly-MsM, 2795 2792 22.0
Ly-MM, 2800 :
21 Ls-M,M; 2808 2808 100.0 L,-M;M; contr.
22 Ly-MgM; 2816 2821 45.5
23 L,-M,M, 2843 2860 12.5 double vacancy(?)
L,-M;M, 2882
24 Ly-M,N, 2940 2939 9.5 L,-M,M; contr.
25 Ly-M;N, 2978 2985 13.0 S
26 Ly-M,;N; 3004 2999 7.0
27 L,-M M, 3016 3016 60.0
28 Ly-M;M; 3024 /3028 1.5
29 Ls-M N, 3042 3050 16.5 double vacancy
30 L,-M;M; 3066 3063 4.5
31 L,-M;M; 3103 3107 <2.5 (¢))
32 Ls-M,N, 3146 3150
Ly-MsN; 3148 6.5
Ls-MgN, - 3150 - 3160
33 La-M;N; 3199 3208 15.5
L,-M,N; 3212
34 Ly-M,N 5 3250 3246 6.0
35 Ly-M;N, ; 3262 3266 42.5
36 L;-M,M; 3316 3316 12.0
37 L,-M M, 3324 3333 ~2.5
38 Ls+-MyN, , 3398 3400 2.5
Ly-M;N, , 3408
39 L,-MgN, , 3447 3448 . <25
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TABLE 2 (continued)

Linc Trans. Energy "Energy Estimated Comments
no. calc. meas. intensity '
(cV) (eV) L:-M,M;
- = 100.0
40 Lo-MgN; 3471 3471 145 . L,-M, N, s contr.
41 Li-MoN, 5 3512 3512 <2.5
42 Li-MuNg 5 . 3560 ~2.5
L;,-N,, :aNs, 3 . .
43 Ly-Ng 3Ny 5 3610 ~2.5
: 3677
44 L3-Ng 5N 5 3701 2.5
Li-MN,, 5
45 L,-M, sNy 5 © 3753 ~25
L,-N; 3N 5 3773
46 Ls-N3Ng 3836 3836 ~2.5

47 _ LNy 5Ny s 3904 <25

have not been measured and can only be estimated. As a guide in analysis, we used
extrapolated values for the L-widths obtained from Geiger et al. 2°) and Listengarten
(ref. 21)).

(v) Source thickness effects are suspected in the spectrum of fig. 2 not only by the
failure of the spectrum to descend to background between well spaced lines such as
the members of the L;-MM band but also by the long tail below the L-Auger spectrum.
Not only does source thickness produce low-energy tails on the lines which vary with
energy, but it may also produce extra peaks on the low-energy side of lines through
discrete energy losses 2°-22) (DEL). Such DEL peaks were evident in our earlier
sources as shown in fig. 3. Though this effect is greatly reduced in our best source
(fig. 3) we cannot be absolutely sure it is completely eliminated at energies near
2 keV.

(vi) Attempts to deduce an approx1mate line shape were further complicated by
backscattering. The Al backing was very thick for 2 to 4keV electrons, and undoubted-
ly some of the continuum (C) under the lines and a large part of the continuum <)
at lower energies than the spectrum are due'to backscattering. From fig. 2, we estimate
S:C:C = 826:466:239, where S is the area of the lines only. Data on back-
scattering at these energies are scanty. Danguy et al. 2°) find about 20 % at 4 keV
for an infinite Al backing which is in reasonable agreement with the results of Kan-

er 27) for 10 keV. The ratio C’/(C+S) =~ 0. 18 i is therefore not inconsistent with C’
bemg entirely due to backscattering.

Clearly, the interpretation of this spectrum cannot be carried out in a completely
definitive manner. Table 2 gives the measured positions of lines and the most prob-
able transition assignment in j-j notation. Also given are the energy values calculated
by means of the expression from Bergstrom and Hill 28)

EGwp = E;—E,—E,—AE,;. * (1)
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Here i denotes the primary vacancy in any of the three subshells, k and / the resulting
vacancies in any of the succeeding subshells of major shells, £, E, and E, the bind-
ing energies of the respective subshellst, and

AE, = AZIEAZ+)~E(2)];

AZ was allowed to take values 0.55 and 0.67 for transitions of the type Ly 5 5-M,y 53
My 25 and L, , 5-M, sM, s, respectively *. For transitions of the type L, 5 ;-
M, 2,3M, s, estimates were made, for example, by.taking an average of L,-M Mg
(4Z = 0.67) and L;-M M, (4Z = 0.55). We applied 4Z = 1.0 for all others where
one or more of the levels had principal quantum numbers greater than 3. The energy
calibration in the L-Auger region was based on the location of the K-L,L; line
which was assumed to have an energy of 20.144 keV based on a semi-empirical table
by Hornfeldt 2?). The energies in this table are estimated to be accurate to about
0.05 %. A work function correction of 4 eV ‘was applied 17, ' '

It should be emphasized that the measured positions of the lines are probably
actually center-of-gravity estimates for multiplets. This is due to the fact that for
Z = 49 the coupling is intermediate between pure J and L-S. A rough attempt at
line fitting, hazardous as it may be, due to the above mentioned reasons, was never-’
theless used in a complementary way to aid in the identification and positioning of the
lines. The resulting estimated relative intensities are also given in table 2. For these
studies a computer program was written in which weassumed spectral lines of Gaussian
shape with an exponential low-energy tail. This was tried only on some of the regions
of the spectrum. The results indicated by means of parameters that were obtained
graphically (together with empirical data such as positions of lines, estimated widths

and heights) that the standard deviation from an optimum fit was 20-30 % Thus, =~

the column of relative intensities in table 2 should be regarded as possessing errors
of at least this magnitude and possibly even greater for the very weak lines.

3.2. DOUBLE VACANCIES

Not all L-vacancies in **3In occur singly. All vacancies which are the direct result
of Auger processes will occur in pairs. The most important of these 'proccsSés are the
K-LL, K-LX and the Coster-Kronig L,-L,X transitions. ' _

Double vacancies of the LM type give rise to X-ray satellites >3) and Auger-
vacancy satellites 4 *2) as do the othér LX vacancy pairs. Whereas the X-ray satellites
have higher than normal energy, those of the Auger electrons have lower than normal
energy 32). Since the expected displacemeht in our spectrum is only 15 to-20 eV,
and the lower side of the strongest lines is somewhat complex, it has not been possible
to identify unequivocally any satellites of the LX type.

! Binding energies used were obtained from tables presented in ref. 1) due to S. Hagstrom et al.

t* A higher AZ for higher orbital angular momentum value is qualitatively consistent both with
K-Auger results #) and with the L-Auger data of Sujkowsky and Slatis 31) and of Haynes et al. 32).

11 Ref. 1), p. 850.
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Auger vacancy satellites arising from an initial LL state have never been observed
because the K-Auger yicld is small in the high-Z elements. In the past only these cases
have been accessible to L-Auger studies because of their higher energy. Since the K-
Auger yield for indium is substantially larger, our spectrum has been carefully exam-
ined in the light of the known energies and ylelds of the different LL states resulting
from the K-Auger process. :

The energy of a normal Auger line was given earlier by expression (). When a
“spectator’ vacancy v is associated with both initial and final states, the energy is '

EI’V_’_) k.v — (E|+EV+AE|V)_(Ev+Ek+E_|+AEvk+AEkj+AEJV)' (2)

The displacement of the resulting satellite froni its parent line is therefore given by
AE = E: v i, k,v Ei—vjk = AEiv'—AEvk—AEjV' . (3)

When i and v are both L-levels and k and j are higher levels, E;, can be obtained
from Hornfeldt’s tables 2°) of K-LL Auger energies and

4E, = E\(Z+1)~E(Z) 4)

and a similar expression for 4E;,. In this case, the 4E are always positive because the
coupling between two L-levels is much greater than that between an L-level and an
M-level.

The most intense K-Auger line is K-L,L;('D,). It can be easily shown by use of
the partial K-L,L; Auger yield that if all the L, vacancies resulting from this initial
state are filled before the L, vacancy, each L, Auger line should have a vacancy
satellite (from these vacancies only) of intensity about 19 9 while if the L; level is
always filled first, its lines should have satellites of about 10 % intensity. In the
case of the L;-M,M; (= 5000 counts) and L,-M,M; (= 2650 counts) lines these
intensities would both be about & 500 counts (fig. 2) and would be displaced toward
higher energy by about 44 eV or 165 decade divider units. Peaks 23 (broad) and 29
correspond fairly closely to the predicted positions, but peak 23 appears to be little
larger than that necessary for L;-M,;M,, L;-M;M; and the 165 counts predic_:téd for
the satellite from L,L,(P,).

On the other hand, peak 29 is not only somewhat broader than a normal peak but
has a peak intensity of 500 to 600 counts with L3-M;N, s being the only ordinary
Auger transition falling anywhere near it. The latter transition was not found at all
in the high-resolution study 3') of 2!2Bi and, we therefore doubt if it can account for
more than a small part of the intensity in peak 29. Even more éonclusively, the 500
counts must appear either associated with the L;-M Mg or the L,-M,M line '*.

t Since two vacancies vk can couple in several ways, and since the component lines would not be
observable in the spectrum of fig. 2, Ey; is to be taken here as the weighted average over all couplings
of vand k. '

Tt Although simultaneous filling of the two states with the emission of a single electron would not
seem probable theoretically, we investigated the 6 to 8 keV energy region which would correspond to
such a transition and found only background. .
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Since most of them do not fall in peak 23, then this would support further that the
excess intensity of peak 29 may be accounted for by the vacancy satellite transition of
L,(L3)-M M(L3). It is not clear, however, why the L, level should tend to fill first
in the case of simultaneous L, and L, vacancies when it can be shown from level widths
and Auger yields that an isolated L, vacancy has a slightly higher Auger probability
than an L, vacancy.

As a further check on the existence in the L-Auger spectrum of Auger-vacancy
satellites following the K-Auger process, we have calculated the energy displacement
and the expected maximum intensity of the satellites associated with all the: other
strong lines of the spectrum, namely: L;-M,M 5 (peak no. 13), L3-M, 5Ny 5 (no. 35),
L;-M, 5N, 5 (no. 40) and L,-M M (no. 36). While none of these satellites can
conclusively be said to be present, there is sufficient intensity at the calculated po-
sition to allow for their possible (and in some cases, probable) existence.

4. The K-Auger spectrum
4.1. THE K-LL GROUP ’

Fig. 4 shows the K-LL spectrum obtained with the same source as was used for the
L-Auger spectrum. The lines drawn in for the peaks show the best fits that were

6465 Counts)

THE K-LL AUGER SPECTRUM

OF 4oIN"3
N/P
Ltz  Lis
‘py B
LL,('sy) J(TPO) '.(TPZ)

558K 560 56.2 564 56.6 568 570 572 57.4 576 .578 58.0 582K
DECADE _.DIVIDER 'UNITS {(=P)
.--Fig. 4. The K-LL Auger spectrum of 3In from 113Sn.

bbtained by the éﬁ'élys‘is described below and also indicate that there is definite evi-
dence for a spectrum having nine lines as predicted by the 1ntermed1ate coupling
theory 34). :
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In the analysis we developed standard lines by using the high-energy side of the
K-L,L, line together with the low-energy side of the K-L, L, line as a basic shape,
We determined a first approximation to the proper line width for each of the strong
lines by combining the instrumental width (0.12 % in momentum and about 49 eV
at the K-LL energy) with the natural widths of the Auger lines. We obtained the

TABLE 3
Analysis results of the K-LL group -

Energy (keV) _ V)
| 2 3 4 o 5 6
K-L,L,('S,) 0.18 19.353 19.352  19.353 78
K-L,L,(‘P,) - 0.22 19.651 19.651 19.653 75
K-L,L,(*P,) 0.30 ©19.849 19.849 . 19.849 75
K-L,L,('D;) 0.18 20.144 20.143 20.144 7
K-LyLoCP,) 0.20 20.361 20.362 20.363 7

Column 1. Raw structure denoted by the strongest component.
Column 2. Approximate relative widths of the unstripped group.
Column 3. Graphically determined position before stripping.
Column 4. Position of standard lines after stripping. -
Column 5. Energies obtained from Hornfeldt #).

- Column 6. Full width at half height of lines used in stripping.

TABLE 4 .
Relative intensities of the K-LL group K-L,L;(’S,) = 1.00

Z  LiL(Py) LiLCP) LLiCP) LiLyCPy) L,La(Sp) LiLy('Ds) LsLaCPo) LsLsCP2)

49°) 1.2840.03 0.194-0.04 1.15£0.03 0.44+0.04 0.18--0.06 3.904+0.04 0.2040.04 1.48+0.03

47%) 1.340.2 1.340.2 . 0.5 +£0.2 3.2 +0.4 - 1.840.2
52¢) 1.134-0.07 0.30-4-0.05 1.16+0.08 0.51+0.06 WithL,L; 3.69:0.06 0.30£0.07 1.284+0.07
479) 163 0.06 1.30 ©0.31 0.24 3.53 0.29 1.29

50¢) 1.52 0.06 1.42 0.31 0.23 3.56 0.29 1.37

*) Present measurement.

b) Photographic-detection measurement of Johnson and Foster 38).

¢) Measurement of Graham et al. 3*). o

4) Calculated by Asaad *) using transition amplitudes computed by Callan *) with configuration
interaction. - :

latter by using extrapolated values from Geiger er al. 2°) and Listengarten ),
p. 1078, with fig. 15 given on p. 971 of Siegbahn’s book ') as a guide. The estimated
widths are 21 eV, 17 eV and 13 €V, respectively, for the K-L,L, K-L;, L, 5 and
K-L, ;L; ;lines.

Obviously, in view of the non-Gaussian shape of the spectrometer lines, there is no
simple relationship between instrumental width and natural widths. to give the total
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width. In developing the standard lines, the relationship suggested by Nordling e? al.
(ref. %))
W:‘ot = W'r'mt+ Wi

inst?

with n = 1 was used as a guide. The best fit was obtained using 78 eV, 75 eV and
71 eV for the K-L,L,, K-L,L, 3 and K-L, ;L, ; lines, respectively. -

From an examination of the raw widths of each of the five major lines, it was evident
that three of them, K-L,L,, K-L,L;, and K-L,L;, were significantly wider than the
above guide lines would indicate, suggesting a more complex structure. Graphical
determinations of the positions of each of these raw lines yielded energy differences
from the K-L,L, line that are surprisingly close to the values for the five strongest
lines obtained from the semi-empirical tables of Hornfeldt 2°). The energy of the
K-L,L, Tine (20.144 keV) was taken from the same tables and used as reference for
the K-Auger spectrum. Inherent in this determination was, of course, an ambiguity
due to the fact that the effect of the intermediate coupling satellite lines could not
initially be taken into account. However, in the final fitting of the standard lines
(including satellites) to the data, we discovered that the positions of the standard
lines that were needed to give the best fit corresponded very closely to the positions
determined from an examination of the unstripped peaks. We infer, therefore, that
the energy positions as given by Hornfeldt for the K-L,L,(*S,), K-L,L,(*P,),
K-L,L;(*P,) and K-L;L,(°P,) lines relative to the K-L,L,(*D,) line are good to
within 2 eV for Z = 49.

After many trial strippings of the strong lines using several different standard line
shapes, it was evident that the remaining residues fit logically into the expected
picture for satellite lines given by the intermediate coupling theory. Final positioning
of these satellite lines was carried out by use of the energy figures given by Hornfeldt.
The final standard line widths are given in table 3, column 6. The relative intensity
determinations are given in table 4 and show reasonable agreement with the results
obtained by Asaad 3¢) who used transition amplitudes computed by Callan 37)
and took into consideration configuration interaction between the (25)°(2p)® and
(2s)*(2p)* configurations for the J = 0 state. The transition probabilities were ob-
tained using method A of Asaad 3%). Table 4 compares available experimental data
for neighbouring elements Z = 47 [ref. 3%)] and Z = 52 [ref. 3°)]. The agreement
with the results for the Z = 52 is good with the exception of our smaller relative
intensities for the K-L,L, and K-L,L, satellites.

4.2. THE K-LX AND K-XY GROUPS

Fig. 5 shows the two spectra. The available experimental data on these spectra are
scarce, and there is not a single high-resolution spectrum which has been measured and
analysed. The analysis is complicated by the fact that the spectrum is very rich in
lines (although not as rich as the L-Auger spectrum), and for medium-Z the ex-
pected intermediate coupling features add somewhat to the complexity. The resolution
of the instrument was not sufficient in this case to warrant a careful stripping but an
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approximate analysis was made of the K-LX spectrum with the results shown in
tuble 5.

Xs ! K-MX '4
, K-M X
N/P [ -—-»—K—M xlz..._._m-_-l ]
THE K-XY AUGER
,;J -\ SPECTRUM OF 49IN'
A N e
‘..‘~:/ Aol “'n% \'.\.\",

L it et e oo g N
65.8K 660 662 664 666 668 670 672 674K

koL M —r] KLk
KM - ki N—
N/P | 1800 counts) - L3M——-—» LN
THE K-LX AUGEﬁ
3 USED AZ<! TO
SPECTRUM OF49IN INDICATE RANGES
,_‘J/‘/\/\ \/\/,\__,/ o

610K 612 6l4 616 6.8 62.0 622 624 626 628 630 632 634K
(«P)
Fig. 5. The K-LX and K-XY groups of **In from '3Sn.

TABLE 5
Relative intensities of the K-LX and K-XY groups K-L,L, =1.00

Transition Present Theoretical
measurement  calculations *)
Z =49 Z =47
K-L;M, 0.42 : 0.292
K-L,M, 5 0.62 0.508
K-L.M; 0.20 - 0156
K-L,M, 5
K-LoM, 5 } 0.865 1.459
K-LsM,
K-1:M, 5
K-L:M, 5 1 1.28 1.672
K-L;N : 0.15
K-L;M 5 0.20 0.247
K-L,N 0.15
K-L;N » 025

%) Ref. ),

Asaad and Burhop have calculated the expected relative intensities for several
values of Z using the intermediate coupling scheme 3+). Table 5 shows the comparison
of our results with the Asaad and Burhop calculations for Z = 47. There is agree-
ment in the general trend of relative intensities, although the individual components
agree with theory only in a rough way. The errors in the experimental values are
estimate to be approximately +10 %, ' *
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From these spectra we have the integral intensity ratios (K-LX)/(K-LL) =
0.431+0.003 and (K-XY)/(K-LL) = 0.05134-0.0007.

We would like to express sincere appreciation to Argonne National Laboratory
for the use of the isotopic mass separator and to Mr. Jerry Lerner for his kind help
and advice.

Our thanks also go to Mr. William Johnston for assistance in the data analysis. -
A word of gratitude should also be expressed to Messrs. George Fleming and
Robert Frangoise for their eager aid in the processing and collection of data.
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Lithium-Drifted Germanium for Charged Particle Spectroscopy *
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SUMMARY

The Michigan State University
Cyclotron Laboratorv has under-
taken a program of develoning
lithium-drifted germanium for high-
resolution charged particle spectro-
scopy. The charged particle spectro-
scopy has been concerned with reac-
tions leading to protons, deuterons,
and tritons in the energy range of
25 to 90 MeV, The emphasis of this
program has been two-fold in that
both the response of the detector
and the packaging of the detector
are considered.

The side-entry geometry Ge(Li)
detector was shown to be capable
of 60 keV (FWHM) with 40-MeV pro-
tons. The major limitation in the
resolution for this geometry is
attributed to a non-uniform window
(3-12u) on the surface of the de-
tector, The electrodes of a side
entry detector were segmented and
a single crystal AE - E counter
telescope was achieved. The best
resolution was achieved with a thin-
window surface barrier Ge(Li) de-
tector and measured to be 3% keV
(FWHM) for 40 MeV protons. A "thin"
slit was used and shown to give
cleaner spectra over a limited range
in excitation energy. A peak to :
valley ratio of 5000:1 was obtained
using this thin slit. The proton
radiation damage of Ge(li) was
studied at 40 MeV and shown {8 be
an appreciable problem by 10
protons/cm2, '

INTRODUCTION
Inlssvgral recent publica-
tions”?“*"*" the potential of the
Ge(Li) detector as a high resolu-
tion spectrometer for medium energy
protons (30 - 160 MeV) has been
demonstrated. It is the purpose

337

of this paper to report on recent re-
sults obtained at the MSU cyclotron
laboratory using such detectors.

The motivation of this work is tied
directly to the interests of the authors
in doing high resolution inelast%c pPro-
ton scattering at 40 MeV and (He3,p)
(He®,d), and (He3,t) reactions at 70
MeV. It is not uncommon in these reac-
tions for ‘the more interesting physics
to be contained in the weaker excited
states. For this reason we have stud-
ied oproblems which not only relate to
the resolution, but also to the "tails"
of peaks. Our best results on these
two points is 0.08% at 40 MeV with a
5000:1 peak to valley ratio.

The choice of using Ge(Li) rather
than Si(Li) is based on the following
reasons:

1) The range of a proton in Ge is
about one half of that in Si.
This allows one to use l-cm
drifted detectors for 60-MeV
protons such that entry is par-
allel to the electric field lines
in the detector.

2) The resolutioén of Ge(Li) de-
tectors should ultimately be
better than Si(Li) detectors

as indicated by:

a) The cost to form an ion pair
in Ge being about 20% less than
in Si (2.98 vs. 3,66 MeV),

b) The Fano factor, thus far
measured, being lesg gor Ge than
Si (0,129 vs., 0.15)°*° and

c) The maximum transfer of
energy in nuclear collisions in
Ge being less (x2.5) than in Si.
The reaction contribution to -the
tails should be considerably

less structured in energy and
thus more easily accounted
for as a background source.

3)

" The
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reasons for this are the higher
density of states at lower
excitation energies and the
relatively uniform spread in
isotopic abundance,

4) The proton radiation damage
effect on the lifetime of a Ge
detector appears-to be less
severe tgan those observed
for 81

FABRICATION OF DETECTORS

The starting material was hor-
izontallv grown, gallium-doped ger-
manium having a resistivity of 10-
20. ochm-cm, an etch-pig density of
less than 1000 per cm‘, and a carrier
lifetime of 400 microseconds., The
lithium diffusion and drift tech-
niques were the same as reported -
elsewhere?. The lithium was
drifted typically to depths of about
0.8 cm.

We have used two basic geometries
for our Ge(Li) charged particle de-
tectors, side entry and thin win-
dow. The side entrv geometry shown
in Figure 1 is used for long range
particles and for particle identifi-
cation in a single crvstal. The cuts
‘in the lithium diffused electrode
are made with a 125 micron wire ab-
rasive cutter. Considerable care
is taken to insure that the resis-
tivity of the n-type electrode is
uniform at the edge presented to
the beam. Also the surface pre-
sented to the beam is freshlvy lapped
and etched just prior to packaging.
The lapping and etching seems to
minimize window effects due to poor
collection of charge in the surface
region,

The thin window geometry shown
in Figures 2 and 3 is used for pro-
tons in the energy range of 25-55
MeV. The thin window is achieved
by fabrication of a p + contact on
the intrinsic region. The proce-
dure for the Fabrication of this
contact is as follows: A drifted
piece of Ge crystal is cut to the
desired geometry. A l-cm diameter
flat ended quartz rod is chucked in
a mill and is used with 600 grit
abrasive and water to bore just in-
to the intrinsic region through the
p-type region, A p-type rim is thus
left free to use for mechanical mount-
ing minimizing injection of charge.
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This same rim has the added advantage

of providing a simple means of. encap-
sulating the p + contact during subse-
quent etching of the outer surfaces.
Crvstal damage in the bored hole is re-
moved bv lapning with finer grits and
then etching. The etch of the bored
hole is rinsed and dried carefully prior
to evaporation of a thin Au film onto

the Ge surfaces of the hole and the ex-
posed intrinsic region. The hole and

p + contact are then encapsulated by
placing a piece of tape across the p-type
rim sealing off the gold p + contact.

The cryvstal is then rrepared using stand-
ard etch technlques Finally the

diode is mounted in the detector pack-
age and cooled.

The window thickness in these two
geometries was investigated with alphas
(5.48 MeV) from Am?%4l In the side
entry geometry the resulting window
on the surface of the detector was ob-
served to be non-uniform and ranged
in thickness from 3 to 12 microns. It
is assumed that this window is due to
the formation of thin inversion layers
during the chemistry of the surface.
The thin window Ge(Li) yielded windows
having a thickness of less than 1lu.

On the other hand, it was observed that
if the fresh p + contact was allowed

to remain at room temperature for 2u
hours before cooling, a thick (6u),
window resulted. The thin p + contact
could be remade by removing the old
contact bv etchlng and recycling through
the above p + preparation procedure.

If the detector was cooled within one
hour after the formation of the p +
contact, the usual thin window resulted.

PACKAGING OF GE(LI) DETECTOR-FOR
——CHARGED PARTICLE SPECTROSCOPY

The requirement that the Ge(Li)
detector be stored in vacuum and at
liquid nitrogen temperature at all
times makes the packaging a problem.
This is esvecially true when one re-
quires that the package also function
within existing scattering chambers.
We have settled on two approaches to
the problem, The first approach was
to design Snd construct a scattering
apparatus , compatable with exist-
ing Eickages of the Chasman de-

The second approach was to modify
a Harshaw Ge(Li) satellite dewar pack-
age such that it would function in
the MSU scattering chamber, See Fig-
ures 4 and 5. For this latter package




copper tubes were soldered to the
dewar vents and flexible polyflo
tubing was then used to vent. the
dewar through the wall of the scat-
tering chamber. Also,. the vacuum
of the detector package was com-
pletely isolated from the scattering
chamber vacuum. The dewar was mount-
ed rigidly to the scattering chamber
arm. The vacuum cap which covers
- the crystal seen in Figure U4 was.
~designed with a 6 Havar micron win-
dow. The contribution to the res-
olution for this window for 40-MeV
protons is approximately 20 keV

(1/3 the mean energy loss in the
foil) as calculated assuming a
Vavilov distribution. In the case
of the thin-window Ge(Li) the p-
type rim was mounted and centered

on a brass collimator having a 1/4
inch diameter aperture.

The side entry Ge(Li) detector
was mounted with the intrinsic
region perpendicular to the scatter-
ing plane and about 0,3 ecm from a
0.25 em x 0.6 cm aperture in brass.
The detector was oriented to mini-
mize the out-scattering of particles,
This effect can be a significant
contribution to the "tails" of peaks.
For example, 40-MeV protons at the
end of their range will have an rms
radius of 0.05 9 In Figure 6 we
have calculated®‘ as a function
of range, the rms radius at the end
of the range of protons in germanium,

We have also made a study of the
design of slits which will minimize
the slit scattering contribution
to the "tails" of the peaks. ' The’
results of this study are summarized
in Figure 7. The response of the -
detector and slits to the 12C(p,p')
reaction at 40 MeV was measured at
a laboratory angle of 45 degrees,
The top spectrum shows the response
to what was thought to be an "ideal"
slit geometry. A broad satellite
peak was observed to be associated
with each of the excited states of
12¢, This satellite peak was then
‘'shown to be due to slit scattering
by degrading the energy of the
scattered particles which are in
the region of the thick slit and
using the thin slit as the effec-
tive collimator., The result is seen
in the middle spectrum, The "thin" -
collimator was then made of Pilot
B scintillator and the signal from
a photo tube viewing the scintilla-
tor was used to turn off the Ge(Li)

detector when protons passed through

it. This technique greatly reduced

the slit scattering contribution to the
tail as seen in the bottom spectrum of
Figure 7. This technique also allows

us to use relatively narrow collimation
in order to reduce kinematic broadening
effects and at the same time minimize
the problem of slit scattering from the
thick slits, : : '

Note also in the bottom spectrum
with the slit scattering removed, the
peaks are quite asymetric. Although
we have not established what caused
this asymetry, out-scattering from
the detector seems to be a likely
explanation.

SIDE-ENTRY GE(LI) DETECTORS

There are two major advantages of
the side- entry geometry (Figure 1) over
the conventional thin-window geometry
(Figure 2). TFirst, this geometry allows
the detection of particles with longer
range and second, the electrodes may
be structured such that one can measure
the densitv of ionization along the
path of the particle. The chief dis-
advantage of the side-éntry geometry is
the non-uniform window on the side
through which the particles pass.
The best resolution we have measured
for this geometry is 60 keV (FWHM) for

‘40-MeV protons scattered from Au. A
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contribution of about 40 keV is attribu-
ted to this non-uniform window.

This geometry also permits one to
achieve particle .identification with
just the single crystal shown in Figure
1., Signals are taken from regions 1,
2, and - 3 through separate preamps.
Regions 2 and 3 are used for the iden-
tigication of deuterons and tritons.
He3's and He%'s are stopped in region.
3 and protons in the energy range of
interest pass on to region 1.

A particle identification spectrum
was obtained using an Ortec particle
identifier., .See Figure 8. The detec-
tor was placed at 30 degrees and about
15 inches from a 1 mil Be target. The
response of the system was checked
using a 40-MeV proton beam. It was
observed that the effective thickness
of region 3 depended critically upon
the biasing of region 3 relative to
region 2., TFor example, the difference
in thickness of region 3 varied by al-
most a factor of 2 between the biasing
of region 3 at 700 V, and region 2 at
1000V; and regidn 3 at 000V, with
region 2 at 700V, This effect therefore
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puts one in a position to "dial"

the relative thicknesses of this
single crystal counter telescope

to fit a particular experiment.

The best resolution measured in

the resultant total energyv spec-
trum thus far has been 80 keV (FWHM)
with 40-MeV protons.

THIN-WINDOW SURFACE-BARRIER GE(LI)
DETECTORS

At present the thin-window,
surface-barrier Ge(Li) detector
offers the greatest resolution po-
tential. This is because the p +
contact formed on the intrinsic re-
gion is uniform and quite thin (a
fraction of a micron). In this
section we shall discuss some of
the problems we have encountered
which limit the resolution of the
Ge(Li) detector as a chargal particle
spectrometer,

It has been our experience with
commercially available electronics
that it is the later stages of
amplification that make the domi-
nant contribution to the electronics
noise. For example, it is not un-
common in later stages of amplifi-
cation to have a maximum voltage
of 5 to 10 volts with an rms noise
level of 3 to 4 mV thus yielding
a precision of 0.04% to 0.06% in
the voltage measurement. At 40
MeV this corresponds to a contribu-
tion of 16 to 24 keV to the over-
all resolution. For high resolu-
tion experiments at these energies
this is not acceptable.

In order to circumvent this pro-
blem, the signal from a modified
amplifier was input to an Ortec
biased amplifier. The biased-off
signal was used to drive the se-
cond input of a TC200 amplifier.
The second output of the TC200
was then analyzed in a Nuclear Data
2200 - 4096 pulse-height analyzer
utilizing the digital zero shift
(4096), With this configuration
of electronics (see Figure 9) we
were able to reduce the electronic.
noise as measured with a pulser at
40 MeV to 6 keV FWHM (.015%). This
arrangement works but is not totally
satisfactory inasmuch as the res-
olution was achieved at the expense
of the measurable range in excita-
tion energy.
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tail.

A second source of noise is the
energy straggling in the 6 micron Havar
window, At 40 MeV this amounts to about
20 keV as calculated assuming a Vavilov
distribution., This contribution is
expected to be somewhat less than cal-
culated inasmuch as the detector detects
some of the recoil electrons and nuclei
from the window, The most ideal geometry
would be to do away with the external
window completely. We shall, in the

‘near future, accompl}gh this using a

scattering apparatus designed to be
compatible for use with Ge(Li) detector
packages.

A third source of noise arises due
to pile-up of low energy signals from
the target and faraday cup. Electrons
from the target can be removed as a
source of noise using a pair of elec~
trostatic deflection plates. Background
from the faraday cup can be reduced
greatly by simply moving the cup far
from the detector and shielding it.

In order to aid in the shielding of
the detector from the faraday cup we
rlan to deflect the beam slightly be-
yond the target with a magnet.

A fourth source of noise is in the
statistics of the production of ion
pairs. An estimate of the amount of
this noise is 9.4 keV at 40 MeV assum-
ing a Fano factor of 0.129.

An optimum resolution of 34 12 kev
(FWHM) was obtained at 40 MeV. See
Figures 10 and 11, The striking fea-
tures of these spectra are the symmetric
peak shapes and the lack .of a prominent
.For example, the width of the -
peak at 1% of the maximum height is
160 keV, and the peak to valley ratio .
is tynically 5000:1. We calculate
that energy straggling in the window
and target contributes 120 keV (FW

A breakdown of the various sources

-of noise which contribute to the mea-

sured 3% keV resolution is listed in
the following table.

Source v i Noise
beam o " 22 keV
detector and electronics 6 keV
detector package window 20 keV

target - 7 keV
statistics . 9 keV
total noaise 33 keV

Upon inspection of the above table,
it is obvious that if the noise in the
beam and window are reduced by a factor
of 2, resolutions of about 20 keV should
be feasible at 40 MeV.




A typical spectrum from a recent
inelastic proton scattering experi-
ment 'is shown in Figure 12, The
degrader slit was chosen in thick-
ness such that slit scattered events
would fall in the :spectrum at those:
excitation -energies where the (p,d)
reaction contributes as a background.
The detector subtended an angle of
about 2 degrees, which, because of
kinematic broadening, added about
24 keV in quadrature to the resolu-
tion. Note the many weak states
in the spectrum, pointing out the
need for obtaining even cleaner
data.

RADIATION DAMAGE OF GE(LI)
DETECTORS BY %0 MEV PROTONS

The radiation damage studies were
made with the Ge(Li) detectors in
the side-entry geometry. Protons
at 42 MeV were scattered from a 15
mil tantalum foil. All protons
were counted above 160 keV, After
each bombardment the response of 137
the detectgﬁ was measured with Cs
Y-rays, y-rays, and the elastic
scatterlng of protons from Ta.

Conventional electronics were
used for these experiments, The
detector was operated at a bias of
100 V/mm, The response to the y-rays
was made with 7-keV (FWHM) initial
limiting resolution in the electro-
nics, The integration and differen-
tiation time gonstants were set
for 1.6 x 107° secs,

The resolution was measured as
a function of total proton flux pre-
sented to the detector., A signifi-
cant deterioration ( 12 keV FWHM
in the resglution after about 10
protons/cm? total flux was observed.
There was no noticeable increase
in reverse current after the bom-~
bardment, although during the bom-
-bardment the reverse current was
proportional to the beam current
presented to the target and was
as large as 500 namps. In Figure
13 we show the charge collection
efficiency as a function of total
proton flux presented to the detec-
tor.

It is interesting to note the
charge collection efficiency res-
ponse was the same for both y-rays
and protons. The charge collection
efficiency vs. total flux was ob-
served to fit the following
functional form:

€z 1 - K¢

wheree is the pulse height normalized
to its pre-bombarded value
¢ is the, integrated proton flux

in protons/cm :

KE 3.2 x 10712 % 0.8 x 10‘12 om /proton.

The above functional form canlge
easily understood using the Hall and
Shockley-Readl* single-level recom-
bination theory. Their theory predlcts
that the changes in the free carrier
life time, (1/t - 1/145), is a linear
function of the number of defects in-
troduced, the capture-cross-section
of the defect for minority holes or
electrons, the position of the Fermi
level and the position of the recombina-
tion level in the forbidden gap.

The charge collection efficiency, ¢,
is easily shown to be related to the
free carrier lifetime.

e>1-t/2 (Y/r -~ l/To)
and (1/7 - l/To) =~ (2K/t) %

where t is the charge collection time
T _is the carrier lifetime before
bombardment
T is the carrier lifetime after a
bombardment of $ protons/cm2,

© On the basis of this single level
theory we measure

E
noe %E = 12 x 10 -2 cm/proton

where n = the number of recombination
levels/cm proton
o) the capture cross section
AE = energy measured from the center
of the gap to the recombination
level,

In figure 14 we have calculated the
fraction of protons lost from the full
energy peak due to reactions in the
Ge(Li) detector. 1In making this calcula-
tion it was assumed that the cross section
was approximately geometric and independent
of energy, The calculation is most valid
for proton energies much greater than the
Coulomb energy for Ge, For 40 MeV protons
we estimate the efficiency of the Ge(Li)
detector to be ~ 98%,

ACKNOWLEDGEMENTS

We are indebted to our colleagues,
Professors E, Kashy, A, Galonsky and
S. Austin for their many discussions
and encouragement throughout the course
of this work. We also wish to thank
the MSU Cyclotron technical staff for
their practical contributions,

163



REFERENCES

ThlS work : supported in part by -
the National Science Foundatlon, .
contract #GP-06760,

sk

National Science Foundatlon Col—
lege Research Partlclpant, visit-
ing from Wisconsin State College.
at Stevens P01nt Wisconsin. '

-1, R. H, Pehl D. ‘A, Landis and
F. S. Gouldlng, IEEE Trans.
Nuecl. Sei. NS-13, No. 3, (1966)
274,

2. F., E. Bertrand, R, W, Peele,
T. A. Love, R, J Fox, N. W,
Hilland and H. A. Todd, IEEE
Trans., Nuel. Sci, NS-13 No. 3
(1966) 279,

3. C. R. Gruhn, T. Kuo, B.
Gottschalk, S. Kannenberg and
N. S. Wall, Physics Letters
2“8(1967)268 (In press IEEE)

4, Y. S. Horowitz and N. K. Sherman,
BAPS 12(1967)632,

5. H. R, Bilger, Phys. Rev. 163
(1967)238.

6. F. S. Goulding, D. A. Landis
and R, H. Pehl, UCRL-17556,

7. H. M. Mann and J. L. Yntema,
IEEE Trans. Nuel, Seci. NS-11,
No. 3(1964) 201.

8, C. R. Gruhn, Carl Maggiore,
J. Chander, BAPS 12(1967).

9. A. J. Tavendale, IEEE Trans.
Nuecl, Sci., NS-11, No. 3 (196u)
191. '

10. K. Thompson and C. R, Gruhn
(to be published) BAPS (1968)

11." C. Chasman and R, A, Trestinen,
Nucl. Inst. Methods 34(1965)250.

12, W. M. Preson and A. M. Kochler,
The Effects of Scattering on
Small Proton Beams (preprint).

13. R. N. Hall, Phys. Rev., 87
(1952) 587,

14, W, Shockely and W, T. Read,
Phys. Rev. 87(1952)587.

164

SINGLE CRYSTAL SILE
Entry Ge(li) DETECTOR GEOMETRY

n_type
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em -5 o —f

Designed for (Hd,p), (Ho'd). ond (Helt) reoctions. ot 75 MeV

Fig. 1. Basic gedmetry for detec-
tion of particles in side-
entry Ge(Li).

n type

_Au_Surfoce_Borrier

p type
rim

Pig.vz. Thin-window (surface barrier)
geometry Ge(Li).
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Fig. 3. Ge(Li) detector showing
cuts for thin-window geom-
etry. Fig. 5. Modified Harshaw Satel-

: lite Dewar.

0 ey - -y
Radial standard deviation at
the end of the range of protons
t in germanium due to multiple
scattering
T 'l i
L
-4
- 0w — 1 NP
10 1° 10’
e 1 amg 10 Ri(cm)

MSU CYCLOTRON L Fig. 6. Results of calculation

of the rms radius at the

end of the range or pro-

Fig. 4. Modified Harshaw Satel- o tons in germanium plotted
lite Dewar as a function of range.
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Counts / Channel

Counts / Channei

Ge (Li) Surface Bafriér Detector (130%) ‘
2.2 22 Av on 0.9 T2 Mylar - 40 MeV Protons - 15Degrees -

Fig. 10. Resolution check using in-
- elastic proton scattering
from gold on mylar with
40-MeV protons.

— Ge(Li) Surface Barrier Detector Respunse (130 Volts/mm)
I *Ti(p,p) 40 MeV Il Degrees ‘

| _ ?"lr'. {1.56 Mev) "l‘l'i {0.99 Mev)
TN T 1
3000 3250 3500 . . 3750 '

Channel

_Fig. 11. Peak shape check using in-.
elastic Broton scattering
from Ti%0 with uo-Mev
protons. ’
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