ABSTRACT

AN INVESTIGATION OF THE (p,d) REACTION
ON N=Z NUCLEI IN THE 2s-1d SHELL

by
Raymond L. Kozub

An investigation of the (p,d) reaction on N=Z
nuclel in the 2s-14 shell has been made to obtain‘,_,
spectroscopic information and to study the ,f =2

J-dependence for the (p,d) reaction. The experimepts

were performed with 2)'}Mg, 2881, 328 36Ar and 40¢5ia§ Q

target nuclel. An enriched (>99%) ° Mg‘target ‘was i

24Mg(p,d)23Mg reaction, and a

natural Si0 foii was used as a 2881 target. Hydrogen

used to study the

sulfide and enriched (>99%) 365p gas targets were .
used for thew328(p,d)3ls and 36Ar(p,d)35Ar expériments,

respectively. The 40

Ca(p,d)39Ca experiments were per-

- formed with evaporatéd foils of natural calcium. The
33.6 MeV protons were accélérated by the Michigan,State
.University Séctor-focused cyclbtron, and the deuterons ‘
wéfe observed with (dE/dx)-E counter telescopes. The
overall deuteron energy resolution ranged from 95 keV
for the 28Si(p,d)27Si reaction to 130 keV for the
Far(p,d)3ar resction. Virtually all of the 2s-1d

shell hole strength was observed for each target studied.

-
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Deuteron angular distributions for strongly excited
levels in 23Mg, 27Si, 318, 35Ar and 39Ca were measured
for laboratory angles from 100 to 155°. Excitation
energies were also measured. The J-dependence for
the plck-up of an .Qn=2 neutron appearé mostly in the
forward angles of the angular distributions and seems
to follow a systematilc trend through the 2s-1d shell.
Unique spin assignments are suggested for levels 1n
318, 35Ar and 390a on this basis. There is some
evidence for a correlation between the effects of J-
dependence and the nature of thevnuclear deformation.
An attempt is made to reproduce J-dependence effects
with calculations in the distorted-wave Born approxi-
mation.

Configuration mixing is found to exist in the
ground state wave functions of all'nuclei, and DWBA
spectroscopic factors are extracted for the strongly
excited levels. Of particular interest are the ,Qn=l
levels excited in the 2)'LMg(p,d)zzaMg and 2881(p,d)27Si
reactions, which could arise from eilther 1p or 2p pick-
ups. The ground states of 36Ar and 40Ca are observed
to contailn appreciabie mixing with the f7/2 shell, and
evidence exists for a small [2p]2 admixture in the

HOCa ground state.

The level orders of the residual nuclei and the

DWBA spectroscopic factors ape compared to the strong
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coupling rotational model and to Nilsson model wave
functions. Evidence for rotational band mixing is

apparent in many cases.
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Chapter 1

Introduction

Since its original observation by Standing in 1954
(St54)*, the (p,d) reaction has proven to be a valuable
tool for the experimental investigafion of nuclear
properties. This has proven to be particularly true at
higher bombarding energies, where the direct reaction
theory is most successful (To6l). This model of the
reaction is characterized bj the assumption that the
incident proton interacts only with a single neutron
in the target nucleus, thereby forming a deuteron and
leaving the residual nucleus in some excited state. As
was shown by the plane wave stripping theory of Butler
(Bu51) for the inverse (d,p) stripping reaction, the
shape of the angular distribution of the emitted part-
icles_is determined by the orbital angular momentum
(f;) of the transferred neutron. Thus the parity (1)
and possible values for the total angular momentum of
the final nuclear state (J) can be deduced‘directly
from the experimental data.

The widely used theory of direct reaction pro-

cesses is the distorted-wave Born approximation (DWBA)

* References are denoted by the first two letters of
- the first author's name and the year of the publica-
tion.



(Tobl, Sab4) and, to the extent that one can trust the
DWBA calculations the (p,d) reaction provides a direct
measure of the overlap of the target wave function with
the wave functions of the excited states of the residual
nucleus. These overlaps represent the coefficients of
fractional parentage (c.f.p.) for the ground state wave
function, and therefore contain information about the
nuclear structure. Configuration admixtures in the tar-
get nucleus are thus easily detectable by this reaction.
Also, the excitation of levels in the residual nucleus
is quite selective, since the coefficients of fractional
parentage will be small if the final state is not a hole
state.

In 1964, it was observed by Lee and Schiffer (Le64)
that the angular distributions for,ﬁn=l levels excited
in the (d,p) reaction showed a dependence on the tétal
angular momentum of the final nuclear state (J), even
though,thetfn values were the same. Similar effects
have also been observed in the (p,d) reaction (Shé4,
G165 (a), Wh66, Ko67). At present, there still is not
a satisfactory theoretical‘explanation for J-dependence
in the (p,d) reaction.

Most of the previous investigations with the (p,d)
reaction have been with nuclei in the lp and lf7/2 shells.
However, relatively few (p,d) experiments have been per-

formed on the N=Z targets in the 2s-1d shell. This

probably reflects the very negative reaction (-values



(=13 to -15 MeV) ana the close level spacing involved,
which require both a high bombarding energy and good
resolution in order to observe the level structure
over a reasonable region of excitation in the resi-
dual nucleus.

The subject of this thesis is the investigation
of the (p,d) reaction on 24Mg, 2881, 325, 364 and
4OCa. The primary objectives were to study the con-
figuration mixing in the ground state wave functions
of the target nuclei and the,en=2 J-dependence in the
deuteron angular distributions. In addition, inform-
ation concerning the level structure of the residual
nuclei (23Mg, 2731, 318, 35Ar and 39Ca) was obtained.

These experiments were performed with 33.6 MeV
protons accelerated by the Michigan State.University
cyclotron. This bombarding energy was low enough to
be compatible with the use of commercially available
high resolution semiconductor detectors; at the same
time it was high enough to expose 10 - 12 MeV of
excitation in the residual nuclei, whgch was suffi-

cient to achieve the goals of this work.



Chapter 2

Nuclear Models

A number of models have been constructed to explain
the results of experiments in nuclear physics. Many
of these have been introduced because of their success
in other branches of physics. For example, the formal-
isms of the shell, Hartree-Fock and rotational models
are used 1n atomic and molecular physics. Also, the
superfluidity model results from techniques developed
in superconductivity theory. Each model accounts for
some of the observed nuclear properties but no one descrip-
tion successfully explains everything.

This chapter conc:rns some of the models that are
commoniy used to explain internal nuclear structure. 4
orief ciscussion of the snell models for spherical nuclei
1s given, and the single particle and collective models
for non—spherlcél nuclei are described in more detail.
The prediction of these models for the (p,d) reaction are
discussed, and are later compared to the results of the

present experiments (Chapters 5 and 6).

2.1 The Shell or Independent Particle Model

The shell model assumes that each nucleon is bound
in a spunerically symmetric potential and moves indepen-
dently of other nucleons. A commonly used form for this

potentizl is the i1sotropic harmonic oscillator

i



V’(?):_Vo Iy mw r®= -V, ﬁpimwz(x"z_f_azfzﬂ

q. 2.1

fre

where V 1s the depth of the well. The Schroedinger
\¥)

equation A
__,"1 2. Y__p7/'/, _
[259 +ver)jt = EY

kgq. 2.7
is then sclved for tne potential ot kg. 2.1. Lquation
2.2 18 separadle in both spherical and rectangular ccor-
dinates. The rectangular solution is

(;V ’ = /‘/’” (\/Z’() I%QOZY) Hﬂj{{/«:{ Z) €X }0[’%‘“_ (,Xl-f.ﬁ"-f- ZZ)

nn

tllg
BEg. 2.3
where ftre ﬁn are rermite polynomials and
4
X = M
7 Eq. 2.4

The energy cigenvalues are
E, = (ntn)Fw rlngtly JTw +(ny# ) F w
= (N+%)Fw o
Egq. 2.%

where Nznj+n2+n3. The aegeneracy of each energy leveli is

T N s o /v N
(N+1)-(N+2)/2, and the parity is given by (-1;
irn terms of spnerical coorainates, the solution

of Eg. 2.2 1s

Vo= K 0)64)

N{ A



where N is the number of.radial nodes minus.ﬁ. The
spherical solution can be expanded in terms of the

rectangular éigenfunctions (Eq. 2.3)

b Iy E" Ve j
{y : a. )lf
nn .

Anyny UM g ng

Mxmx
Eq. 2.7
with the following restrictions:
4 \

(-1)" = (-8
Eq. 2.8

2 ¢
Eq. 209

and N=n1+n2+n3. The l; are the-z values allowed by

Eq. 2.0 and the sum 1s from JQ:O or 1 until Eq. 2.9

18 satisfied for a given value of N. This is equiv-
alent to saying that all states having the same 2N+.
have the same energy, i.e., they are highly degenerate
(Pré2). As can be seen from Eq. 2.5, they are also
evenly spaced, which is contrary to.the results of
nuclear structure experiments. Other ceniral potentials
(e.g., the infinite square well) will split the ke
degeneracy so that levels having different (N,4) quantum
numbers have different energies. Since two identiecal
nucleons can occupy a given (Nﬁqz) state, Eq. 2.9
predicts the magic numbers z, 8, 20, 40, 70, 112, csee

for N=0, 1, 2, cuc.e Only the first three of these



T L

correspond te the exyerimental cata on nuclear bind-
1ng energies.

LClie CI Theseé preclciiuns Were Laproved by the
adaltion of & spin-uroit term tc tne central potential.
Thls was f'irst Introuucea oy .Jiyer ana Jensen in 1948 (Ma
55, to explain the magic nuwoers. In this case, Eq. 2.1

18 replaced oy

VIE)= Vo) F Ve r) 10F

Eq. Z.1v
where V_{r) ana Vso(r) zre spherically symmetric and ¢
-

ana s are the orbital ana spin angular momenta of a

single nuclecn. The "good" guentum numders now become
-
. N - - - - - .
N,,Q, J and my, wrere i=Af+&, =nd the degeneracies

mentloned apodve are spiil such tnat the single particles
energy degenas on N,,g and 4. sach level 1s sti1ll
degenerite in tne megretic sucrstates my, 1.e., 2j+1
iaentica. particiss Csn oClupy 4n (Nldj'state.

Altuoughn tne etlfect of tne spin-orbit term 1s
rather Large

, LT can ve ireatea & perturoation for

8
-
CoL s o 14
purposes ¢I i.iiustration. Tne A5 operator can oe

written
15 = 5[g-2=57
Eq. 2.14
20304 Ti ) - dld)-ses+)]
Eq. 2.12



Since 32211/2, we have

l_, /J‘ :,Q‘P"/z

sp=9
“(ke), = 4=t
Eq. 2.13
Since Vo (r) in Eq. 2.10 is less than zero, the spin-
orbit force is attractive for j=f+¢1/2 and repulsive for
3=ﬁ-l/2. The J=ﬂ+l/2 level'thus lies lower in energy
than the j=f-1/2 level, which 1s generally consistent
with the observed level order of spherical nuclei. The
spin-orbit theory also correctly predicts the magic
numbers: N or Z=2, 8, 20, 23, 50, 82 and N=126, Also,
tne level spacings are no longer equal.
This simple model still assumes that a nucleon
moves in a potential V(?} without being affected by
the presence of other nucleons. 'Also, when there are
two or more nucleons ocutsice a closed shell, the j-j
coupling of tnese nucleons leads to states of different
total J, all of which are degenerate in the above model.
Such is not the case in reality however, so various
perturbat.ons nave been introduced to split these de-
genera01eé. This perturbation is often some form of a
two particle residual interaction. Also, the inter-
mediate coupling model, which involves mixtures of the
J-J and L-S coupling schemes, is used to predict the
structure of light nucle1i (Ku56, Co65). Both of these

approaches result in wave functions wnich are super-



positions of (j-j coupled) shell model states. This
is referred to as “"configuration mixing®, and the
weighting factors in the expansion are called coeffice
ients of fractional parentage (c.f.p.).

The spherical shell model fails to account for
the large guadrupole moments and extensive configuration
mixing observed in deformed nuclei. The treatment of

such cases is described in the next section.
2.2 Collective Models and Deformed Nuclei

The formal description of collective nuclear.
models and single particle motions in deformed nuclei
has been presented by several authors (Ni55, Bo53,
Br64, Pr62, Gabli, He6st). The treatment of Preston
(Pr62), in conjunction with notes from the. lectures
of Gordon (G©65) is given in Sections 2.2.1 - 2.2.3.
The first section concerns collective motions in
general, and the contributions of particle motion

are discussed in Sections 2.2.2 = 2.2.4.

-

2.2.1 Collective Motion

A number of nuclei in various mass regions are
found to have unusually large quadrupole moments. These
large moments cannot be accounted for by assuming the
nucleons are bound in a spherical potential, and there-
fore must arise from the coordinated motion of many

nucieona. For example, a spherical shell model predicts



that the quadrupole moment for odd A nuclei is due
only to the effect of the last odd nucleon, which
lmplies that’the moment for odd Z nuclei is much great-
er than for those with odd N. These two moments are
found to be comparable in the apove mass regions how-
ever, and much larger than the sphericai prediction.
It is therefore assumed that these nuclei are non-
spherical.

The surface of a deformed nucleus is described

by an equation of the form
;)= k[ 1+€ %9V (6/¢)]
Ak A

Eq. 2.14
where 91 and 43‘ are variables of a space-fixed coor-
dinate system and RQ 18 constant. If R‘=O, the nuclear
volume 18 allowed to change; we assume the nucleus is
incompressible, Center of mass motion is implied by
the ‘}v=l terms, and this does not correspond to inter-
nal degrees of freedom. We are therefore interested
only 1in terms involving R =2, 3, +ses, which correspond
to gquadrupole, cctupole, ...., distortioms respectively.
It will ce assumed here that A=2 only. Then, trans-
forming to the body fixed, principal axes (1,2,3) of
the nucleus, Eq. 2.14 becomes

ree, )< )?0[/4- s

p FP

a Y ()]
2

Eq. 2015



winere the two coorainate systems are related by a

rotation:
A 7 N O G
(e e)= 2 0L (6,§,F)

Egq. 2.106

In this system, the inertia tensor is diagonal so that

85,178, _;=U. This leaves just two coefficients, which
] e

are delined in terms of the parameters ﬁ»and g

a,,= 3 Cer &

20
= aq. = = Fainf

Qay = N2-a VE;

Egq. 2.17

The five (2A+l) coordinates needed to specify the system
are chosen as 6 , & ana the three Buler angles (©,9,Y)
wnich define the transtormation to the body fixed system.
The parameter Jkspecifies the degree of symmetry of the
system; 1f XLLS a muitiple of 373 a symmetlry axis exists.
For example, if ¢ =0 or 7 the axis of symmetry is the
3-axis ana a,,=0. (3 1S a measure of the "amplitude® of
the detformation and, assuming 5\=O, is positive for a
vprolate (footvall) shape and negative for a oblate ( pump-
kin) shape. Ir @ or K«is not constant in time, vibrat-
ional modes of motion exist. These are referred to as
"(3—v1brat10ns" and " § “vibrations" respectively.

11 the collective motion is assumed to be similar
to an 1irrotational flow of nuclear "liquid", the total

energy is written as (Pre2)



. 2 . 2
£Z~=-l523f§7/0(@“/ * 9 (C ég /OG/L/

2

*2 ‘2. 3 L z
—_ / < / f
= wB@ +Hh(CE Vs 5"}%‘0&
R=/
Eq. 2.13
¥ 3 ana 3”
for =0, The (3 ana'P terms correspond to the kinetic
and potential energies of a viorational mode of frequency
JC/B, wnere the potential term arises from the Coulomb
and surface energies of the nucleus. The Jlk in the
last term of Eq. 2.18 are not moments of inertia in the
usual sense, but arise from surface waves that make the
nucleus look like it's rotating with angular velocity
& in the space-fixed system. For example, if @ is small,
& small amount of nuclear matter 1s involved in the
A
"rotation" andC& will pe small. Since § =0 here, there
1s no contr:oution tc the rotational motion from rotat-
ions aoout the 3-axis (axis of symmetry), so 113=O. Also,
r
since there is a symmetry axis, le=,Q2, and 1t can be

shown that (Pro2)
. ’ e
‘jK::&l‘:.>£2_= 3363&3

Eq. 2.19
The irrotational flow argument is quantized by
writing tne Hamiltonian for the total energy (Eq. 2.18)

in the form

)‘71 - Hy.b((g) t /L/r'ot'

]
N
x
o—

+
(N

k= Ay Eq. 2.20



where tne “k are tihe angular momentum components in
, : o o (2 '
ine ocay {ixed system., If P)ls nearly constant (i.e.,
a static aeformation; ﬁmor will dominate in Eg. 2,20

Y v

and RE, ﬁz ana H3 wi;l te good guantum numbers:
ok} -+ Y \1';2' =

p

LRy =M

s -

<Ry =HRet

Since axial symmeiry was assumed,,z3=0, and thus R3=KR=O.

This implies that JR must be integral. Setting§11=42=i,

Egq. 2.21

the rotational part of Eq. 2.20 is

, 2 =L E-F?z\'z F?z
H = _ (R? *’Ri,) ng(’ﬁ 3/ Ea]:

rof 24
Eq. 2.22
wnich results in the energy eilgenvalues
“~2z _
E_trt) = 2 ‘12<‘)R+/)
e 2 Eq. 2.2}

Because of the symmetries of the nuclear shape, only

w
g=0"

2+, 4+, etc., and the model applies only to even-even

states of even parity and even JR can exist, i.e., J

nuclei. If the nucleus is asymmetric (&7¥O), JR:O*, 2%,
3+, 4+, 5+, etc, and KR 18 restricted to even values for
quadrupole distortions, except that KR=O is not allowed
for odd values of JR' Calculations involving asymmetric
nuclel have been made by Davidov and Filippov (Da58).
The parity is (-)1 in general,,so octupole ( A=3) dis-

tortions must be introduced to obtain odd parity levels



in a rotational model.

In the above descripilen Lt was assumed that @
end 5\ were constants sc¢ that the rotational part
of the Hamiltcnian could be treated separately.

Such a division is also Justified when @’" and Bk“
vibrations exist, if the rotztional level spacing
(Eq. 2.23) is much less than that of the vibrational
levels. An equivalent assumption is that the fre-
quency of the rotatioral motion is much less than
the viorational frequency. The addition of vibra-
tional modes gives rise to rotational bands based

on vibrational levels. For example, in the case of
a @ -vibration where 5‘:‘3, a Kp=0 rotational band

is based on each vibrational state,

Tne results of the collective model are found
to be 1n reasonable agreement with the low~lying
level structure of heavy, deformed nuclei. The
model descrives light nuclei somewhat less success—
fully. ¢Collective modes oy themselves can be applied
only to even-even nuclei however, since they predict
only integral spins; even the vibrational quanta are
posons. The descriptions of deformed odd-A nuclei
can also ve included if the single particle motions
are considered in addition to the collective proper-

ties. This coupling is discussed in the next section.



ecez ueneral Development of the Unified Model

in the unified model trne motions of individual

particles are couplea tc the coilective modes of motion:

H = Hp * Hoo11,

Eq. 2.24
These 1deas were first developed mathematically by Bohr
and Mottelson (BC52, BC53), who assumed g particle

Hamiltonian of the form

—

4= ST A VEEEL Y
P

Egq. 2.25
where the summation is-over the nucleons outside of some

specified core. The potential V is taken to be

r .9 2
S Y= %(ﬂ@meﬂ) ‘ J?‘S)

wnere Vo(r;y{g) 1s Just a spherical shell model potent-

Eg. 2.26

1al and f is a form factor which becomes unity for
spherical nuclel (@:Xlo). For axial symmetry and quad-

rupole distortions

Fg o ep)= I+BY (8,8)

Eq. 2.27

l.e., 1t is just the radial form factor used in the
preceding section (Eq. 2.15). The coordinates (r,e,¢)

refer to the body-fixed system. Since Hp contains the



m

s
parameters 33anc Bt the hamiitionian (Eq. 2.24) cizarly

centains coupling of the collective and single particle
metions.

There are two extreme cases for which the proolem
can be solved. One ¢i tnese 1s the so-called "weak
coupling” czse, where(9 1s a small perturbation and the
ccllective modes are small viorations about a Spherical
shape. Tiis solution i1s givern in Ref. Pré62. The other
extreme 1s the "strong coupliing" case, which assumes a
large permanent deformation and results in rotational
bands based on single particle levels. This solution
1s cutlined below for axially symmetric cases.

Assuming(? and z\to be nearly constant, the collect-

ive part of the Hamiltonian (Eg. 2.24) is purely rotational:

ch. hZ‘ - Z ?&

4117&¢
Eq. 2.238

This 1s identical to the H in Eq. 2.20., Using Egs.

rot
2.25 ana 2.28 in Eq. 2.24, the Schroedinger equation for

the nucleus can be written as
[Hrct' r é (T +V(6Y; ﬁl:;:))]gng EY

Eq. 2.29
Defining 3: ﬁ'and J as the particle, rotational and total

angular momenta respectfully, we have
;‘-.s
T= K3
__1.)
7= 2.

Eq. 2.30



The solutions to Eq. 2.29 are the CES?JMKﬁJ where‘fﬁ=<§z§,
/
. ez 3 f r N
1h=\J3>"111:S§3> and « corresponds te other quantum
-mbers for the particles. K,=0 in the axially syametric
case, SO K=£l+KR=11. A dlagram showing the coupling of
the angular momenta is snhown in Fig. 2.1. Since the
potential is not Spherically symmetric, Jd is not a ccn-
start of motion. It tnen follows that R2 1s not a gcod
quantumr numper either.
Assuming axial symmetry Qﬁl=12=&), Eq. 2.28 can be
written
&2 -*-f)?- C\2Z
H .= R 2 .}:(IU ‘<33'03)J
rot. 23 24
= & [(T'd)_]zﬁ[‘l TRy
2& Eq_. 2031
in analogy with Equation 2.2¢2. The term involving 32
involves only particle motion and can be irncluded in thre

particle Hamiltonian:
‘&
= M L 7
HO’/{F 2 ©
Eq. 2.32

The matrix element of the remainder of Egq. 2.31 can ce

written

o - = e — 2. g RN
A<= D ‘-;——i [T@0-2K]E<T5 05,50

Eq. 2033
The second term in Eq. 2.33 indicates that the rotatiornal

and particle coordinates are not completely separable.
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Denoting this term by XPC (rotation-particle coupling)

we can write

o F = ]
RAic=L -3 ]

Eq. 2.34

. -+ ! + . . N .
= - { -~ 3= -1
where J, Jl J< and d,“Jj=¢dy @re raising and lowering

operators. The J+ an; j+ cperatiors change the value of
the K quantum numger to ;il when RPC operates on the
total wave functima{ERJMK). Thus RPC mixes states of
different K, so that X is not really a £ood quantum
number., In the cases of axial symmetry, however, RPC
can be treated as‘a perturbation. Its matrix element
tnen vanishes by the orthogonality of the‘@szMK), except
when K=1/2.

The Schrcedinger equation (Eq. 2.29) can be re-

written as

[;JZL(I‘—QJN‘:,}- Kt EPC]"Fz EY

Eq. 2.35
where Ho and RFC are given by Egs. 2.32 and 2.34 respect-
ively. <The solutions to Eg. 2.35 involve both rotational
and particle wave tunciions, where the normalized particie

(1ntrinsic) wave functions are defined by

/7; ki;q.= EEK“‘jz;d.

Eq. 2.30

Note that 2:{ contains the coordinates of all the particles
a( —



cutside of the assumed core (See Egs. 2.25 ang 2.32).

If RPC=0, the solution %o Eg. 2435 1s explicity

T(} +1K
Plamg) =22 JE L7 L De§t CJ“}“”J

Egq. 2.37
wnere the' J are tunctions of the Buler angles ZV
MK ng Se J,".K

is Just some wave function having constant j, and is

defined oy the expansion
~
L= S0
K ; ¥k

Eq. 2.36

The total energy (Eq. 2.35) can now be written

— - 6. —II(QK)

2 (J) S
t4 J(T+)+ E
‘:a(xk K< 24 | ’ZL ) RPe TR, Yy
N s
|= E
I . Eq. 2.39
where

5,(.,'7%/ RUCSE Ca ()T (Tr18)S,,.

Eg. 2.40

_ J<<,(—/)w /z(q‘w/z)/Cj v

Eqg. 2.41
The total angular momentum (J) has the values K, K + 1,
K+ 2, etc. It is seen from Eq. 2.39 that states of +K



ANnd -A &re degenerate. Lguation 2.39 also shows that
states or different x are &Ctuully different particle
{or Lcie; states, each of wnich is tne basis of a
rotatiocral band. If K ?51/2, tiie excitation energy
Within a band increasss like J(J+l) since <HPC) =0.
For K=1/2 the ordering of the levels deﬁends on the
value obtained forq in £q. 2.41. For the above treat-
ment to ve valid, it is necessary to separate the
single parvicle and collective modes of motion (Eq.
2.24), which requires that the frequency of the collec-
tive rotation ve much less than the frequency of the single
particle motions.

The term iatelled E;R in Eq. 2.39 is still unknown,
and is obtainea by solving Eq. 2.36 for the particle
wave runctions. Tnis procedure 1is outlined in the next

section.

<+Z+3 Single Particle States in Deformed Nuclei

Consider the Hamiltonian of Eg. 2.32 for a single particle.

Then Eq. 2.3t may be written

L4 et zj%& = S e

Eq. 2.42
where 9L i1s a single particle wave function and
K
-2 -
- 2 —r“—\‘?
H = = +’V(+‘)S/j
P am

Eq. 2.43



for one particle in tre cody-fixed system. The ;2 term
1s small and makes Eqg. c.42 non-geparable, It is there-

fore neglected, which reduces the prcecblem to solving

+2 . o
s £,

Eq. 2.44
Yrem Eqe 2427, the form factor is
1 ;i °
£(6,6) = /+ gyz (8)
= /if'('? :}-5-,-—7_/?_(@’9)
Eq. 2.45

ror axial symmetry.
The solution of the anisotropic oscillator will bpe
corsidered first. The potential V(r/f) for this case

nas the form
g

Y= i—mé wrx*
»/( F’) a s S TV
Eq. 2.4¢
This results in the freguencies
w,=cuz=¢ua(/+5/3)
w, = ( 1—"2/3)3)
Eq. 2.47

where

oA
1l

513 ~ 0.953
3/2\)33\ {

Eq. 2.438



and QJO 18 the frequency for an i1sotreopic oscillator
corresponding tc the same ruclear volure. Intreducing

Tae cccrdinaies
3 ‘ vmw,*, X_h
Eq. 2.49

and using Eq. 2.46, a separzble form is obtained for thne

hamiltonian (Eq. 2.43):

Eq. 2.50
Then the solutions to Eq. 2.44 are just 2
-%
Jhtsnyy= H, () K, (S)) H,,}( g)e
 Eq. 2.51

where the energy eigenvalues are

n Ny A é (ﬂ& l/i)i Wy
@,M,,«/)Iw‘ Fnsth) X

= @/1- 3/,'),}9;“1, (13t ) L (wyw)

Eq. 2.52

and N=nl+n2+n3. Using Eq. 2.47, we obtain

Mz (A/H/,_)icd (H— 5/3)_@ W)ifeu.; 2

Eq. 2.53
which reduces to the spherical case for g =0 (See Sec.

2.1). These are the GENKneeded in Eq. 2.39 (for the



extreme single particle case), which are degenerate
since q;i:cue. Trey are also degenerate with respect
to K but this is remedied by the Nilsson model and is
- discussed later,

Another gquantity of interest is a “pseudc angular

momentum” which 1s defined by
N . = —
A= L TRV
. Eq. 2.54
amnd is equal to,ﬂ if g}ih In the case of axial sym-
metry ‘RB 1s a constant of motion, which gives rise to
another set of eigenfunctions that are also solutions

of Eq. 2.47. They are the /Nn3A>'states, where

Qagy= LA

Eq. 2.55
With the .ntroducticn of spins,
, -
4S3> = A s
Eq. 2.56
and
ArE=K
kEq. 2.57

Again, A? and 32 are not constants of the motion, except
in the spherical limit.

This model gives a poor description of spherical



nuclel, since it reduces %tc the spnerical harmonic
oscillator (3ec. 2.1) as éﬁapproaches zero., However.
1t does provide a suitable set of wave functions with
wnich to improve the calcuilation. This was done first

oy Nilsson (Ni55), who solved the equation

‘ = 27/ /
[t Ko +CAS + DX W= FY

Eq. 2.58
Ior the case of axial symmetry (U;O). The spin orbit
term 18 included in analogy with the spherical descrip-
tion, and the DX’ term splits the L-degeneracy that
arises in the spherical harmonic oscillator. The Hh.o.
term is Jjust the spherical oscillator Hamiltonian, while
He. 18 the Hp of Eqg. 2.50. The solutions depend on the
values of C and D, which are chosen to fit .the data on
spherical nuclei (5;0). The wave functions and energies
{which now depend on k) are then calculated for various
values-of<§. The results are illustrated bj the well
known Nilsson diagram. The portion of this diagram
relevant to the presemt work in the 2s-1d shell is shown
in Fig. 2.2. The wave functions on the right are the
[Nn3A] stales, since for large distortions n3 is nearly
a constant of motion. The values of K and the parity
are also shown. For large distortions, the nuclear
volume tends to change so that w ., is no longer indepen-
ent of 5-; it 1s then convenient to introduce the para-

meter
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ch 2059
whicn 1s also shown.
The soluticns to Kg. 2.58 ((szs) may be expanded in

a number of representations, €.g.,

Vo= 5 a,, INLAS)

Eq. 2.60
where }NYIXQ}are the spherical oscillator solutions ana
NA+%5,=K. The quantum number X defines the particular
Nilsson oroit for a given vélue of N and K. Also, as

mertionea above, for large deformations

711/, o / "\
zf N/}VnBA'K/'
oA K
Eq. 2.61
which are jus: the solutiocns for the Hamiltonian of Eg.
2.50. ¢Cni (Choo) ana others (Batt, Bab7) have expanaed

the'}z;ln terms of the shell model states ]Nf;§> (See
Sec. 2.1):

dmax,
V= £ Nigk>
oK jek K
Eq. 2.62
where Ipax 18 determined by N, and .ﬂ=;11/2 15 restricted
oy T =(=) < =(=)¥,

Equations 2.60 - 2.62 involve only sgingle particle



wave Ifuncticns, and 1n general more than one particle
outside a ciosed core 1s ircluded. In this case, the
total particle wave functicn is (in the notation of
Eq. 2.36)

A I Ko Tt }C”e}mm:c

KX O(; /(} "‘2_‘ \5_! X, Ky K,

s
~

Eq. 2.63
for q nucleons. If q 18 even, K=0 in the ground state,

. . . . /
and K—Kq if q 1s ocd. fhe.ZiK

<

- thus act as particle
“creation operators" operaiing on lcor%>.

The equilibruim shape (i.e., the deformation para-
meters) may be found for a particular nucleus by includ-
ing all the particles in Eqs. 2.44 or 2.58, The total
nuclear energy 1s then deduced from the particle energy
and is minimized by reguiring thaté—-E =‘?—E- =0, This

oF J@
method is discussed in detail in Ref. Proz.

The Nilsson model has beern guite successiul in
explaining the low-lying levels of some nuclei in the
2s-1d shell and in the rare earth region. This cal-
culation was done for a symmetric nucleus, and has
been extended by Newton.(NeBO) to include asymmetric

cases (5\‘#0) .

2.2.4 Information from the (p,d) Reaction*

The (p,d) reaction excites mainly hole states in

% The author 1s indepbted to L. Zamick for his helpful
explanation of this subject.



the residual nucleus by a airect reaction mechanism.
Since the transfer of a single nucleon is involved,

the inlormation obtained 1s related only to the particle
wave Iunction, independent of the collective motion.

All of the target auclei in this study have Jﬂ=0+ in t:ue
ground state s¢ that KR=K=JE=3=O. Theféfore, when a
neutlron 1s removed, the spin and parity of the final
nuclear state (Jg) is egqual to that of the picked up

. . ,
neutron (Jn). #e have seen, however, that 18 not =

In
good quantum number in the deformed single particle
wave function (Secs. 242¢2 - 2.2.3).

The removal of a neutron from a non-spherical
nucleus may be represented by a destruction operator

("hole" wave function) operating on the target ground

state (Eq. 2.63):

Z 9&”1-/% % f}: k...“fkl )Corezr‘

Ka 5/(' le.( nn i

Eq. 2.04
which is just the particle wave function of the final
r y
nucleus. The V cance.is the V
d"K“ d'\K
neutron, leaving the final nucleus wave function with

of the picked up
[}

Ky=K, ana energy depending on Kk and o(n. It is seen
then, that the spin of the final state can be any of
the Jn's in the expansion

¥ o= g‘ h\n (/\/11»"(>

o0 Kn Jn'JK‘
Eg. 2.69



, . o ) L o
which is similar to Zy. 2.td. For example, if X =l/2+

4

and N=2 {(e.g., Nilsson orocits &, § or 11 in Fig. 2.2),

Eg. <.065 becomes

| ' , \\' /n ‘ \ R ‘r ;
% __—:,C ‘(dn) 20:/2*,2 > (,‘dn)/ﬁ:?%z /2):}-(‘ (0(,‘}/“23! Ly
[} L} / 3/;/2 / s '/ 3
25,/2— ’/2- / "’/;
Eg. 2.60

Direct neutron pick-ups from one of the Kﬂ;l/2+, N=2
Nilsson orbits thus excite three levels having spins

“and parities 1/2%, 3/2% and 5/2%, which also correspond

to members of a rotational band based on the Nilsson
orbit. The experimentally obtained (p,d) spectroscopic
factors (Chapter 6) are therefore measures of the lcji;:)gz
in Eq. 2.05. The calculaiion of theoretical spectroscopic
factors from Eq. 2.65 1s outlined in Appendix A, and the

values obtained from the wave functions of Cni (Ché6) are

compared to experiment in Chapter bo.



Chapter 3

The Distorted Wave Theory for Pick-up

and Stripping Reactions

The theoretical formalism for direct reactions in
the distorted wave Born approximation hés been treated
in detail by Tobocman (To6l) and Satchler (Sab4). Sone
of the relevant results are presented here. Particular
attention is given to a discussion of form factors for
the nuclear bound states and the extraction of spectro-
scopic factors.

The direct interaction model for huclear reactions
is based on the assumption that the reaction is a one
step process, without the formation of an intermediate
nuclear state. Direct reactions were first described
by the plane wave Born approximation, which predicted a
cross-section that was strongly peaked for small angles
of the-emitted particles (Bu5l). This theory treated
the interaction as a perturbation of plane waves, while
the distorted wave Born approximation (DWBA) involves
the perturbation of elastically scattered waves. The
predicted DWBA cross-sections are similar to those of
the plane wave theory and are more consistent with

experimental results.

3+1 Analogies in the Distorted and Plane Wave Formalisms

3.1.1 The Plane Wave Born Approximation

Consider the simple case of scattering from a

v a



potential well V(¥). The exact asymptotic solution for

the total wave function in the center of momentum system

is

-h s —l-l

Lk
V-t 25 REyr) ket £

Eq. 3.1
where 4¢ is the reduced mass of the scattered particle.
The Born approximation consists of setting

Y (&7

I‘r

Eq. 3.2
in the integral of Eq. 3.1. Defining the quantity in
brackets as -f(©), we then have t

N e 1 g
Y (&) o+ r 1C(9)-9€-
Eq. 3.3

where f(®) is the plane wave scattering amplitude. The
angular dependence is determined by the momentum transfer
-

k‘—iL It can then be shown that the differential cross-

section is given by

%gcw - Jfe)f

Eq. 3.4
In this case, the potential acted as a perturbation
to an incoming plane wave to produce outgoing spherical
‘'waves, i.e., 1t was an interaction between plane wave

states. To predict the cross-section, one must evaluate



£(®©) for some specified V(7).

3.1.2 The Distorted Wave Born Approximation

The total wave function for the reaction A(d,p)B

1s given asymptotically by*

- LB A,
JEPA (JUJEA) /V/?Ve' - e ‘7& e "
- ;4 (=
dp d ‘a 2”‘;.: L rP
Eg. 3.5

where, in the exact case, the transition amplitude T

1 Q

dp 1S

T, = <Y ERIL DI T, 1 (RS, £ Gk

Egq. 2.5
The second term relates only to elastic scattering and
thus vanishes for the (d,p) reaction. The vectors E;, F;
;efer to the momentum and position of particle i in the
center of momentum system. The internal wave functions
of the particles 7fv(§jﬁk) have been included; f’r fers
to the internal coordinates of the sub-units of nucleus -
and the ?jk are the relative coordinates of these sub-
units. “he ZI(Ei’Ei) and 7: are the distorted waves
for particle i, with outgoing and incoming boundry condi-
tions, respectively. They are generated from an optical

model-plus-Coulomb potential. VpB is the interaction be-

tween » and B in the exit channel;'VEB is the optical

*Equations 3.5 and 3.6 are derived in refs. To6l and G16%:{1).



potential in the exit channel, Effects due to isospin,
Coulomb phases and the Exclusion Principle are ignored
for simplicity.
The distorted wave Born approximation consists of
. . ' : . = & .
approximating the total wave functlon.ﬂpzp(kd,rd) in Eg.

3.6 by the total incident channel wave .function:

- A ; t o>
T = WAL AT

Eq. 3.7
The interaction VpB can be writien
VpB = Vpn + VpA
BEq. 3.8
so that
VpB - VpB = Vpn + VpA - VpB A Vpn
Egq. 2.9

i.e., the difference between VpA and VéB is assumed to
be negligible. Using equations 3.7 and 3.9, the transi-

tion amplitude of Egq. 3.6 becomes

T8RRI, (Ve ¥ ()T i)

Eq. 3.10

The (d,p) cross-section is then given by

de @) 44 4 |T[
da (2nX%)" &, Eq. 3.11



in analogy with Eq. 3.4.

Thus, in the distorted wave Born approximation, the
potential Vnp (for the (d,p) reaction) acts as a pertur-
bation to the "distorted" or optical model wave functions,.
just as V(?) perturbed the plane wave in Sec. 3.l.l. %h:s
allows the perturbation to affect béth'elastically scattered

waves and plane waves. This is illustrated by the asymp-

totic form of the distorted waves:
+ AT T
Y — e + -F[e)%

_ _ Eq. 3.12
The transition is thus one between the elastic scattering
states of the target and residual nuclei. Again, the
problem lies in evaluating the transition amplitude T

for a given interaction. This is done for the (d,p) and
(p,d) reactions in the zero range approximation in Appendix
B. The results of this calculation are used in the next

section,

3.2 Extiraction of (p,d) Spectroscopic Factors.

The transition amplitude for the A(d,p)B stripping

reaction is calculated in Appendix B, where the expression

_,_,z__?—)_:z(zrew) ), g (9)

)" GG 5

Eq. 3.13
is obtained for the (d,p) cross-section. D, is the Zero
range parameter (D52;1.5x104 MeV fm3), is the spectro-

scopic factor and qj(e)dp is the "reduced" (d,p) cross-



v O

section.

The cross-section for the inverse B(p,d)A pick-

up reaction is related to the (d,p) cross-section by

(To6l)

,é‘{ (QSJH)(.?TA*/) OQG->
a@J‘L bd .&; (35?1-/)[,73'5“) clp
Egq. 3.14
Combining Egs. 3.13 and 3.14,
2
4, :S w)(asl) 4 7
Eq. 3.15

where.ﬂ and j are the angular momentum quantum numbers of
the picked up neutron and S, is the intrinsic spin of

particle i. The reduced (p,d) cross~section is

Mp My k iy
s, (@) X4 ?
A Fd égﬂnxf) 257/ 50 d / L60

1.
0 ka m /k;’ 0
BEgq. 3.16
where @imj is the "reduced amplitude". The guantity
a
1
Dwe“(e) 2028 +1)xto 0, =7 (6, o
# L?:H)(.?SH) 2 i
Eq. 3.17

is calculated by the Macefield computer code with a

specified;Q and j for the picked up neutron bound in a



‘loods-Saxon well of a given shape. Only the factor

4 .
cqj(e)pdxlo is calculatgd by the Oak Ridge program
JULIE, so that

& qunie ¥ 32 =S 0mrTELD

Eq. 3.18

The units in Eq. 3.17 have the masses in proton mass units,
energles in MeV and length in fermis. The factor lO4
which arose in the value for D (see above), 1s also includ-

ed. Equation 3.15 now becomes

(0( ) Doxi ZS 0"(@? 15 S S:g.ﬁ‘tﬁ?'
pd

fa b o T g e

Eq. 3.19
The ﬂ and j values that the picked up neutron is
allowed to have for a transition from some initial state
JBB to a final state th are limited by two selection
rules, One, the spin of the target must be equal to the

j of the picked up neutron coupled to the spin of the

residual nucleus; i.e.,

J'A =1+ JB or
2 -
Ty + gz i2]3, - g
Eq. 3.20
Secondly, the parity of the final state must be
1
Py = (=) Py

"Eg. 3.21




If the target spin is zero, as is the case for all
targets in the work reported here, j = JA only, and since
ﬂ:jil/Z, cnly one Jgis allowed for a given parity change.
When measuring SJJ experimentally, the experimentai (p,d)
cross-section is usea for‘@ﬁ?ﬁfﬁpd in Eg. 3.19. The

spectroscopic factor is then given by

(dZ.a)N /(/ 5.69—:,%,)) |

Eq. 3.22
It is this equation that is used in Chapter 6 to extract
the spectroscopic factors given there.
The physical significance of Sfj can be seen by
expanding the wave function of the target nucleus (B) in
terms of the ctates of the residual nucleus (4) coupled

to 2 bound neutron:

r}VIB > 3 “Y‘Tn’"n >(Iﬂ‘ "Mﬁ/( XBMQ)

J“
3, M,
Bq. 3.23

Here, theci. are the coefflclents of fractional parent-

age (c.f.p.) and ’ 1s the wave function of a neutron

bound in an ({,j) orbit. Projecting O(“ out of Eq. 3.23

_ e ﬂj /< JAMWA" / yda )/
SIJ'- ! a')d*?fi ) (T3 Ma i |5 Me)?

we obtain for qu

Eq. 3.24



where o, is the number of neutrons in the (i,j) orbit.
Thus, the spectroscopic factor is proportional to the
square of the overlap of the initial statengJﬂM’with

the final state coupled to the picked up neutron.

3,3 Discussion of Bound State Form Factor

The radial part of the neutron wave function,‘ZQJ(rnA),
is often referred to as the neutron "form factor". It
was originally assumed that this quantity was involved in
the details of the reaction mechanism, and that all the
nuclear structure properties could be collected in the
spectroscopic factor (Fr60). Recent pick-up and stripping
experiments have shown that the angular distributions de~'
vend on the J-value of the final nuclear state, even
though the.l 0f the transferred particle is the same (o067,
Wh66, Sho5, Gl65(a), Leb4, Shé4). This iﬁdicates that
there exists an interdependence between reaction mecha-
nisms and auclear structure which cannot be ignored
(Pi65).

Egquation 3.24 shows that the spectiroscopic factor

: . e . fg‘: A
obtained is sensitive to the neutron wave function ’%: ,
the radial part of which is just the Qljﬁ(rna)' The form
factor also affects the shape of the calculated angular
distribution (Eg. 3.16 and 3.17), since the form factor
enters into the integration over the partial waves
(Appendix B).

The usual method for obtaining this form factor is

to assume a spherical (Woods-Saxon) potential whose



i
radiis (R=r A*/B) and diffuseness (a) is similar to that

used for the
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Eg. 3.25
The depth (V_) is then determined by ﬁhe sevaration
energy of the picked up neutron, which also gives the
correct asymptotic form to the neutron wave function.
If one wishes to explain the observed J-dependencs
in 3 way that does not explicitly involve the elastic
scattering wave functions, the neutron form factor can-
not be the same for j={+1/2 and j=f-1/2. The addition

of

4]

spin orbit term to Eg. 3.25 would seem to be an

obvious move zt this point; it is well known from the

oy

shell mocel that the,gfg potential acting én a bound
mucleon is strong. This is a surface potential which
is attractive for j={+1/2 and repulsive for J:Q—l/Q,
with .the result that the overall radius of V(r) would
be larger for j=f+l/2 than for J;P—I/Z. However, the
DWBA caiculation then predicts that the position of
the forward maximum for a j=ﬂ+l/2 distribution occurs
at a smaller angle than that for jff—l/Z, which is
contrary to the effect observed experimentally for
}:2 and 4g=3 (Ko67, G1l65(a), Sh64, Sh65, and Chapters
5 and 6).

There have been two other main approaches to this

problem. One is to assume different binding energies



IR

for neutrons that have different spins, even though
their separation energies may be nearly the same. Both
Sherr et. al. (Sh64) and Glashausser (G165(a)) have
obtained satisfactory DWBA fits to the‘Q:QSJFdependence
using this method. Pinkston and Satchler (Pi65) have
shown, however, that this approach is Wrong in prin- |
ciple. In order to obtain the correct asymptotic form
for the neutron wave function, the correct separation
energy must be used. The wave function must decrease

asymptotically as e X7 where

K*= 2M (Ea’EA>/’7LLz

Eqe. 3.26
Therefore, the shape of the well must be changed in =
way that does not affect the neutron binding energy.
Pinkston and Satchler have suggested changes in radius
or diffuseness.

An attempt to fit the.fl:B J-dependence in the
56Fe(p,d)SSFe reaction by changing the neutron well
radius (e. g., T, in Eq. 3.25) has been made by Glas-
hausser (G165(a)), and was partially successful at his
highest bombarding energy (27.5 MeV). The same method
has been used to fit the‘l:=2 J-dependence here in the
(p,d) reaction, where it was also partially successful.

These results are discussed in detail in Chapter 6.



Chapter 4

Experimental iethods

4.1 Experimentsal Arrangement

4.1.1 Cyclotron ang Beam System

Tne 33.6 MeV protons used to study the (p,d) resction
were obtained by accelerating negative hydrogen ions 1in
the 64 in. michigan State University sector-focusing cycio-
tron (Bloé). The experiments were performed in s 36 in.
scattering champoer. A scnematic diagram of the cyclotrorn,
ana beam system is shnown in Fig. 4.1, while a more de-
tailea sketch of the scattering chnamber and experimental
arrangement 1s shown i1n Fig. 4.2,

A single turn was extracted from the cyclotron witn
a 0.0001 in. aluminur Stripper fcil placed near the edge
of tane megnetic field (Fig. 4.1). The beam was directeq
througk a three-slit collimation system into the scatter-
ing cuamber with a 2° bending magnet; a tine control of
the hoerizontal and vertical positions of the peam was
suppliea Dy two "kinking" magnets (hl ana Ké in FPig. 4.1).
The norizontally and vertically Ifccusing quadrupole magnets
were aajustea to minimize the size of tre beam spot ocbserv-
ed on & gquartz scintillator. The viewer was then removed,
and final adjustments were made oy equalizing the beam
currents (I, urd I- in Fig. 4.2) on the siaes of the vert-

ical sliit bpehind thne scattering cnamber. The slit cpenlig

42
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was approximately 0.1 in., and was previously aligned
with both the center of the scattering chamber and the
collimatcr ir front of the chamver. The veam pipe was
cleared by opening the slit after the proper alighment
was obtained. The above procedure resulted in a beam
diameter of approximately 0.25 in. at fhe center of the
scattering chamber.

The beam was collected in a Faraday cup at the rear
of the scattering chamber during the experimental runs
(Fig. 4.1) and the charge waes summed by a current inte-
grator with an error ¢l less than l%. Beam currents
from 1 nA to 1C0 nA were used, depending on the scatter-

ing angle (9 ir Fig. 4.2).

4.1.2 peattering Cuamber Set-up

A 1l in. x 1 in. target containing the nuclei under
investigation was mounted in the center of the scattering
chamber as shown in fig. 4.2. An angular accuracy of :
2° was achieved in setting the target angle (BT) by
remcte control. The resction products were observed
with a {(aE/dx)-E counter telescope consisting of a 2744
silicon surface-barrier detecter (4L) and a 3mm lithium
drifted silicon counter (&). This thickness for the AL
counter wcula stcp only those deutercns having energy <3
weV, which permitted the observation of 10 ~ 12 iieV of

excitation in the nuclei studied. The lithium-drifted

counter was cooled to approximately dry ice temperature
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(-77°C) vy circulating cooled methyl alcohol through the
copper block shown in Fig. 4.2. The telescope was mounted
on a movable arm in the scattering chamber which could be
positioned by remote control to an angular accuracy of t
0.50. Two collimators (C1 and 02) were placed in front of
the telescope. Collimator C1 consisted of a 0.5 in. dia-
meter aperture in copper of 0.25 in. thickness, and was
used to shield the detectors from possible scattering from
the target frame. Brass plates were attached to the sides
of Cl to provide additional shielding. The solid angle was
defined by a tantalum collimator (CE) having a circular
aperture of 0.152t0.001 in. diameter and 0.060 in. thick-
ness. Thls thickness was sufficient to stop protons of
the bombarding energy (33.6 MeV) and the most energetic
deuterons encountered in this work (~21 MeV). The distance
from the target (R) was typically about 10 in., which
corresponds to a subtended angle of £1 and a solid angle
of‘~é X 10'1’L steradians. When the 36Ar and HQS gas tar-
gets were used, two collimators were used to define the
80lid angle, and a brass colllimator with a slit width of
0.125 in. was used in place of Cl. The use of gas targets
1s discussed in more detall in Sec. 4.4.2.

A cesium lodide monitor counter was placed at a fixed
scattering angle of 120" and was used to observe elasti-
cally scattered protons (Fig. 4,2). This served as a
normalization check on the absolute differential cross-

sectlion measurements in addition to the current integrator.



The 0.25 in. x 0.5 1n. CaI Ccrystal was collimated with
a_O.le in. qla“eter aperture in tantalum of ~0.125 in.
thickness. This same uetector was used to obtain the
26Mg(p,p)ZGMg and 3bﬁr(p,p)3bAr elastic scattering data

with an ¢verail resolutiocn ot ~650 keV.

4.1.3 Electronics

(a) (p,d) Reactior

A sCnematic blcck ailagram of the electronics used
in tnis work is snown in Fig. 4.3. The "free" electrons
proauced by charged particles in the K and 4E detectors
were swept from the counters with bias voltages of 400 -
500 V. and oC V. respectively. The resultant pulses
were amplitied by charge sensitive preamplifiers, which
were connected to the aetectors througn a.side port in
the scattering chamber with approximately 3 ft. of 12541
coaxial cuable having 3.3 pr/ft. capacitance. The pulses
were furtner amplified by Goulding amplitfiers and sortea
by a particle identificaction system, also designed by
Goulding, et. al. (Gob4).

Tne operation of the particle identifier is based

upon tne range-energy relationship for charged particles,

R = aEP®

Eq. 4.1
where a 1s a constant tor a given particle (i.e., a given

mass and charge) and b3 1.73. For a particle that loses
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enscgy 4o in tne Al-counter aad has total energy s+AE, it

can be snown trat (Good):
e = (mea)te 3 o (4g)L-13

Eg. 4.2
where T is the thickness of the AE counter. The quan-
tity T/a, the value of which defines a particular part-
1cle, 1s determined by the identifier as explained below.

After the E and AL pulses were properly shaped in
the amplifiers they were fea into the mixer unit of the
particle identirication system (Fig. 4.3). A coincidence
between the detectors was also required within the ampli-
fier systems to reauce the pulse rates entering the
identifier. Tre height of the output pulse from the
mixer 1s proportional to £ for about the first 1.5 usec
and proportional to the total particle energy (E+AE) for
an adaiticnel 1.5 «sec, i.e., the pulse has the shape
of a step function. 7This signal from the mixer is fed
into the runction generator, where the entire wave form
1s raised to the 1.73 power. The sample amplifier picks
ocut only thne height of the step in this wave form, which
is proportional to T/a in Eq. 4.2. The timing generstor
gets its start signal from the coincidence circuit in
the amplifiers and stops with the baseline crossover of
a doubly aifferentiated AE pulée. This provides the
1.5 /ﬂsec delay to produce the step in the wave form,

while synchronizing signals are sent to the function

generator and sample amplifier.



Tre “"mass" output (I/a) of the ldentirier was fegd
into the 40496 channel analyzer and was displayea on an
oscilloscope as the norizontal axis of & b4x04 array.
The energy signal was dlspizyea on the verical axis.
This resulted in a contour piot of the'counts per cnanr.ej
for each typg of particle, with easily‘distinguishaoie
groups of protons, deuterons, tritons, etc. An intense
group appeared as a tail on the low mass side of the
proton group. This corresponded to the elastically
scattered 33.6 eV protons, which were not stopped by
the detectors. The deuteron selection was made by set-
ting a gate on the T/a signal with a single channel
analyzer (SCA2 in Fig. 4.3) suck that only pulses corres-
ponding to tne deuteron group were available to satisry
the coincidence requirement with the energy signal. Ir.
order to be certain that all of the deuterons were incl-
udea 1n the gate, a very low background of protons and
tritons was allowed in some cases. After the gate was
set, & one dimensionel deuteron energy spectrum was
recoraed and stored in each of four 1024 channel groups.
The memory was then punched out on paper tape and print-
ed on pnotographs by an optical readout system.

An overall electronic noise width of about 50 keV
was attained with both detectors under bias, while the
overall deuteron energy resolution was typically be-

tween 495 and 130 keV.



(D) Proton wonitor

A~ pDlock diagram of tne circuit for thne proton moni-
tor is also shown in Fig. 4.3. The pulses from the prncto
multiplier tube wefe preamplified and fed into a linear
ampliifier. A aiscriminator level was set such that only
pulses corresponding to the elastically scattered pro-
tons reached the scaler to oe recoraed. This settlng was
mace by displaying the amplifier output on an oscillos-
cope (CRT) which was iriggered Dy thé output of the
discriminator. The ratio of the number of counts reccra-
ed (times the sine of the target angle) to the charge
indicated by the current integrator remained constant

to within a few percent for all -data points.

4.2 Lithium-Drifted Silicon Detectors

siost of the lithium-drifted detectors used for these
experiments were commercially purchased, although some
of the preliminary daté was taken with counters made in
the labcratory. The method by which these detectors
were constructed is discussed below.

A P-type silicon wafer of about 2 cm. diameter and
5 mm. thickness was lapped until smooth with 1000 grit
lapping compound. Lithium was evaporated to one surface,
and diffusea into the surface by heating the wafer at a
temperature of about 400°C. for approximately ten min-
utes. The wafer was then etched for about ten minutes

in a solution of 3:1 HNOB:HF, and rinsed thoroughly with



ae-lonized water. The uilfusea lithium tormea an N-
type surface to whicn 2z positive potential of ~50C V.
was appliea. This causea litnium ions to drift
througn the crystal, forming an intrinsic region.

#1tn & power aissipation in the crystal of ~1 watt,
about three weeks were requirea to drift to a depth or
3 mm. Tne depth was checked periodically with a
sta;nlng solution thnat deposited copper only on the
intrinsic region.

After the darifting process was completed, the
wafer was cut into a shape similar to that shown in
Fig. 4.4 (a). All surfaces were lapped and etched,
and gold was evaporated to the surfaces indicated in
the diagram. This provided a guod electrical contact
between the P-type and intrinsic regions. - The crystal
was then mounted in a capsule consisting of a brass
case with a lucite filler as shown in Fig. 4.4(b). A
spring-loaded electrical contact was insertea at the rear
of the capsule, and a 0.00025 in. Mylar window was pla-
ced over the front aperture to keep the crystal free
from dust. A copper block was designed to serve both
as a mougt for the capsule and a cooling device.

Although several of these counters failed to work
satisfactorily, an overall energy resolution of 100 -
130 keV with elastically scattered 25 MeV protons was

obtained with some of these devices. This resolution

is comparable to that obtained under similar conditions
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3ilicon detectors.



with tne commercially purcnased counters. The ma jor
difficulzy encounterea was tnat the gquality of per-
formance aecreased rapialy with time, even withnout

large exposures to raaiaticn.

4.3 Targets

The nuclear bombardment targets used for each ex-
periment 1n this study are described below. Most of
the nuclei have a high natural isotopic abundance, and
were tnerefore fabricated in the laboratory from ord-

inary materials.

4.5.1 “%ng

Tre target used for the 24Mg(p,d)23Mg experiment

was a commercially purchased rolled foil of 1.07 mg/cm2

which was enriched to D>YSw 24

Mg. An oxygen contaminant
corresponding to~uv.02 mg/cmd was observed in the (p,a;

spectra (Chapter 5).

28

4.3.2 S1

Cnemically pure Si0O of natural isotopic abundance
(92.2% 28Sl) was evaporated from a tantalum boat to a
0.0001 1n. nickel backing. The nickel was cooled dur-
ing the evaporation by passing cold water thrcugh a
copper block, which decreased the expansion of the
nickel caused by heat from the boat. This therefore

decreased the contraction of the nickel when the boat




was coolea, and preventea tue exiremely crittle 31U
layer irom cracking. . Z cmz area oi the nickel was
then aissolved with nﬁus, exposing both sides of the
S1V layer. A thnickness or u.s5%0.04 mg/cm2 was obtain-
ed Irom the weignts ana areas of several plecés of tne

roil.

4.3.3 3%

A gas target containing nzu was used to study tnc
32“(p d)JlS reaction. The gas cell consisted of a 5
in. aiameter by 1 in. high copper cylinder having 0.0u.
in. Kapton walls. The cell was filled to a pressure
of 45 cm dg with natural E;58 (95.07% 328). This pres-
Sure corresponds to an equivalent target thickness of
~1 mg/cm2 at a counter angle of 30° with the colli-
maTors aescribea previcusly (3ec. 4.1.2). The pressure

was mon.tored continucusly during the experimental runs

with & mercury manometer.

4.5.4 %ar

A leak-proof cell was constructed for the purpose
of making a permanent, isotopically enriched (>99%)
gas target. A sketch of fhe cell is shown in Fig. 4.5.
The frame was milled from a single piece of brass, and
a Havar window of 10 mg/cm® thickness (®0.0005 in.) was
attached with epoxy cement. 4 compound pressure gauge,

which was readable to within an error ¥ 1 cm of Hg, was
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Figure 4.5. Schematic diagram of cell for 36Ar gas target.




mounted ¢n tne vottom cf tnz cell. A helium leax-tested
Lircle Jeal valive was @130 inciuded. The cell was
.. 30, . . + “ .
Tilled with °7Ar tc a pressure of 45.1 ¥ 1.0 cm. of

- .0 . . - N . 2 . .
Hg at ¢> C., which corresponded to a 1 mg/em® thick-

R BN )

ness at a laboratory angle or jo .

Ihe strength of the U.5 mil Havar window proved io
be suificient to withstand the above pressure and the
flexing encountered when the cell was moved from atmo-
splneric pressure to the evacuated scattering chamber
and back again. The target has existea for a period

of eight months with no detectable change in pressure.
4.3.5 494

Natural calcium foils (%7.0% 4OCa) were used for

4O(}a(p,d)jg()a reaction. These targets

the study of the
were made by evaporating calcium metal on a 0.00l in.
tantalum roi1il. The neat from the evaporation process
caused the tantalum to expand and, when ccoled, the two
foils separated due to their different coefficients of
expansion. Calcium foils as thin as ~1 mg/cm2 could

be obtainea with this method. Experimental data was

obtained with foils of 1.1J, 1.67 and 2.27 mg/cm? thick—

ness.

4.4 LData Analysis

The deuteron energy spectra were stored in 1024~
channel groups of the 4096 channel anaiyzer as mentioned

earlier. After every four data points, the memory was

o



punchned on paper tag

@

Aant grinted on pnotographs by tne
cpticadl reaacut sysitem. Tig inrormation from the tape
was then transierrea tc ccmputer cards, and plots of thne
spectr& and listings of 3v:ae counts per channel were

ootainea tnrough the u

431

e of a computer program. The
photograpnic prints permittea some preliminary data
analysls while the run was in progress, which helped to

determine i1f the experiment was proceeding normally.

4.4.1 Uetermination i bkxcitation inergies

'ne ground state (p,d) reaction g-values for the

284

nuclel studied ranged rrom -14.35 MeV for the “~Si(p,a)

2751 reaction to -12.86 iieV for the 32S(p,d)jls reaction.
The «~values Ior tne lcd(p,d)ljc and 12C(p,d)llC reactions
are 1n tne same regicn {(-i3.44 ¥NeV and -16.50 Kel, respec-
tively) and the 150 anda llC energy levels are well known‘
(Labl). A (p,a) spectrum from & Mylar target was there-
fore an 1deal calibraticn device. Figure 4.6 shows a
ﬁylar {(p,d) spectrum cbtained from a 0.00025 in. foil

at a laocratory angle of 300.

The deuteron energies for the levels excited 1in 150
and llC in the {(p,d) reaction were determined from rel-
ativistic kinematics by a computer program and plotted
versus channel number. This effectively served to cali-
brate the electronics ana counter system. All the points
on this plot fell within ¥ 1U keV of a straight 1line,

except that on some occasions the lDO ground state appear-

ed at a channel number wnhich was too low. This was
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POSs1iBly Que Te L lack ol Cnarge ccilection erficiency

n tne detector {or trne nigner erergy deuterons. In
such cases, tne aeutl=ron chergy irom tne ground state
oI tre nucieus unde:r stuly was plotted for several
consecutive laboratory angies to determine tne shape
of the curve in this region. Thne deuteron energies
corresponailng to tre excitea levels in the residual
nucleus were aetermined from the curve by their posi-
tions 1in the deutercn specirum, and the excitation

energlies were cbtained from a kinematics calculation.

4.4.2 DNeasurement of bifferential Cross-Section

Deutercn energy spectra were obtained for labor-

<

s ~ ‘O . . - “
atory engles ifvom 1J tv 129 for each residual nucleus.

The votai number oI events (aeuterons) in: each peak
was determined for eacn angle, anda a reasonable back-
grouna wes subtracted. The ditfferential cross-section

was then calculated from the formulsa

de, M xio¥mb
d npN, afk o

Eg. 4.3

where M. 1s tne net number of counts in tne peak, n 1i:c

i
the numoer of target nuclei per cm2, N2 1s the number

of incident protons and 48l is the solid angle.

The quantity “2 1s calculated from the total charge

obtained with the current integrator. For foil targets,



8 delined oy the collimator cirectly

[N

tne solia angle

ounter teiescope (L.

5 Z

@]

in rrent ci the in Fig. 4.25,
and n 1s aetermined by the sguivalent target thicxkness
exposed to the beam (wnlcn depenas on the target angle

2n). In tnis case, Eg. 4.3 cen be written in the form

Qégrzz Cl/% ‘i*'ear
dl @ an

Eq. 4.4
where s the 1integrated chnarge, t is the measured
target thicxness ana C is & constant which depends on
the crnemical ratio or the element in the target and the
1sctoplc abundance and mass of the nucleus.

The cross-section formula 1s somewhat different
for the chr{p,a)ijr and 32o(p,a)jls experiments where
gas targets were used. Two colilmators were used in
each of thnese cases to sniela the detectors from the
reaction proaucts emittec Ircm the windows oI the cell.
The expression 1or the cross-section can then be written
as

cﬁér' ‘AC HR -6

—

7 n'/\/z Tr(%)zg[/'o +(£ cote)}.é_@ﬂr—z})’.‘.%ﬁ’.é-,f;ﬁ.z)

HE) -]
Eg. 4.5

where tne quantity in brackets is part of the "G-factor"

derived by Silverstein (Si59%), which takes into account



the grze of the oceam (3') and certain gecmetrical factors.
1t wes cobservea in tnis work that thnis quantity was

anity te witnin J.lp Ior 5L§B 5%, In ky. 4.5, A is the
diameter of the rear collimator, 8 is the wiatn of the
front slit ccilimator, h is the distanqe between the
collimators and K is tue distance from the rear colli-
mator to the center of the gas cell. n' correspconds te
tne nwaoer ol nuclei per cmj, ana is obtained from the

gas law Ior a given pressure ana temperature. Neglect-

1ng tne correction, Eg. 4.5 can be written

de_ C'HHRscno
ey m(4)Ter

et

.g. 4.6
where ¢ ' uepends on the temperature and the quantites
mentioned for C in kq. 4.4.

Tre aifrerential cross-sections were calculated in
tne center oI wmomentum system witn tne aid of computer
programs. The u-factor correction was includea in the
calculations for the gas targets. The statistical

error

'M'FJ/VB

) ¥
Eg. 4.7

was also calculated, where NB 1s the number of back-

—
-—

e=

3?
X

ground counts and N is the total number of counts in

the peak.
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Tae energy of the proton ceam from the cyclotron
was measured oy the Kinematic cross-over methoa (Bao4)
and checkeu vy an 1hdependent range—-energy calipbration.
The cross-over measurement was mace by bombarding a
polystyrene (Ch) target ana observing the protons emitteq
from tiae H(p,p)t and 1°C(p,p',;2%C* reactions with a
counter telescope. The energies of the protons from
ooth thne S.e3 eV level of 12C and the p-p scattering
were found to ve egual to 22.43 eV at a scattering
angle of 33.90. This cross-over was checkea for both
positive and negative scatiering angles and agreement
was found to witnin X0.1°. Tnis corresponds to an error
1n the energy measurement of Approximately 200 keV.

Tre runge-energy metnod was devised fo serve as
& rapia cneck on the beam energy when setting up the
cyclotrun for a particular rurn. An aluminum absorper
was céreruliy macninea to & tnickmess of 1165.4 I 0.3
mg/cmz, wnich 1s Jjust sufticient to stop a 30.130 eV
proton. for protons of energy greater tnan this, the
eénergy or the proton after passing through the block
(Ep") is & rapidly varying function of the incident
energy (bi), as snown in Fig. 4./ (a). Therefore, a
rough measurement of Ep" gives a sensitive measure of
the incident energy. This was done by placing the

absorber in front of a 27%4 surrace barrier detector
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on Tre cownter =

]

n o.n tue «Cattering cnamber ana bombard-

ing & polystyrene (L) target with protons Ifrom the
NrA T A [w 7 g i vy (% > 2
cycliosron {¥ig. 4.7 (o0j;. Tne energy \“p') of protons

. - 2 , .
elastically scatterea froum C was measured after tney

F__J

nad passec through tne ahsurier, and Ep' was determinea
from tre calioration curve (Fig. 4.7 (a)). The energy
cf tue incident beam (Ep} was then determined from the
appropriste kinematics calculation for a given scatter-
ing angle. The results obtained from this measurement
variea between 33.6 and 33.3 MeV for different experi-
ments, witnh an estimatea error of ¥ 200 keV for each
measuremert. The error was due mostly to uncertain-
ties 1in tre scatterirg angie (£0.5°) and the position
¢f tne oread peak 1n tne Ap" spectrum. Due to tlre
lower value of 33.4 #eV obtained by tne crcss-over methnoca,
the brcton energy fcr all the experiments in this study

.i_

is estiwatlea tC be 33.6 - o.2 ieV.

4.6 Lstimate of kErrors

4.c.. weasurement ot cnergy Levels

Tne energies of the excited levels for the residual

nucleil in the (p,d) reaction were measured 0y assuming

the levels of *lC ana J‘DO as standards as described

earlier (Sec. 4.4.1). The only exception to this was

T 315, where the gas

in tne measurement of the levels o
cell was filled with air to approximately the same pres-

sure as the H,S gas used in the experiment (45 cm of Hg),



and tr.e czlibration levels weres those of 150 and le

¢slticn oi The peax in the deuteron spectrum

+
-
(N

kel

Tor tne ground state cI tire nucleus being studied wes
usea &s & reference point for cetermining the excitation
enersies. This point was cucsen &t tne same laboratory
angle that the calibration spectrum was taken, with an
estimated error of %5 keV. The error in the calibra-
tion curve due tc the iu.jo uncertainty in the counter
angle was therefore negiigivle, since the spacing of
levels 1in tne deutercn spectrum 1s a very sliowly vary-
ing runction of angle. Tne uncertainty in the slope cof
tne caiibretion curve is estimated tc oe .05 keV/chan-
nel, wnich corresponds to an error of about £10 keV =zt

4 tieV of excitation. The excitation energy tor each
level was cetermined from the spectra at & number of
laboratory angles, ana the average of these»values cor-
responds to the result gucted in Chapter Y. The standard
deviation for esch set of measurements was determined

from the formula

L4

6 = - W/E; (& :_Zg;)t-

E ,/ ¢ ‘

Eq. 4.8
where tne Ex, are the measured values, E; is the average
value and N is-the number of measurements. The quantity
erg reflects the errors aue to choosing the postions of

the peaks in the spectra and the uncertainty in the lab-

oratory angle for angles other than that corresponding to




the calibration spectrum.
The sources of error quoted in Chapter % for levels

of 23Mg, jlS and 39Ca cen be summarized approximately as

follows (typical case):

Slope of curve: 10 keV (E, 4 ieV)
G.S. Peak position: - 5 keV
cffé: 10 keV (5 measurements)

e _—1-1/(/0)’+<5)‘+(/0)ﬁ‘ =% 15 keVve~t 20 kev
2ot

Eq. 4.9

In the 28

Si(p,d)27Si experiment, the constant pre-
sence of the well-known 15O levels in the spectrum, in
addition to the usual calibration spectrum from the Mylar
target, enabled the measurement of 27Si energy levels
with an error of % 10 keV in many cases. The positions
of the ground and 6.16 MeV levels of 15O were plotted
versus deuteron energy for se&eral laboratory angles.
Since these two levels occur at opposite ends of the 2751
deuteron spectrum, the slope in the region of interest
was well determined in this way and the corresponding
error 1in energy measurement was reduced. Also, the over-
all resolution of 95 - 100 keV permitted an accurate
positioning of the levels at a relatively large number
of angles, thereby decreasing the value ofGE to~5 keV.
For all of the above experiments the target used
in the investigation was similar enough to the respective

calibration target so that no corrections were necessary



to account for differences in energy loss. Such was not
the case for the 36Ar(p,a)35Ar experiment, however, where
the calibration was made with a Myler target and the 36Ar
target was the gas cell descrivbed previously (Sec. 4.3.4).
Corrections were made for the proton and deuteron energy
losses in the 10 mg/cm2 havar windows of the cell and in
the gas 1itself. These corrections are slowly varying

functions of particle energy and are summarized below:

3J3.6 MeV Proton loss in Havar = 114 keV

33.5 MeV Proton loss in <CAr = 44 keV
Deuteron loss in S°Ar = 110 - 1438 keV
Deuteron loss in Havar = 287 - 380 keV

Here, the corrections corresponding to the 35Ar ground
state and 6.82 eV level are shown for the deuterons.
Each correction is estimated to be accurate within 5
keV, with some of the error due to the 200 keV uncer-
tainty in bombarding energy. This results in another
£10 keV error to be added in quadrature to e

4.9.

tot. in Eq.

4.6.2 Energy hesolution

The overall deuteron energy resolution varied be-
tween 95 and 130 keV during this investigation. The
major contributors to the energy width are listed below

2881(p,d)2751 reaction:

for the
Electronic and counter noise 50 keV

Target thickness 25 keV (0.88 mg/cm2 $10)



Kinematic broadening 21 keV (4s =0.92°)
Other . 74 keV
1
1[(50)2 + (25)% + (21)€ + (74)2 =g5 keV

Eg. 4.10
The electronic noise and kinematic broédening contri-
buted similarly to the €nergy spread in the other foil
targets, while an additonal width due to étraggling in
the gas and windows of the 8as cells should be added in
quadrature for the 32S(p,d)le and 36Ar(p,d)35Ar experi-
ments. These values are approximately 25 keV and 50 keV
for 328 and 36Ar, respectively. The quantity labelled
"Other" in Eq. 4.10 includes the eénergy spread involved
in the charge collection in the detectors and the reso-

lution of the incident beam, as well as other unknown

sources.

4.6.3 Cross-Section Norma;ization

The errors involved in determining the absolute
differential cross-sections for the foil targets are

estimated as shown below:

Target thickness measurement: 2 ~ 5%
Measurement of solid angle: 2%
Current integration: L
Target angle error (12°): 2%
Counter angle error (¥0.5%): 3%

This results in errors of approximately %54, *7% ana



I5% for the normalization of the data from the 24Mg, 910
and Ca targeté, respectively, 1n addition to the statis-
tical errors shown on the curves in Chapter 5. The
estimated errors in target thlc&ness are assumed to be
mostly due to nonuniformities in the targets. The error
due to uncertainty in the counter angle arises from the
slope of the differential cross-section versus angle,
and the above number corresponds to a typical case for
an.};=2 angular distribution.

For the experiments involving gas targets, the
errors in target thickness depend on the uncertainties
in measurement of the pressure qnd temperature of the
gas in the cell and the counter angle. These errors
are summarized below for the 36Ar and-st gas targets

at 87,530 r 0.5%:

s ar
Temperature: . ~1% Al
Pressure: 1% 2%
Counter Angle '

(target thickness): 2% 2%
Measurement of solid angle: 3% 3%
Current integration: 1% 1%
Lou?gizpznﬁ%ecross-sectionD: 3% 3%

The result is an error of approximately ¥ 5% for both
the 32S(p,d)ns and 36Ar(p,d)35hr reactions, again ex-

cluding the statistical error.

e




Chapter 5

Experimental Resuﬁts

In this chapter the deuteron spectra and angular
distributions obtained from the (p,d) reactions on

2881, l60, 323, 36Ar and MOCa are discussed.

'24Mg,
Since all of these targets haveij‘f=0+ in the ground
state, the spin and parity of the final sfate is
always equal to that of the picked up neutron. The
curves on the angular distribuﬂions represent only
the general trend of the data, while the error bars
refer only to statistics. Progerties of the.[n=2
J-dependence are also described.

Since gvidence exists thaﬁ most of these nuclei
are deformed (St65), a Nilsson;diagram (Ni55) show-
ing single particle energies in a deformed potential
well 1s presented in Fig. 5.1. This model was dis-

cussed in more detail in Chapter 2.

5.1 2*ug(p,d)%ug

5.1.1 Results and Interpretation

Typical deuteron spectra ﬁrom the (p,d) reaction
on an enriched (>99%) 24Mg target are shown in Figs.
5.2 and 5.3 for laboratory angles 300 and 907,
respectively. Several strongly excited levels of

23Mg and levels of 1°0 at 0.00 and 6.16 MeV of

2/
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excitation were observed. The strengths of the 150,
excitations together with tne measurement of the
absolute differential cross-section (Sec. 5.3)
indicate an oxygen contaminant of £ 2%. Corrections
were made in the cross-sections for 23Mg levels at
those angles where they were not resoived from the
oxygen peaks. An overall energy resolution of 115 -
120 keV was obtained. This was insufficient to
resolve the 2.71 and 2.(7 MeV levels of 23Mg; a
similar situation exists for the 3.79 and 3.86 WeV
levels. Consequently, the 2.71 and 3.79 MeV levels
were analyzed by assuming their peak shapes were
the same as the well resolved 0.45 MeV level.
Deuteron angular distributions for ten of the
excited levels were measured for laboratory angles
from 10  to 155°. The distributions for levels of
23Mg at 0.00, 0.45, and 5.32 MeV shown in Fig. 5.4
indicate a neutron pick-up from the 1ld shell (Rh=2).
The angular distribution from a level at 9.63 MeV
is also shown, and corresponds to an‘ln of either
1l or 2. The position of the forward maximum seems
to favor slightly the.2n=2 assignment, although
the statisticel errors are quite large. These
results are consistent with spin and parity assign-
ments J =3/2%, 5/2%, (3/2, 5/2)* and (3/2%, 5/2%)
for excitation energies 0.00, 0.45, 5.32 and 9.63

MeV, respectively. The first two assignments
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correspond to well known mirror levels in 23Na, and
have been confirmed recently by >'Mg(3He,oC)23ug
experiments (Jo66, Du66). They are interpreted
(Du66) aa.correspending to members of a rotational
band based on a K=3/2 hole in Nilsson orbit 7 (See
Fig. 5.1). This seems reasonable sinée the nuclear
‘deformations in this mass region are assumed to be
prolate (§>0) (Pr62). The third member of this
band should be the 7/2% level at 2.06 MeV. The
angular distribution for this level (Fig. 5.5) is
relatively isotropic, which is probably due to a
complicated reaction mechanism involving an inter-
mediate nuclear state. This is to be expected since,
when the target ground state has 51;0+, the only
mechanism by which a 7/2% level can be excited in a
direct process is by thé removal of a 57/2 neutron.
Phis admixture is expected to be small in light nuclei.

. Phe levels at 2.35 and 4.37 MeV are excited by
an.1L=0 pick-up (Fig. 5.6) and therefore have 51=1/2+.
Levels in 23Na with the same J have been observed at
similar excitation energies (Ha6l4). The 2.35 MeV
level is assumed to be excited mainly by a pick-up
from Nilsson orbit 6 (Du66), and ghould be the only
1/2% level excited in 23!3. The excitation of both
the 2.35 and 4.37 MeV levels is therefore evidence
for configuration mixing between Nilsson orbits.

The angular distributions obtained for the 2.71,
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3.79 and 6.02 MeV levels in 23Mg have shapes correspon-
ding to jgzl pick-ups, which indicates that these
levels have negative parity with J=1/2 or 3/2 (Fig. 5.7).
The spin and parity of the 2.64 MeV level of 23Na,

which should be the mirror to the 2.71 MeV level of

23Mg has been previously reported as 1/2% (Bré62).

DuBois et. al. (Du67), who have recently studied the
24Mg(3He,d023Mg reaction, have confirmed the assignments
g€iven here for the 3.79 and 6.02 MeV levels. However,
they conclude that the excitation of the 2.77 MeV level
is due to an‘pn=l pick-up, whilé the level at 2.71 MeV
is possibly excited by anwﬁn=3 tfansfer. The energies
measured for these two levels in the present work are
estimated to be in error by about ¥ 20 keV, and it
appears from the deuteron spectrum (Fig. 5.2) that

the most strongly excited level in the doublet corre-
sponds to the lowest excitation energy. It was this
portion of the compusite peak that was analyzed by the
method discussed earlier to obtain the angular distri-
bution shown in Fig. 5.7.

The origin of the picked up neutrons in the exci-
tation of the,9n=l levels is ambiguous. It is not
clear, even from the spectroscopic strengths (Chapter
6), whether these levels are excited by a pick-up
from the 1p shell, the 2p shell or both. This ambiguity
is discussed further in Sec. 5.2.1 (b), as.1;=l levels
of relatively low excitation energy are also.excited

in the 28Si(p,d)27Si reaction.



5.1.2 J-dependence

J-dependence for the 24Mg(p,d)23hﬂg reaction is
observed in the angular aistributions for the ground
(3/2%) and 0.45 MeV levels of 23Mg (Fig. 5.4). The
5/2+ distribution has a steeper overall slope versus
angle than the 3/2% distribution, while the forward
maximum for J=5/2 seems to occur at a slightly smaller
angle than for J=3/2. Although the J-dependence here
seems relatively weak, the effects are generally oppo-
site to those observed for most of the other nuclei

investigated in this study.

5.1.3 Summary

The results obtained from previous work on the
A=23 mirror nuclei are summarized in thevievel diagram
(a) of Fig. 5.8 (Br62, La65), while the results fram
this experiment are shown in Fig. 5.8 (b). Errors
in thé energy measurements are indicated wherever the
agreement with Fig. 5.8 (a) is not exact. In addition
to the levels shown here, several othershave been
observed recently in 24&5(3Heﬁi)23xg experiments (Job66,
Du6é6, Ha67). The energies for four of the levels are
in agreement with those found by Ref. Haé67 at 4.362,
5.286, 5.7 (doublet) and 5.986 MeV, respectively.

In general, there appears to be extensive config-

uration mixing of shell model states, and even some



mixing of Nilsson orbits, in the ground state wave
function of 24Mg.' This is not surprising, since

the deformation of 24Mg is believed to be large (St65).
The level order of ?BMg, at least for low excitationms,
seems to be consistent with a rotational model and a

prolate deformation.

5.2 29%si(p,a)?7si

5.2.1 Results and Interpretation

Typical deuteron épectra from the (p,d) reaction
on the 510 target are shown in Figs. 5.9 and 5.10 for
laboratory angles 25° and 80°, respectively. Several
excited levels of 2[51 and 150 were observed with an
overalili energy resciution of 95 - 100 keV. For emis-
sion angles GLA%'73° the deuterons from the =20 gr ound
state had energy less than or equal to those from the
2731 ground state. The differential cross-sections
for the 2751 levels were obtained at the kinematic
cross—-over angles oy interpolating both the oxygen and

silicon angular distributions.

(a) Positive Parity Levels

285 (p,a)?7si

Six deuteron groups from the
reaction are obsérved to arise mainly from an.2n=2
neutron pick-up (Figs. 5.11 and 5.12). Spin and
barity assignments of 5/2%, 3/2% and 5/2% for excitation

energies 0.00, 0.952 and 2.647 MeV, respectively, are
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obtained from corresponding levels of known spin and
parity in the 2'Al mirror nucleus (En62). The 2.90
jileV excitation is known to consist of two levels which
are separated by about 40 xeV, one of which has been
assigned 5W=3/2+ (znb2). Since the FWHM of this group
in the spectrum (Fig. 5.9) is about 46 keV larger than
that for the other levels, it appears that both levels
may be strongly excited. Therefore, since the sum of
their angular distributions retains the‘jn=2 shape
with no ambiguity, ine assignment Jf=(3/2, 5/2)% may
be reasonable for both levels, unless one of them 1is
not excited by a direct process.* The angular distri-
bution for the 4.275 eV level (Fig. 5.12) indicates
some admixtures from other unresolved levels having
j:*Z, but the main contribution appears to be fram the
1d shell, resulting in an (3/2, 5/2)% assignment for
this level and the level at 6.343 MeV excitation.
Phis assignment has also been obtained for a level 1n
27Al at 4.403 MeV from the 2881(&, 3He)27Al reaction
(Wie7).

The excitation of the 0.774 MeV level is evidence

28

for a 281/2 admixture in the Si ground state. The

1n=0 angular distribution for this level is shown in

Fig. 5.13, and the 1/2+ assignment is consistent with
* A recent 28Si(d, 3He)27Al experiment where the mirror
of this doublet is resolved has indicated that the ang-
ular distribution for one of the levels is relatively
isotropic (Go67).




10.0F————————— T
1 Si(p,d)*'si
: E, =33.6 MeV
\ ln = O,l Levels
1o ¥ ™ i
< \s/ \ N E,=0.774MeV
S s \ 7= 1/72* '
W, \
X
10} \.,-’ e -
},i\ \
(Sisz) $ *\\+/&*\§ } -
da \ \)/
c.m. | * §
mb/sr \6\/ \ L E=4127 Mev
S \ ¥ ™ JT=2,372) -
/’\ R |
b } ;\ N o d
’\;\ \L_*/
o1 (\W*\ E,=5233 MeV -
.\v J'-(l/2 3/2)
- 4/\ <
O'mo éo 410 slo B'O 160 |£o I4.0 |éo 180
' cm
Figure 5.13.

L o  omen Gl e 2w

Deuteron angular distribut

S T ~oax i

ions for the 0.774, 4.127

4‘2704 sy o pm we B oem



that for the 1irst excitec state of 27Al (En62).

The fact that the °'5:i ground state has f«=5/2+
would suggest a spherical or prolate shape (§20) on
the basis of the Nilsson model (Fig. 5.1), but the
existance of the 1/2+ level at low excitation energy
(0.774 MeV) suggests a pick-up from Nilsson orbit o
with an oblate deformation (5<0). Also, the 0.952
MeV 3/2+ level could ve excited by removing a neutron
from orbit 7 with either a positive or negative S.

It is thus difficult to interpret the ground state
of 2881 in terms of the simple Nilsson model. This
is not inconsistent with the result of a recent
Hartree-Fock calculation, which suggests that the

2831 nucleus undergoes shape oscillations (Mu67).

(b) Negative Parity Levels

Tne angular distributions for two.ﬂnzl levels
of 2751 at 4.127 and 5.233 MeV excitation are also
shown in Fig. 5.13. The corresponding levels in
the mirror nucleus have been observed by Wildenthal
and Newman in the 28Si(d, 3He)27Al proton pick-up
reaction (Wi67). The predictions of Hartree-Fock
calculations (Da66) and the conclusions of proton
knock-out experiments (&i65, Ja66) indicate a separa-
tion energy difference between the 1lp and 2s-1d

shells of 10 to 20 MeV in this mass region. This

led to the conclusion that, because of their low



o7

excitation energy, these levels are excited mainly
by & pick-up from the 2p shell (Wie7). It seems
wortnwhile to note, however, that in the analysis
of (p, 2p) data, it 1s difficult to distinguish be-
tween nuclear shells Ior wmch ﬂ%o (R165). For
example, the data corresponding to a'proton knock-
out from the lpl/2 shell ccpld look very similar

to that for a d5/2 shell knoek-out. In Fig. 5.14
the (p,d) reaction Q-values to the.1;=l levels of
lowest excitation are plotted for the N=Z, even-
even nuclei for A=i6 - 28 (Labl and this thesis).
Since the transiticon to the 150 ground state 1is

due to a pick-up from the lpl/2 shell, it seems
reasonable, trom the observed trend in the neutron
separation energy, that the.2n=l levels in the
other nuclel could also be excited by a 1p pick-
up. The strengths of these excitations are of
little nelp in resolving this ambiguity, since a
DWBA calcqlation predicts a much lower spectro-
scopic Iractor for a 2p pick-up than for a lp pick-
up (See Chapter 6). OUne can conclude from the plot
in Fig. 5.14, however, that the evidence is at least

as strong for a lp hole state as for a 2p admixture.

5.2.2 J-dependence

The angular distributions for the ground (5/2%)

and 0.952 MeV levels (3/2%) (Fig. 5.11) seem to be
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very similar in snape, althcugh there seems to be a
flattening of the crouss-section for the 3/2% level
for eci%. 60°. The angle at wnich the forward max-
imum occurs in the 3/2% aistribution is apout the
same, or slightly smaller than for J=5/2. The rela-
tively poor statistics for the 3/2% level make this

judgment difficult.

5.2.3 Summarx

The excitation‘energies, spins and parities of
the levels excited in the 28Si(p,d)2781 reaction are
shown in Fig. 5.15. The energy measurements for the
first six excited levels are in agreement with Ref.
En62. Due to the constant presence of well-known
l50 levels in the spectrum, energy measurements with
¥10 kev error were possible in many cases.

The level order of 2751 is difficult to inter-
pret on the basis of a simple rotational model,
especially if the ground state transition is included.
The large number of levels excited by the direct
pick-up process indicates that the configuration
28

mixing in the Si ground state is complex.

5.3 +99(p,d)%0

The ground and 6.16 MeV levels of 15O are
strongly excited in the (p,d) reaction on the Si0
target (Figs. 5.9 and 5.10). These levels have
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spins.and parities 1/2° and 3/2° respectively, corre-
sponding to 1p1/2 and lp3/2 nedtron pick-ups. The J-
dependence in their angular distributions (Fig. 5.16)

160( )1

is similar to that observed in the 5O reaction

p,d
with 35 and 40 MeV protons (Gr66). There is generally
more structure in the j=1;-1/2 distribution than for
J;j%+l/2, which 1is also the case for ,§n=2 plck-ups

from 328, 36Ar and 40

Ca (See Secs. 5.4 - 5,6). The
well known *20 doublets (Labl) at excitation energies
5.2, 9.5 and 9.6 MeV are indicated in the spectra (Figs.
5.9 and 5.10). A level at E _=10.55%0.05 MeV in 50 is

also observed.

5.4 25(p,a)3s

5.4.1 Results and Interpretation

Figures 5,17 and 5.18 show deuteron spectra from
the (p,d) reaction on the HQS gas target at laboratory
angles 30o and 9d’. The overall resolution 1s about
120 keV. Many of the thirty-nine levels observed in
a 328(3He,9()3ls.experiment (Aj66) are accounted for,
in addition to a very weak level at EX=3.OEfO.02 MeV
which had been observed earlier (We65, Ne63). No
strongly excited 318 levels are observed for Ex>7'05
MeV.

The deuteron angular distributions from levels

of 315 at 1.24, 2.23 and 4.09 MeV excitation energies
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are shown in Fig. 5.139. ALl of tnese aistributicns
correspond to,an.ﬁ%:é neuiren pilck-up, and the respec-
t1ve assignments 3/2+, 5/27 and 5/2+ are consistenmnt
with those for the corresponaing levels in the mirror
nucleus 31P. Angular distributions were also mea-
surea for the ground, 3.23, 4.72 and 7.05 MeV levels
and are shown in Fig. 5.20. The ground state corres-
ponds to an.jL:O pick-up and has the expected spin
and parity of 1/2%. The distribution for the 4.72
MeV level could also be due to an l;=0 pick-up,
although the statistical errors are quite large. The
3.29 MeV level is excited mainly by an 1;:2 pick-up,
although the angular distribution indicates the.
présence ¢f other admixtures. Ajzenberg-Selove and
Wiza (A)66) have reported a level at 3.359%0.015 MeV,
which would be unresoclved here. The (5/2)% assignment
1s consistent with the assignment for a possiple
mirror level in 31P at the same energy (En62). The
7.05 MeV aistribution also corresponds to an j;=2
plck-up, inaicating that JW=(3/2, '7/2)+ for this level.
| The first three levels of 91§ are the 0.00 (1/2%),
1.24 (3/2%) and 2.23 HeV (5/2%) levels, whose spins.
and parities are consistent with a rotational band
based on a neutron hole in Nilsson orbit 9 with either
a prolate or an oblate deformation (Fig. 5.1). This

pdssibility will be investigated further in Chapter 6

Dy compering the experimental spectroscopic factors



0
E 328,(p.d)3'8 ;
- E, =33.6 MeV
RV P
\ £, =2 Levels
|.0-1 A

T ¥y T 111ty

1

da em O
mb/sr

\
|
N
Ex 13.23 M+eV
fog\\ k\\Lr*rK J =56/2

T T 1 TT¥r?

.

0.1 1

T ™ T T TrITY
jff(/ m
»
/]
n
H
5
<

|

60 80 100 120 140 160 180
'

cm

O0OOH——p—1 4
0O 20 40

Figure 5.19. Deuteron angular distributicns for the 1.24, 2.23,
and 4.09 MeV levels of 313 from the 328(p,d)318 react’un. The
J-dependence is similar to that observed by Ref. G165 iaj.



100

1.0

\ %S (pd)¥s
A E, = 33.6 MeV
\‘/ £,= O,2Levels

$
10} \ \ .('*0\ -
}ﬁ o~ fi % Ground State
) ‘\-Q" ¥ +
')l ] K $ \} N J =1/2 7
) N N\
em N, E4.72 MeV '\\.\
4 \ JT=(172%) bpy
1o f TN pw Ex=329Mev
° °. L +
e e VTE(/2)
- *f '\. ¢ ~ .
\ .
o\. \*\*/}
\.
o1} Vﬁ"\., E,=7.05MevV |
J%=(3/2,5/72)*
_ % -
N~
N
$
B
0.0l 1\ 1 1 1 1 1 ]
O 20 40 60 80 100 120 140 160 180
Oc.m
Figure 5.20. Deuteron angular distributions for tie D.20,
ind 7.05 MeV levels of 315 frem the 32S(p,d)318 reacticn.



with theoretical predictions of Nilsson model wave

functions.

5.4.2 J-dependence

The J'=3/2% ana 5/2% angular distributions showr
in Fi1g. 5.19 exhibit a very striking example of J-
dependence in the 1d shell, which is similar to that
observed in the (p,d) reaction with 28 MeV protons
(G165 (a)). The forward maximum of the distribution
for the 1.24 MeV level (3/2) in 31g occurs at a smaller
angle than the distributions for either the 2.23 MeV
or 4.0y .seV levels (both 5/2), and drops off much
more rapidly to the first minimum. The oscillatory
structure is much more pronounced for J=3/2; in fact,
the second maximum (6:345’) is barely noticeable in
the angular distributions for the 5/2% levels. Tt
is evident that the 4.09 MeV level, whose distributiem

1s 'also shown in Fig. 5.19, could have been assigned

w

J =5/2% on the besis of J-dependence alone. This is

an example of the usefulness of J-dependence as a

spectroscopic tool.

2+4.3 Summary

Figure 5.21 shows the 515 levels indicated in
the deuteron spectra (Figs. 5.17 and 5.18). The energy
measurements are in agreement with the results of Ref.
Aj66, to within about %20 keV for each level.

Due to the 5p1ns and parities of the strongly



'S Level Diagram

705 - (3/2,5/2)
6.40
599 .17 } 4 Levels
570 : }5 Levels
542
472 |
145 —e. (1727
4.09 —e 5/2*
gﬁgg?ﬁ.o”z - (572)°
.23 - 5/2*
.24 A‘ 3/2+

5 &S — |72

SIS

=

-12.861%5+p-d

Figure 5.21. 3lg levels observed in the 323(p,d)313 reacs oo

heavy dots indica=e levels for which angular distribu
measured.



excited levels, it eppears that the configuration
mixing in the 325 ground state is less complicated
than in 2*%g and 2°Si (Secs. 5.1 and 5.2). In fact,
the only confirmed admixture of sizeable strength 1s
a [d3/2j2 configuration which results in the strong
excitation of the 1.24 eV 3/2% level. The spins
and parities of the ground and first two excited
states are consistent with the strong coupling rota-

tional model.

5.5 3%r(p,d)3%m

5.5.1 Results and Interpretation

Thirteen deuteron groups, corresponding to levels
in 35Ar, were observed in the 36Ar(p,d)35Ar reaction.
Typical spectra from the gas target described in Chay-
ter 4 are shown in Figs. 5.22 and 5.23, where the
overall resolution is about 130 keV.

' Angular distributions were measured fcr ten leve.s
of 35Ar and are shown in Figs. .24, 5.2% and 5.26.
The.gn=2 distributions for levels at U.0C, 2.60, 2.%%
and 6.82 MeV excitation (Fig. 5.24) show that they
are excited by neutron pick-ups from the d3/2 and dj/2
shells. The spin assignments for the 2.60 (3/2%) ano
2.95 MeV (5/2+) levels are made on the basis of the
obéerved J-dependence discussed in Sec. 5.5.2. The

ground state assignment of 3/2+ corresponds 1o the

spin and parity of the 3%¢1 mirror nucleus (En62).



300 T T ‘
*Ar (p.d) *%Ar s
Ep=33.6 MeV P
+ @
0 OLan = 30° = o =
2 g 0 /
S 200t > = . -
< N ) Q
I ~ o "
8) v, 0 i (o]
N N o
;) '?).¢ I‘\"B + — o
= SSST YRISE| |
S 100t = Vl — ez e .
®) NN - IONO O 1O O
@ o Jeor - |lo K
O dwmandvm'd -
i)
ju i
o] IDNT ., hm’ + l}i&. IJ Qk;\A} ‘_J - N
250 750 1000

CHANNEL NUMBER

Deuteron spectrum from the 36Ar(p, )35Ar re~:vion av

=+, .-=30 . I- 1s apparent that all of the 2s-1d shell hols strength
als been observed.

Figure 5.23.

2 AB=85..

40 T T
38 38
Ar (p.d) Ar @ |8
E, = 33.6 MeV TP
20 6Ly " 85° : ;
z @ |
Z o o
< o ‘
5 295
\20 - w\‘?w o -
O = |llo
wn
2 c R
2 5|
= 1S 1
ST memi-MIE N -
=i
T L U
0 - .. J .‘.J.U._E RPN
250 500 750 1000

CHANNEL NUMBER
Deuteron spectrum from the 36Ar(p,d)35Ar reac- ion at



10.0

¥ ¥ T -
- 3¢ | 386,
! E,>33.6MeV
Fo
i \ A,=2 Levels -
1.0 i —
. 5
i \! t 3N 7
5 ’}f!\ \! /!/ i
- h \ “§ !\ B
{ i Ground State
r) »O.l(\- \!\ilf\l V*\;\ J'f 3/2 ]
Yem [ o ek i |
> o Yoo N S
1.0 ? \ \{\i E,=2.60 Mev 'E
- \ Ny =32 ]
- LN I\ ~
i { ‘\l }\} -
B /IT\ N -
B { \ \I i .
\!_I, \I
! \! E,=2.95 MeV
O1E \ i F(ss2r
- { 8% /Vi\ I .
~ Ex = 6.82 MeV .
- J¥= (3/2,5/2) \/ -
B -
0.0l i L 1 1 1 ] L i
O 20 40 60 80 100 120 140 160 180
ec.m.
lgure 5,24, Deutercn angular discributions Po; “ne 2,00, .
nd 6.82 MeV levels of SPAr Zrom “he 36Ar(p, )3 Ar peacri
Siignments o “he 2.AC and 2.95 MeV levels are made o e

~dependence.



The spin of the ©.32 eV level is uncertain but
must be either 3/2 or 5/2. The distributions for the
.57 and ©.0l MeV levels elso correspond to an,gn=2
pick-up (Fig. 5.25) anu are therefore assigned J7=
(3/2, 5/2)7.

The angular distritutions for the 1.13, 4.70,
6.02 and 3.19 eV levels of 3 Ar are shown in Fig.
5.20. The first tnree of these correspond to an

Y/

1‘
n:O pick-up and therefore have J =l/2+. The distri-

bution for the 3.1Y MeV level peaks at 6c3%'30°,
which indicates that tnis level is excited by the
pick-up of an‘ﬂn=j neutron. This indicates config-
uration mixing with the 1f shell in the 36Ar ground
state. The level is assigned J¥=1/2" since a spin
of 7/2 1s most prooavle from a shell model stand-
point, and the mirror level in 3501 18 believed to
heve tne same assignment (Ené2).

The spins and parities are 3/27, 1/2%, (5/2%),
(3/2)* and” (5/2)* for levels of JJAr at 0.00, 1.18,
1.70, 2.60 and 2.95 eV respectively, where the
assignment for the 1.70 MeV level is assumed from
the mirror level in -°C1 (En62). By inspection of
Fig. 5.1, this level order is consistent with that
of rotational bands based on neutron pick-ups from
Nilsson orbits 8 (first and third levels) and 9
(second, fourth and fifth levels) if -o.2<§<o
(oblate). The 4.70 MeV level (1/2%) could then be

excited by a pick-up from orbit 6, with at least
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three remaining candidates (5.57, 6.01 and 6.82 MeV
levels) for the 3/2% and 5/2% levels of this band.

The excitation of a third 1/2% level (6.62 MeV) and
a 7/2° level (3.19 MeV) indicates some configuration
mixing of Nilsson orbits, possibly to orbits 11 (K=

1/2) and 10 (K=7/2), respectively.

5.5.2 J-dependence

The J-dependence observed in the 36Ar(p,d)35Ar

reaction for 3/2% and 5/2% levels (Fig. 5.24) is
very similar to that for the 32S(p,d)3lS reaction.
The anguiar distributions for the 2.23 and 4.09 eV
levels of °°S and the 2.95 MeV level of J°Ar are
practically identical in shape for ecf;.gd’ (Figs.
5.19 and 5.24). Since both of the -*S levels have
J=5/2, the 2.95 MeV level of -2Ar is assigned J =
(5/2)%. The distributions for the ground and 2.6C
MeV levels in 35Ar are similar to the distribution
for thne 51§ 1.24 MeV level (3/2%), although the
oscillatory structure is not quite so pronounced.
The existance of the 45o maximum and the relatively

small angle for the forward maximum in the distribu-

tion for the 2.60 iMeV level results in its assignment

of J“;(3/2)+.

5.5.3 Summary

The diagram in Fig. 5.27 summariges the infor-

mation obtained about the level structure of 35Ar
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frem tne (p,d) reaction. The large deuteron energy
losses (~300 kxeV) in the 1o mg;/cm2 tavar windows of
the gas cell partially coentributed to the errors in
measuring tne level energies. The energies of the
first rive exciteu levels correspond closely to
levels in the 55Cl mirror nucleus. |

Trne corcering ¢f the 3bAr levels appears to be
qualitatively consistent with an oblate deformation

in tne strong coupling rotationel model.

5.6 40Ca(p,d)jQCa

5.c.1 Kesults and Interpretation

The deuteron spectra shown in Figs. 5.28 and
5.¢% are similar t¢ those cobtained from the 4OCa
(p,a)3%a reaction by u«lashausser, et. al., with
27.3 iieV protons (Glo5 (b)). A natural calcium foil
of 1.1iv mg/cm2 was used where 2 resolution of 100
keV was obtained, and the normalization was checked
with 1.67 and 2.27 mg/cm® foils. An oxygen contam-
inant of about 3% is indicated by the l50 ground
and 6.16 eV levels, bﬁt this interfered with the
data analysis only at the forward angles (Gﬂéb 15°%).
Although about 12 MeV of excitation in 390& is
observed, there appears to be no excitation of
appreciable strength beyond the 6.15 MeV level.

The angular distributions for the 0.00, 5.13,
5.48 and 6.15 MeV levels shown in Fig. 5.30
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all ccrrespond tov an ﬁr=2 rick-up. The ground state
T L+ . . ,
has J =3/2°, whicn corresponds to the spin and parity

>J¢. The peak differential

of the mirror nucleus
cross-section ootained at 3.t MeV pomberding energy
was about 6.U mo/sr, ana all three pormalization

checks agree within tne statistical error. Glashausse:
et. al. (Glo5 (b)) cbtained a value of ~3.0 mb/sr at
27.3 #eV pombarding energy, while Cavanagn et. al.
(Cao4 ) measured ~4.5 mb/sr for the peak cross-section
witn 30 eV protens. This indicates that the absclute
aifterential cross-section may be quite sensitive tc
the bombarding energy.

The 5.13 eV level is assigned Jﬂ.=(5/2)+ on the
basis ol tne J-dependence cbserved in the angular
distributions (See Sec. 5.6.2). Although the angular
distrioution for the 5.48 MeV level has tne basic
1n=2 shape, which results in the (3/2, 5/2)% assign-
ment, it alsc appears to contain contributions from
unresclvea levels corresponding to different.gn values
(e.g., ano). The angular distribution for the 6.15
MeV level is very similar to that for the 5.13 MeV
(5/2%) level and, from shell model considerations, a
strongly excited 3/2+ hole state of this excitation
energy is not expected. The 6.15 MeV level is there-
fore given the tentative assignment Jﬂ;(5/2)+.

Figure 5.31 shows the angular distributions
trom 3%Ca levels at 2.47, 2.80 and 3.03 MeV. The
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2.47 weV level corresponds to a neutron pick-up
from the 251/2 shell and thus has f«=l/2+. The
shape o the distripution for the 2.30 MeV level

1s very simliar to tkat for the transition to the
3.19 MeV level in ijr {vec. 5.9.1), wnich correg-
ponds to an LL:} pick-up. Therefore, configuration
mixing of the form Ld3/2j'2 [f7/2j2 is apparent in
the 4OCa ground state, 1n qualitative agreement
with the results of kef. G165 (b).

The 3.03 eV level has been variously quoted
as corresponding to f;:l and.éL=2 neutron pick-ups
in 4OCa(3He,OC)390a reactions (Cl65, B065), while
the mirror lievel appears to be excited by an_i;=l

pPick-up 1n the 4v

Cal(a, 3He)”K reaction (Hié7).
The present results indicate thatthis level corres-
ponds to an,9n=l pick-up and has Jﬂ;(l/Z, 3/2)7, in
agreement with Ref's. C1l65 and Hié7. Even though
thé statistics are poor, the angular distribution
seems to be peaked at Qc?;.15°, while the forward
maxima of the‘fn=2 distributions are peaked at 20°
to 25° at this bombarding energy. These results
indicate that there 1s some configuration mixing
with the 2p shell as well as the f7/2 shell in the
40Ca ground state. The strengths of these admixtures
are given in Chapter 6.

Sihce there is no apparent evidence for rot-

ational bands &t low excitation energies in the 390a



ievel structure, an interpretation of these levels
in terms of the hilsson model seems meaningless. The
strong excitation of tne 3/27(g.s.) and 1/2% (2.47
MeV) levels is in accordance with spnerical shell

moael predictions.

5.6.2 J-dependence

The J-dependence in the angular distributions
for the 0.00 (3/2%), 5.13 (5/2%) and 6.15 MeV (5/2%)

39

levels in a (Fig. 5.30) is very similar to that

3bAr(P,d)BSAI‘ and 32S(p,d)le reactions

observed in the
(Secs. 5.4.2, 5.5.2). The spin assignment J‘«z(b'/2)+
to the 5.13 and ©.15 MeV levels was partially based

on this similarity.

5.6.3 Summary

A summary of the excitation energies, spins and

pafities of the cha levels observed in the 40

Ca(p,d)
390& reaction is shown in Fig. 5.32. The energy
measurements are in agreement with those of Refs.

G165 (b) and En6b2, with an experimental error of about
120 kev.

The level order and strengths of the levels
excited in the (p,d) reaction indicate that the 40cq
ground state is probably less deformed than the other
nuclei studied. However, the presence of 1f and 2p

shell admixtures is also evident.
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Figure 5.32. 3¢a levels observed in the 40Ca(p,d)390a reaction.

Angular distributions were measured for all levels shown.



5.7 Summary of =zxperimental Results

The excitation of hole states in 2s-1d shell
nuclei via the (p,d) reaction has shown that the
configuration mixing of shell model states is
apprecliaple 1n the ground state waﬁe functions of
all the target nucliei investigated. The strong
coupling rotational model seems to gualitatively
explain some of the level structure of 23Mg, 315
and 35Ar. An interpretation of the level order
of 2781 in terms of rotational bands is not obvious.

The doubly magic 40

Ca nucleus, although apparently
more spherical than the others; contains admixtures
with both the 1f and 2p shells.

The J-dependence observed in the forward angles
of the.£L=2 angular distributions seems to follow
a systematic trend through the 2s-ld shell. The
forward maxima of the 3/2% angular distributions
occur at smaller angles than the maxima of the 5/2%

distributions for (p,d) reactions on 4OCa, 36

324

Ar ana

, While the opposite effect is observed in the
24Mg(p,d)23Mg reaction. The J-dependence is slight

in the ZSSi(p,d)27Si reaction. Since the gquadrupole
deformation changes sign in the mass region A28
(Mu67, Cr66), it appears there may be some correla-
tion between J-dependence and the nature of the
nuclear deformation. The effects for A>28 are similar

to those observed in other pick-up and stripping



s

reactions in the 1f and 2p shells (Wh66, Shé65, Le64,

G165 (a)). The J-dependence at large angles appears

=<

to follow no definite pattern. For 6.

90°, all of
the 5/2% distributions are very similar in shape,
while the 3/2+ distributions sometimes undergo very
distinct changes from nucleus to nucleus. The use-
fulness of J-dependence as a spectroscopic tool has
been demonstrated by the assignment of spins to levels
in 315, 3%ar and 3%a.

The experimental results for J-dependence have
been summarized by plotting the difference in positions
of the forward maxima of 3/2 and 5/2 distributions
versus mass number (Fig. 5.33). The vertical axis is
in terms of the momentum transferred to the reaidual
nucleus, which reduces whatever phaseAdifferences that
may arise from the two levels of a given pair having
different reaction Q-values. (The differential cross-
séctxon for each of these levels is plotted versus
momentum transfer in Chapter 6,) The 3/2% anda 5/2%
distributions represented correspond to the level of
each respective spin having the lowest excitation
energy. A DWBA analysis of J-dependence and the
extraction of spectroscopic factors to provide gquanti-
tative information on configuration mixing is carried

out in Chapter 6.
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Chapter ©

Anaiysis with the Distorteda Wave Born Approximation and

Comparison to Theory

The experiméntal (p,d) angular distributions discussed
in Chapter 5 were analyzed in the distorted wave Born
approximation (DWBA) with respect to“J—dependence and the
calculation of spectrosccpic factors. The calculations
were performed with the Macefield computer code in the
zero range approximation. Thé optical model parameters
used in this analysis are discussed in Sec. 6.1; the

results are presented in Secs. 6.2 and 6.3.

6.1 Optical Model Parameters

The optical model parameters used to'generate the
incident channel wave functions for the DWBA calculations

26Mg(p,p)26Mg: and 36Ar(p,p)B'éAr

were ootained from
elastic scattering experiments at 33.6 MeV bombarding
energy. A best fit to the angular distributions was
obtainea by varying the parameters in an optical poten-

tial with surface absorption,
’ v ) A B (r)
Vi) ==V, fo-ida ¥ l:_lf.rfcx)‘ Vool

Eq. 6.1

where f(x) is the Woods-Saxon form factor:



/2]

foo= 1/(1+eY)

/ i
X= (f‘-f;/\‘/’)/a'a) X ::((-QA 3)/622

Eq. 6.2
The optical model search program ABACUS (Au62) was used
to obtain the>fits to the data shown in Figs. 6.1 and
6.2. No spin-orbit interaction was included, since the
DWBA code was not equipped to perform a spin-orbit
calculation. It is seen that the fits are still quite
good, especially for the 304r data (Fig. 6.1). The fit
to the 26Mg date with the 36Ar parameters and the fit

obtained in the search on 26

Mg are shown in Fig. 6.2.
As can be seen from Table 1, the parameters are very
similar for the two nuclei. It was therefore assumed
that the basic optical parameters are reasonably con-
stant with mass number in the 2s-1d shell, and the ZGMg
parameters were used in the DWBA calculations for the

2881 while the 36Ar parameters

(p,d) reaction 24Mg and
were used for 328, 36Ar and 40Ca.

Deuteron optical parameters have been obtained by
Perey and.Perey (Pe63, Pe66) for Ca and Mg nuclei at
various bombarding energies, and by Cowley, et. al.
(Co66) for 2741 and 3%s targets at 15.8 MeV bombarding
energy. An.attempt to fit a (p,d) angular distribution

was made with each set of parameters but anly those

obtained by Ref. Cob6 for 325 resulted in reasonable
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Figure 6.1. Optical model fit to 36Ar(p,p)36Ar elastic

scattering data. The parameters are listed in Table 1.
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DWBA fits to the data. These parameters are also»listed
in Table 1 énd were used for all the targets in this
work. An imaginary surface well depth (W) of 25 MeV
resulted in slightly better fits than the depth of 20
MeV obtained from the elastic scattering. It was neces-
sary to further increase this depth to 35 MeV in order
to obtain reasonable fits to the data from the 24Mg
(p,d)23Mg reaction.

6.2 DWBA Analysis of J-dependence

It was observed experimentally (Chapter 5) that the
J-dependence in the _£L=2 angular distributions is quite
pronounced in many cases. An attempt is made here to
obtain DWBA fits to the forward maxima of the 3/2% anad
5/2+ angular distributions by using different radii for
the neutron well. This procedure has been suggested by

Pinkston and Satchler (Pi65). The Woods-Saxon potential

o A"
V(r)='\{/[1 + e*?(ia_:_-)_]

Egq. 6.3
was used, where the depth Vo is determined by the neutron
binding energy. As was mentioned earlier, we were unable
to include spin-orbit effects. Also, it was seen in Chap-
ter 3 that a spin-orbit potential in the neutron well
predicts an effect that is generally opposite to the
6bserved J-dependence at the forward angles.

The radius corresponding to the pick-up of a d5/2
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neutron was kept constant at 3.79 F. =l.25(28)]‘/3 F. for
all targets'having A228. This effectively assumes a 2881
core that does not change in physical size. The radius
parameter rOn was then varied in an attempt to obtain aﬂ
DWBA fit to the positions of the forwgrd maximum in a J =
3/2+ angular distribution for each nucleus, and to simul-
taneously fit the slope following the forward maximum.
The diffuseness (an) was kept constant at 0.65 F. for all
cases shown here, except for the fit to the 3/2% distri-
bution in 318 (See Sec. 6.2.3). It was observed during
this analysis that changes in diffuseness produce effects
similar to changes in radius in the DWBA calculation.

A pair of levels from each nucleus, one having Jﬂ;
3/2% and one 5/2%, was selected for this analysis. The
experimentally observed effects are discussed in more
detail in Chapter 5. The strongly excited level correspon-
ding to the lowest excitation energy was chosen for each
spin, and the differential cross-sections of these levels
are plotted versus the momentum transfer'/%J in Figs.
6.3 - 6.7. The 5/2% distributions always appear at the
top of the figure, and are renormalized as indicated. A
momentum transfer of 300 MeV/c2l.5 F'l corresponds to a
center of mass angle of approximately 70°, while the
forward maxima occur at 6,% 20°- 25°. DWBA fits to the

.m.
data, which are also shown, are discussed below.

6.2.1 *%a(p,d)3%a
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Figure 6.3 shows DWBA fits to the distributions from
the ground (3/2%) and 5.13 MeV (5/2%) levels of 3%a.
The neutron well radius parameter of l1l.11 F. for the J=
5/2 calculation arises from the assumptiion of a constanf
d5/2 radius (R5/2=3.79 F.), and seems to give a reasonab.e
fit to the data. As 1s shown by the dashed curve, this
same radius does not result in a good fit to the forward
maximum of the ground state (3/2%) distribution. A larger
radius (ro =1.35 F.) predicts the oscillatory structure
of the J=372 distribution more accurately for I%»Iﬁl.z pTd
but it appears that the general flattening of the 3/2%
distribution for larger values of L%J cannot be accounted

for by a simple change in radius.

6.2.2 Oar(p,d)3ar

The J-dependence observed in the distributions for
the ground (3/2%) and 2.95 MeV (5/2%) levels of 3°Ar (Fig.
6.4) is very similar to that from the 4OCa(p,d)Bgca reac-
tion, and similar neutron parameters were used in the
DWBA calculation with about the same degree of success.

The assumed d5/2 radius of 3.79 F. corresponds to an r,
n
of 1.15 F., while the r, for J=3/2 (1.35 F.) is the
n

same as that used to fit the 390& groﬁnd state distribu-~

tion.

6.2.3 3%5(p,d)3ts

As was described earlier (Chapter 5), the J-dspend-
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ence for the 2.23 MeV (5/2%) and 1.24 MeV (3/2%) 1evels
of 318 is Very pronounced. The DWBA fits to the dats

for these levels are shown in Fig. 6.5, where it is seen
that the fit to the J'=5/2% distribution is quite good.
The 3/2+ distribution drops much more rapidly from the
forward maximum than the 5/2% data, and this is not
reproduced by using the assumed d5/2 neutron well radius
(ron=l.20 F.) in the DWBA calculation. The radius para-
meter was increased to 1.65 F. and the diffuseness to

0.75 F. in order to fit the data for[%}ﬁi,O.B Ffl; how-
ever, this resulted in a wrong prediction for the position
of the second maximum at /%+~ 0.9 F1. 4 calculation
where r°n=l.75 F. and a =0.65 F. (not shown) fits the

forward angles equally well but results in an even worse

prediction for the second maximum.

6.2.4 2%si(p,a)27si

- The distributions for the ground (5/2%) and 0.95
MeV (3/2%) levels of e7si are shown in Fig. 6.6 where it
is observed that the J-dependence is relatively weak.
The position of the forward maximum of the 3/2% distribu-
tion appears to occur at a slightly smaller /%1 than the
5/2% maximum. However, the slope following the maximum
is, if anything, less steep for J=3/2 than for J=5/2.
These two effects compete when the neutron radius or dif-
fuseness is varied in the distorted wave calculation, &0

no variations were made in this case. The DWBA prediction
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is shown normalized to the data for both levels, and is

in excellent'agreement with the ground state (5/2%) dis-

tribution.

6.2.5 “ig(p,d)3ug

As was seen in Chapter 5, the experimentally observea
J-dependence effects in the distributions for the £round
(3/2%) and 0.45 MeV (5/2%) levels of 23Mg is generally
opposite to that observed in the (p,d) reaction on most
of the other nuclei studied. The DWBA fits to these dis-
tributions are shown in Fig. 6.7, and the calculations
were made with an imaginary deuteron well depth of 35 MeV.
A depth of 25 MeV, which was used for all of the other
nuclei, resulted in a curve having much less structure and
no relative minimum for small }%}/. Also, the d5/2 radius
used here is 1.15 (24)Y/3:3.32 F. instead of the 3.79 7.
used for all the other nuclei. It is seen that the value
for rén of 1.15 F. is too large to yield an acceptable
DWBA fit to the 3/2% distribution. This was decreased
to 0.75 F. to obtain a reasonable approximation to the

forward maximum and overall slope of the data.

6.2.6 Summary of J-dependence Analysis

The use of different radii in the neutron form factor
ick~ tially success-~
for d3/2 and d5/2 Pick-ups was at least partially
ful in predicting the.f;=2 J-dependence at the forward
angles. It must be emphasized however, that this analysis

serves only to illustrate the extent to which the radius
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must be changed. The results are summarized in Table 2,
where R3/2 and R5/2 correspond to ronAl/3 for d3/2 and
d5/2 pick-ups respectively. The radial cnange is quite
large for most of the targets studied and, as can be seen
from the ratio G“(Rj//z)/b"(fis//2) in Tat.:le 2, a large
change in radius results in a large change in the magni-
tude of the calculated DWBA cross-section. This gives
rise to problems in extracting absolute speciroscopic
factors, as will be seen in Sec. 6.3.

It is interesting to note however, that the ratio of
the d; /o, radius to the dg /o radius (R3/2/R5/2) is in
general closer to unity than the ratio of the semi-axes
of the nuclear ellipsoid (i(™/2,% )/R(0,8 )) if one
assumes reasonable values for the deformation parameter
S (Table 2)? The only exception to this .is the case of

4OCa.

The effect of using a constant radius for a d5/2
neutron is summarized in Figure 6.8, which shows a com-
parison of the DWBA fits to the 5/2% angular distributions
for Ry ,=3.79 F. and 1.25473 B, The fits to the dis-
tributions for all the levels are reasonable at forward
angles with the smaller radius (3.79 F.), while the pre-
dictions for a radius of 1.25Al/3 F. is in less agreement

with the data as A increases. The effect is not large

however, and the quality of the DWBA fits for R5/2=3.79 F.

“he radii R(&,3) in Table 2 were calculated from the

nuclear surface formula given in Chapter 2 (Egs. 2.15, 2.48

and 2.51).
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Figure 6.8. DWBA fits to J""=5/2+ angular distributions for
levels excited in the (p,d) reaction on 2881, 328, 36Ar and
%Ca. The DWBA predictions for a constant total neutron well
radius (3.79 F.) and a constant well radius parameter (1.25 F.)
are represented by solid and dashed curves, respectively.



1s not the same for the aistrioutions of all the nuclei

at large angles. 1t appears that more experimental infor-
mation and more sophisticated DWBA techniques are needed
vefore a definite concliusion can be drawn about the
validity of a constant radius for closed shells. A
similar situation exis® for the thecretical explanation

of J-dependence.

6.3 DWBA Spectroscopic Factors

The (p,d) spectroscopic factors were calculated
using the optical model parameters mentioned earlier
(Sec. 6.1). A zero range parameter of 1.5 was used to
give approximately the same results as a finite range
calculation (Sat4 and Chapter 3). The neutron para-
meters were chosen from those used for the J-dependence
analysis (Table 2), and DWBA results for both neutron
well radii are presented for some of the levels in 313,
35Ar and j9Ca.

Although the DWBA calculations resulted in quite
satisfactory fits to the 1n=2 data (especially the
5/2% distributions), the predictions for the other in
values were less appealing. Figure 6.9 shows DWBA fits
to the data corresponding to 1ld, 2s, 1lp and 2p neutron
28

7
transfers in the Si(p,d)zsireaction and the fit to the

40Ca(p,d)jgca reaction. The

.ﬂn=3 distribution in the
spectroscopic factors (SE) were obtained from the ratio

of the experimental angular distribution to the calcu-
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lated cross-section at the forward maximum for.znzl, 2

and 3. This could not be done with the'fn=o distributions
since the forward maxima occur at zéro degrees. The |
values of SE at some of the forward angle data points

and at the first relative maximum (Gc.£§ 25°) were #ver-

aged to obtain the value for each £ =0 pick-up. The
error is estimated to be 20% - 30% for the‘Rn=2 spectro-

scopic factors obtained from the (p,d) reactions on 2831,
328, 36Ar and 400&, and is probably larger for the other
‘ﬂh values. The errors in the results from the 24lg(p,d)23Mg
reaction are probably very large for all values of JL.

The results for each nucleus are presented in TPables
3 through 7 where comparisons are made to the predictions
of the Nilsson model in some cases. A Nilsson diagram |
is given in Fig. 5.1 for reference. The theoretical
'spectroscopic factors were obtained from the wave func-
tions of Chi (Ch66), who has listed the coefficients of
fractional parentage for various deformations (__0_3<S<
+0.3). The value of 5 that appeared to be most consia-

tant with the observed level order and experimental

spectroscopic factors was chosen in each case.

6.3.1 **Mg(p,a)>ug

In terms of the Nilsson model (Fig. 5.1) the 2%Mg
ground state should have two neutrons and two protoms
in each orbit through orbit 7 if the deformation is pro-

late. The experimental spectroscopic factors for levels



excited in the °%lig (p,d)° Mg reaction are listed in

Table 3 zlong with the calculzaticns from Chi's wave
functicns. The results of shell model calculations by
Wildenthal (wWie67 (2)) are also shown.

An unusuelly deep imaginary well (35 heV) was
required in the deuteron channel in order to obtain
reasonaple DWBA fits to the data (Sec. 6.1). This
caused a decrease in magnitude of the calculated,2n=2
cross-sections, which resulted in values for the spectro-
scopic factors that are unreasonably large if one
assumes a closed l60 core. The values of SE for the
‘Qn=2 levels were thus renormalized such that the sum
of the S,'s for the ground and 0.45 MeV levels was equal
to 2. OSimilarly, the spectiroscopic factors for the
'anl levels were renormalized such that SE (2.71) +
SE (3.79) = 2. Agreement with the Nilsson model is
then found for the ground state rotational band (orbit
7) if. one extropolates the coefficients of trhe fractional
parentage to a value for S.of about +0.5. This is to
be compared with the value of 0.61 obtained from elec-
tric quadrupole transition rates (S5t65). The agreement
is also reasonable for the 2.71 and 3.79 eV levels 1if
it is assumed that these levels are excited by the re-
moval of & K=1/2 neutron from orbit 4.

Since the experimentally obtained spectroscopic
factors are to be trusted only on & relative basis,

the SE values for the two l/2+ levels cannot be compared
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10 that of the single level predicted by the Nilsson
model. The ratio of the spectroscopic factors for the
.35 and 4.37 NeV levels is in boor agreement with the
ratio obtainea from Wildenthal's calculation for levels
at 1.80 and 4.81 HeV. It 1s zlso difficult to deduce
the configurations of the levels at 5.32, 6.02 and

9.63 eV on the basis of a simple rotational model,
although the 5.32 NeV (3/2, 5/2)% level coula belong

to a K=1/2 rotational bana based on the 4.37 eV level.

Spectroscopic factors corresponding to a pick-up
from the 2p shell were also calculated for the j;=1
levels ana, as can be seen from Table 3, these values
are smaller than those for a 1lp pick-up by more than
a factor of four. Therefore, it is possible to obtain
reasonabie values for SE by assuming a lp shell hole
state, a 2p admixture in the target ground state, or
a combination of tne two. The ambiguity discussed in
Chapter 5 is therefore difficult to resolve on the basis
of spectroscopic strengths.

The spectiroscopic factors obtained from the wave
functions of Chi are generally in good agreement with
the relative experimental values for low excitation
energies. This assumes of course that the ﬂn=l levels
at 2.71 and 3.79 MeV are due to lp pick-ups. The con-
figuration mixing giving rise to levels of higher excit-
ation is not well explained by a simple Nilsson picture.

The excitation of two 1/2+ levels of comparable strength



14

1s evidence for configuration mixing of Nilsson orblts,
which could be due to some of the strength of orbit 7

.
being shared with orbit 9 (X =1/2%).

28

£.3.2 =s1(p,d)°7s1

As was seen from the experimental data (Chapter 5)
the level structure of 2781 is not easily explainable in
terms of a conventional rotational model. The s-d Shell
strength should all be ccntained in Nilsson orbits 5,

6 and 7 if 5X +0.15 (Fig. 5.1). The spin of 5/2 for
the 2781 ground state indicates a prolate or spherical
shape, while the excitation of the low-lying 1/2% level
(0.9%2 MeV) suggests an okblate shape.

As can be seen from the spectroscopic factors list-
ed in Table 4, approximately half of the.ZS-ld shell
strength is contalned in ground state (d5/2) transition.
The SE of 3.45 agrees to within the estimated error of

t 207 with values of 3.9 and 3.97 obtained from 28

3i(d,
3He)27A1 proton pick-up reactions (Wif7, Go67). This
value 1s too large to correspond to a pick-up from a
single Nilsson orbit, since each orbit can hold only

two neutrons. It has been suggested (En62) that the
27Al mirror nucleus has a prolate deformation where the
first few excited levels correspond to a rotational band
based on the K=1/2 [211] Nilsson orbit (Fig. 5.1). The
excitation of the corresponding levels in 2781 by a

direct pick-up process (such as the (p,d) reaction)
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Table 4: Spectroscopic Factors for the 28Si(p,d)2751 Reaction

ulf

E_ (MeV) | J §B_(£cﬁ=1.25 F.)
0.00 | 5/2% ' 3.45
0.774 1/2* 0.64
0.952 3/t 0.34
2.647 5/2% 0.47
2.90 (3/2, 5/2)* (0.81)
4.127 (1/2, 3/2)~ 1.20 (1p)

0.21 (2p)
4.275 (3/2, 5/2)F ~0.34
5.233 (1/2, 3/2)~ 1.67 (1p)

0.28 (2p)

6.343 (3/2, 5/2)* 0.45



would then indicate configuration mixing with Nilsson
o}

o

orbit J in the S1 ground state. aowever, there seems
to be no prelate value ror § (>0) for which the K=1/2,
L 211 wave functiors of Crni {Choé) are in reasonable
relative agreement witn tne experimental values for

the 0.774 (1/2%), 0.952 (3/2%) and 2.647 (5/2%) levels
(Table 4).. Since the 5/2% assignment for the °/si
ground state is inconsistent eénergy-wise with any other
deformation (Fig. 5.1), it appears that no simple form
of the strong coupling model can explain the results
and no cémparisons are made here. The large spectro-
scopic factor for the ground state transition is some
indication that the average deformation is probably
small, and that the mixing of rotational bands is ex-
tensive. It has been suggested that the ?851 nucleus
undergoes shape oscillations since the energy minimea
for tne prolate and oblate solutions are nearly equal
in a Hartree-Fock calculation (Mu67).

The spectroscopic factors for ,£n=2 levels at
2.647, 2.90 and 6.343 MeV are also shown in Table 4.
Since the experimental data showed some indication
that both levels are excited in the 2.90 MeV doublet,
the meaning of the spectroscopic factor obtained in
this case is not clear. DWBA calculations were made
for the,ﬁn=l levels at 4.127 and 5.233 MeV by assuming
both 1p and 2p pick-ups. As was mentioned earlier

(Sec. 6.3.1), the values of the spectroscopic factors



are or little helip in detérmining the origin of the trans-

ferrea anl neutron.

6.3.3 3°5(p,d)3Ls

2. (
3 O nucleus sncuia nave the last two neutrons

The
in the K=1/2 {211 orbit if the deformétion 1s not large
(Fig. 5.1), and the " of 1/2% for the 333 ground state
is consistent with this assumption. DWBA spectroscopic
factors were measured for the transitions to seven

levels of 31

S and are shown in Table 5. Values of 0.G64
and 0.18 were obtained for the 1.24 MeV (3/2+) level
with the different neutron well parameters used in the
analysis of J-dependence (Sec. 6.2.3). This is an
example of the ambiguity involved in extracting‘£n=2
spectiroscopic factors when the J—dependenqe 1s strong.
It is aoubtful that either of these values can be
trusted; in any case the uncertainty in the strength
of the Ldj/2j2 admixture is large. The error for
the other ﬂn=2 transitions is estimated to be I 20%,
and 1is prooably larger for the.fL:O levels.

The interpretation of the level order for the
ground and first two excited levels of 31S in terms
of a rotational band based on Nilsson orbit 9 would
Seéem reasonable. However, the values of the spectro-
scopic factors for these levels are teo large for all
of them to arise from the same Nilsson orbit. The

wave functions of Chi are in agreement with experi-
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ment for the ground state strength if values for S of
approximately -0.11 or +0.14 are chosen. The spectiro-
scopic factors predicted for 5~= -0.11 are listed in
Table 5, ana the agreement is fair for some of the
observed levels if it is assumed that the 3.29 MeV
level 1s the 5/2+ member ot the ground'state rotational
band. No conclusion can be drawn about the agreement
for the 1.24 MeV 3/2+ level due to the pronounced J-
dependence in the angular distribution. The large
experimental spectroscopic factor for the 2.23 MeV
level and the theoretical prediction of a second strong-
ly excited 1/2% level (which is not observed) are indi-
cations that the ground state of 328 is not easily
explainable in terms of a simple Nilsson picture.
Recent iHartree-Fock calculations (Mu67, Ba66) predict

that the 323 nucleus is asymmetric.

304r (p,d)3ar

©.3.4

The shell model predicts that the 36Ar ground

state should have a [d3/2J2 configuration for the last
two neutrons. The DWBA spectroscopic factors for levels
excited in the 36Ar(p,d)35Ar reaction were calculated
for both of the neutron well radii used in the anal-
ysis of ii=2 J-dependence (Sec. 6.2.2), and are listed
in Table 6. The value corresponding‘to the best DWBA
fit for each level is denoted by an asterisk (*), except

that no decision could be made for the.2n=0 fits.
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Although approximately 12 MeV of excitation in 35Ar was
observed (Chapter 5), no strongly excited levels were
Tound to exist above the 6.32 MeV level. This indicates
that most of the s~d shell nole strength has been
observed. It is interesting to note that the "best
fit" values for,ﬂn=2 in Table 6 seem to be in best
agreement with the total expected,2n=2 strength (~8).
The 3/2+ assignment for the 35Ar ground state is
consistent with an oblate deformation (§<0) in the
Nilsson model (Fig. 5.1), and the 1.70 MeV level is
probably the 5/2 member of the ground state rotational
band. As was the case for the ground and tirst two
excited levels in 318 an assumption that the 1.18
(1/2%), 2.60 (3/2%) and 2.95 (5/2%) levels are all
members of the K=1/2, | 211 rotational band is incon-
sistent with the large spectroscopic factoré observed
for these levels (Table 6). The "best fit" spectro-
scopic¢ factors for most of In=2 levels are in fair
agreement with the Nilsson model for 5.=—O.10, if one
makes tne orbit assignments listed in Table 6. The
agreement'with experiment for the 1.18 MeV l/2+ level
is also quite reasonable. The missing 5/2% level
from orbit 7 suggests that the d5/2 strength from

orbits 7 and 9 may be combined in the 2.95 MeV level.

6.3.5 *%ca(p,d)3%a

The DWBA spectroscopic factors for levels excited



s

in the (p,d) reaction on the doubly magic 4OCa nucleus
were calculated for both of the neutron well radii used
in the analysis of J-dependence (Sec. 6.2.1) and are
shown in Table 7. As was the case for the 36Ar(p,d)jsAr
reaction, the radius corresponding to the pest DWBA fit
seems to result in the most reasonable speciroscopic
factor (on the pasis of total strength) for_y =2 and
,Qn=j. Again, the.Q =0 fit is inconclusive.

The excitation of the 2.80 MeV level (j =3) is an
indication of configuration mixing with the f7/2 shell.
The spectroscoplc factor of 0.58 is in good agreement
with the value of 0.53 obtained by Bock, et. al. (Bo65)

40Ca(3He,¢C)390a reaction and with the result

from the
of 0.5 obtained for the excitation of the mirror level
in the 4OCa(d, 3He)ng reaction (Hi67). Glashausser,
et. al. (G165(b)) extracted values of 0.14 and O.28 by
assuming different neutron separation energies in the
4OCa(p,d)390a reaction at 27.5 MeV bombarding energy.
The excitation of the.1n=l level at 3.03 MeV is assumed
to be due to a 2p shell admixture with an estimated
spectiroscopic factor of ~0.02 as compared to a value of
0.04 - 0.05 obtained by Hieberi, et. al. (Hi67) for the
mirror level in the (d, 3He) reaction mentioned above.
Both of these results are considerably smaller than
the value 0.11 obtained by Cline, et. al. (C1l65) from
4OCa(BHe,c()390a reaction.

The spectroscopic factors for the.2n=2 levels at
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Table 7: Spectroscopie Factors for the 40Ca(p,d)390a Reaction

S _
E— T Io=l.11 i Ioal.35 52
0.00 3/2% 7.11 3.70% 4.00
2.47 1/2* 2.31 1.82 2.00
2.80 7/27 1.04 0.58#
3.03 (1/2, 3/2) 0.02
5.13 (5/2)* 2.08% 1.43 . 6.00
5.48 (3/2, 5/2)* o.97 0.67
6.15 . (5/2)* 2.15% 1.48

8‘)Shell model predictions
* Values for radius giving best DWBA fit.
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2.13, 5.45 and 6.15 MeV indicate that thesge levels prob-
ably represent most of the d5/2 strength, éspecially if

the smaller neutron well radius 1s assumed. However,

the strength obtained with a radius parameter of r, =
i.35 F. is in agreement with the d5/2 proton strenggh
obtained by hef. di67 in the (d, JHe) reaction for the

5> - 7 eV region of‘éxcitation in 3%, It was there-
fore suggested (Hi67) that other d5/2 hole states exist
at higher excitation energies (E£>8 MeV). Although about
12 MeV of excitation is observed in the present work, no
other strongly excited levels are found to exist above
the 6.15 MeV level in 39Ca (Fig. 5.28.in Chapter 5).

In fact, no level structure at all appeared in the deu~

teron spectra for E X9 MeV.

As mentioned earlier (Chapter 5), the data from this
experiment indicates that most of the configuration mix-
ing occurs with higher shells, and does not lend itself

to analysis in terms of the Nilsson model.

6.3.6 Summary

The DWBA spectroscopic factors obtained for the (pyd)
reaction on 2881, 328, 36Ar and 400& appear to be reasone-
able from a shell model point of view. There is some
evidence that the more trustworthy value for the‘fg=2
spectroscopic factors may be obtained by using the neu-
tron well radius that was assumed in the J-dependence

analysis for each respective spin. The uncertainty in



tne DWBA results are still quite large, however, espe-
clally 1t the J-dependence is strong.

Configuration mixing of shell model states was
found to exist in the ground states of ajl the target
nuclei studied. The 24Mg and 2851 ground states con-
tain mixing of the 51/2 and dj/;2 shellé, with the possi-
bility of 2p shell admixtures as well. The major admix-

ture in the ground state of 345 appears to be a [a4 e

3/24
configuration, while the.&n=3 transitions in the (p,d)
reaction on 36Ar and 40Ca lnaicate appreciable mixing
with tne f7/2 shell. There is also evidence for a small
[2p]2 admixture in the ground state of 4%Ca.

The comparison of the experimentally measured spec-
troscopic factors with the predictions of the Nilsson
model nas shown that the description of 2s-1d shell
nuclei in general is not so simple as one might expect
from considering only the observed level order (Chapter
5). The strong excitation of low-lying 5/2+ levels in
the (p,d) reaction is evidence for rotational band mix-
ing in the residual nucleus, corresponding to & small
deformation in the target. This effect is particularly
strong in the 283i(p,d)2781 reaction. The spectroscopic
factors ootained from the Nilsson model are in fair
agreement with experiment for some of the levels of
23Mg and 35Ar, although it is not obvious that all the

Nilsson orbit assignments are meaningful. The situation

1s even more ambiguous for the levels of 313. The



nature of the configuration mixing in these nuclei

therefore seems to be very complex, although it may

St1ll be explainable 1in terms of a strong coupling

rotational moael ir bana mixXing is includeqd.



Chapter 1

Summary and Conclusions

The investigation of the (p,d) reaction on N=%
nuclei in the 2s-1d shell has provided new information
about the level structures of the 23Mg, 27Si, 315 énd
35Ar residual nuclei, while previous results for the
A=39 mirror nuclei (Hi67, G165 (b), C165) have been
confirmed by the 40Ca(p,d)390a reaction. The 33.6 MeV
bombarding energy and particle detection techniques have
permitted the observation of 10 - 12 MeV of excitation
in the residual nuclei with the interesting result
that virtually all of the observed 28~-1d shell hole
strangth exists at excitation energies <8 MeV. (A
possible exception to this is the 9.63 MeV level in
234g.) It is therefore apparent that most of the 2s-1d
shell hole states have been excited, the DWBA spectro-
scopic factors obtained here qualitatively provide an
additional confirmation of this fact.

The forward angle J-dependence observed in the
ﬂn=2 angular distributions appears to vary in a syste—
matic way with mass number (for N=Z targets) (Fig. 5.33)
and may possibly be correlated with the nature of the
nuclear deformation. It was noticed (Chapter 5) that
the shapes of all the 5/2* distributions were very

similar, while the distributions for J=3/2 had a ten-
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dency to vary from nucleus to nucleus. Spin assign-

ments for levels in 315, 35Ar and 39Ca were suggested
on this basis.

The attempts to Teproauce J-cependence effects
by varying the neutron well radius in distorted-wave
calculations (Chapter 6) were partially successful,
although very large changes were necessary in most
cases. The results obtained by assuming a constant
total well radius (3.79 F. = 1.25 (28)]‘/3 F.) for a
d5/2 neutron pick-up are in slightly better agreement
with experiment than those obtained with a constant
radius parameter (ro =1.25 F.) (Fig. 6.8). Large
variations in the neﬁtron radius parameter produce.
correspondingly large changes in the magnitude of the
calculated DWBA cross-section and lead to-uncertainties
in extracting spectroscopic factors. However, there
is some evidence that the radius parameter correspon-
ding to the best DWBA fit to the data also results in
the most trustworthy value for the spectroscopic fac-
tor. It is apparent from the results of this and other
investigations (Le64, Shé4, Sh65, G165 (a), Wheé) that
additional experimental information and more theoret-
ical work are necessary to obtain an understanding
of J-dependence.

Configuration mixing of shell model states in the

ground state wave functions was found to be appreciable



for all the target nuclei in this study. The strong
excitation of the R =3 1evele in Par and 3%. indi-
cate the presence of 2 large [f7/2J2 admixture in
each of these nuclei. There is also evidence feor =a
small amcunt of mixing with the 2p shell in ground
state of *%Ca. The mixing to nigher shelle in the
328 ground state seems to pe concentrated mainly in
the excitation of the 3/2% level at 1.24 NeV excit-
ation in 318. The ground state wave functions of
24Mg and 2881 contain admixtures with both the 2s1/2
and ld3/2 shells.

01 particular interest is the excitation of low-
lying (EX=2.7 - 6.0 MeV),Qn=l levels in 23Mg end 27si.
Since proton knock-out experiments (hi65, Jabb) and
Hartree-Fock calculations (Da66) predict a 10 - 20
MeV energy separation between the lp and 2s-1d shells,
the possibility of 2p shell admixtures exists (Wie7).
However, a plot of (p,d) reaction G-values for the
excitation of the first }l:l level versus mass num-
ber (Fig. 5.14) seems tc be strong evidence that these
levels are 1p shell hole states. As was observed in
Chapter 6, this ambiguity is not resolved by extract-
ing spectroscopic factors, since the calculated DWBA
cross-section is much larger for a 2p pick-up than a
lp pick-up.

The ordering of the first few levels in 23Mg,



ol

g gy 35

S an Ar seems to be qualitatively consistent with

rotational pbands based on neutron holes in Nilsson
orbits (Ni55 and Fig. 5.1). However, the extraction
of DWBA spectroscopic factors (Chapter 6) has shown
that tre explanaticn is not nearly so simple. The
large spectroscopic factcers measured for the excitation
of low-lying 5/2% levels in 31S and 3%ar is an indica.
tion of considerable rotational band mixing. This
effect is even more pronounced in the excitation of

the 2/51 ground state (also 5/2*}, where a spectro-
scopic factor of 3.45 was measured for that transition.
The nuclear deformation is expected to be small for
nuclei near closed shells, and the results from the
(p,d) reaction on the doubly magic 4OCa nucleus indi-

cate that this is the case for the 2s-1d shell.



Lalculation ¢f \p,u, Joeciroscopic Factors

from vhe Nilsson dodel™

b

In Chapter 2 i1t was seen that the Nilsson wave
function ror a single neusrcen cculd oe exXpanded in

terms o0& shell mcdel states:
dmax,

y/ = %'Cj!‘gnwt‘)ii/v’g»\ "J‘n‘(n>

Eq. ALl
ﬁeretﬁi determines the Nilsson orbit when K, and N are
given. HRestiricting ourselves to one value of N, we

derine
| 24
/Niik> = @ lit)

Eg. A.2

in the body-fixed (:ntrinsic) system.
If the symmetry reguirements of the wave tunction
are neglected, the tctal wave function of the target

nucleus is -
o
Ab -~ ) ¢
i
-y L7
§m M, K; K
where the total particle wave function can be written as

ix TPZZ,— 7//( /Vor‘c)io,trms,z

[3

Egq. A.3

Eq. A.4

* The author is indebted to L., Zamick for his helpful
explanation of this subject.
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tLe wava function ror the fe€si1ual nucleus for 3 given

- . T -
U, 53 , i T
}f = aAad+i - ;'A' T
B V_____.__, - ] ‘.,,' -j
M/ ?‘,}7 " ALK - ,‘f\n A‘ k
T_ Eq. A.5
where 2? 1s the Nilssop wave lunction of the neutron

Al
hole and acts as a desiruction operator,

For thne Pick-up of a neutron having quantum numbers
{ n' dg» A ) in the laborat Or'Y system, the observed

speciroscopic factor is deFined as

Se@riza_ KV« & ad] BN

23+

= %(23+1) W TN

= 2LV T (4, oY ] )
Eq. 4.6

where€ﬂ=2 for a filled Nilsson orbit. The neutron wave

function in the laporatory system :s related to the
2

a.(lnt.; in Eq. A.2 oy

a_ /Lﬁe) 29“ CZ /Jnmi‘)

Eq. A.7
Substituting Egqs. A.7, A.3 and A.5 in Eq. A.6 gives the

resul; ]‘.,.)2(2:]‘+) A{ 2, 1..,4(,:”,..\ >
Sien = ZELD DL ] [0 ]

fﬁzw, (E)ﬂ (k)off/

Eq- Ac8
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Tne integral 1s (de Snnj)

. * " \_I', N Wi
Cot " Y up=gn (4,Tmm, RMT vk [Tr)

Mk T, M;&" a7+

Eg. A.9
AL
and the dbﬁint.) are given vy tue inverse of the expan-
sion A.l:

arty= £ C ) (95

nP' »
. !

~7

v Eq. A.10
By orthogonality of the'nythen, we see that only the
term with V =K (anda§=0i)‘is retained in the summation
in E£q. A.8. Therefore, the substitution of Egqs, A.9

and A4.10 in Eq. A.E gives the result
S (dn) Q(’J.‘T MM qM) (H.J )\//'( ]IK)/C(%)

Eq. A.11
This gives the Bpectrosceopic factors in terms the (nor-
malized) inverse expansion coefricients Csl(ﬂt), which
are obtained from the given coefficients (Ch6b6) of Eq.

A.1 by a simple relation for real, unitary matrices:

_l T s » o

Eq. A.12
1.4y 1t 1S just the transpose of the original matrix,.
If J;=O, 1.e., if the target is an even-even nucleus,
Eq. A.ll reduces to | 5

S:(d,,) =2 /C;y (O(n)/

Eq. A.13
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This equation, togeinsr wiih tae wave functions of Chz
(Ch65), was used to calcuiate

tne thecretical Spectro-
scopic factors given in chapter &,
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Appendix B

Iransition Amplitude for the (d,p) and (p,4) Reactions

The transition_amplitude used in Chapter 3 is
derived here according to the procedure of Satchler (Sa64),
with notation similar to that of Glashéusser (G165(a)).
The zero range approximation is used for the direct
reaction mechanism, and effgcts due to isospin,.Coulomb
phases and the Exclusion Principle are ignored for sim-
plicity. Since the (dyp) and (p,a) reactions are time
.reversals of each other, the final resulis are simply
related (To6l), so the A(d,p)B stripping reaction is
assumed throughout the calculation.

The expression for the transition amplitude given
in Chapter 3 (Eq. 3.10) can be rewritten in the form

. P o
T, Tt R LG e ptanova v sl )

Egq. B.l
where J is the Jacobian of the transformation to the

relative coordinates'?p and ?h’ The quantity in brackets,

which will be referred to as Q(;in)’ is of particular )
interest. It represents the matrix element of the direct;
interaction between the initial and final internal

states, and contains all the nuclear structure information

and angular momentum selection rules. frepresents all

coordinates independent of the relative displacements rp



[ ole

-h P . .
and Tq+ Thus Q(rpn) 1s a function of ?b and'?d and
Tépresents an effective interaction between the elastic
Scattering states. This factorization property separates
out the dynamics of the reaction and permits one to con-
sider only the rotational properties of Q(?pn).
Introducing spins for all nuclej we have
* Samg T M
Y _ P IBMB SP’Ip F / ? d /1L AT A
Q(Y;‘P)-ﬂf ‘f; (gﬁﬁ)g VP”( np) bj( “P)zd. g/ (¥)
qu B.,2
To evaluate this matrix element, Q(f'

p
terms corresponding to the transfer of a definite angular

n) 1s expanded into

momentum 3 to the residual nucleus, where

- - = X
d

=JB—3A=I+S,

A_a-.
S = 8y -.sp

Eq. B.3
Then, using Clebsch-Gordan coefficients corresponding to

this coupling, we can write
T = Z A6t (T i 1T, M)
hp - Igﬂj _FS“]'M !
x (5 Sp Mg, "'P/’", ’"d""P)(’(’n ™, mymp | 1.) Me""h)

Eq. B.4
where m=MB-MA+mp-md.
6; . (? F) depends on the various nuclear quantum
13"1”‘ d) P
numbers, and is defined by the inverted form of this

expansion. It transforms under rotation like the spher-



X
ical harmonic ?? and contains the parity change of the

nuclear transition which, if the deuteron D state is

L
neglected, is (-) .

The value of ¢ is determined by the reaction being

considered and the interaction V(?qn).

&

will be derived later, but for now it is convenient to

An explicit form

write
- b A -
As, 5,m A
Ay
ch Bc5
. -, e
where A , 18 a spectroscopic coefficient and ¥3CG)';)
'»J 18.1','»

is an interaction form factor. The zero-range approxima-

tion assumes that the neutron and proton coordinates

1

—

\
coincide at the point of interaction. In this case f;nf’j
S.:,m

can be written

Eq. B.6
where E}&, (rd) 1s a scalar radial form factor, and A and
B refer to the respective nuclear masses. This makes o
(and thus Q(?np)) proportional to a delta function, so
that the six-dimensional integral for po (Eq. Bfl) is
reduced to three dimensions, and is much easier to eval-
uate. Using Equations B.6, B.5 and B.4 in Eq. B.l and

lgnoring spin-orbit coupling in the elastic scattering

wave functions 2‘-, we obtain



my My

MMB 2\’2—;—'/413 ( yMA, M _MA /:re Ma) @;:lmm/m,

Eq. B.7
where
,(mm./n .
. gm
1/"’%"(1” el ) )
6,,0
Eq. B.8
and

J
Eq. B.9
Equations B.8 and B.9 have the property
s e = a2
Eq. B.1C

The differential cross-section is then given by

my M,
Jg‘ ALy b / IT”‘:{M*’)
A (@x) g, @I Ny

My m,

In terms of the spectroscopic coefficient 4

ﬂ‘.‘

_&.576).: 2351'/ 2‘ //41‘.1/ )d

-2y .,
do RI,+ 1 .0,-“] w 8 Eq. B.12
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where, making use of Eq. B.1l0, the "reduced" cross-

section is

0 pk ke 2

"J P 6§F4[91’«k4
Eq. B.13

Before these cross-—-sections can be caléulated, an
explicit expression for the reduced amplitude 63 is
needed. This is done by expanding the distorted waves
;r into partial waves, and is discussed in Ref. Sab4.

An explicit (d,p) form for the QISEQF) in Eq. B.4
will now be derived. Consider first an expansion of

the wave function of the residual nucleus in terms of

the eigenstates of the target:

SgMe
Vst )= 2‘ /;)/V(r ?)(3 QMM/J}MB)
I Mh
Eq. B.1l4
Here,~C¥y.is a fractional parentage coefficient and
is the wave function for a neutron in an (j,j) orbit.
This wave function can be expanded in terms of the spher-

ical harmonics of the T system:

7,,”/7'% €)= 5 “ Y (n,,,w‘zga.( )Z?f"(is mma| . K)
Eq. B.15

where mn=/1—m is the neutron spin projection, and g;
involves only the neutron spin coordinates. Since the

internal coordinates of nucleus B and the neutron have



been separated from Toa in Zguations B.1l4 and B.15, the

integral for: *(rnp) (Eq. B.2) may be evaluated. Re-
writing £q. B.2 explicitly and zssuming Vnp is a central

potential we have

BAB Spm
Q)= S4B aE VIR ="
:AM sm
A SRR AL

d

4
] (rnp)f;?rJ

P

Eg. B.1l6
The integration is performed by first substituting Eq.
B.15 into Eq. B.14, and then Eq. B.1l4 into Eq. B.16. Due
to the orthogonality of the internal wavevfunctions of
nucleus 4, only the terms with J '=J, and M =M, in Eg. B.1i4

A A ATTA
will contribute to the integral. Again, fp and ¥

n
involve only the proton and neutron spins, respectively,
so the "integration" over these variables is just a sum
over spins. The result is

Q( ?"P):jé‘ 4:-10(10 nm@m)w '(cﬁ/D(r )

sn

X ( S, Sp™ M,.]-%MJ)(fS mm, \ﬂ/“)(I»QMA/“ J M)

Eg. B.17
where//2~M -~ A=y, + and

D(TF,,) = V() FalEny)

Eq. B.1l8
From the symmetry relations for the Clebsch-Gordan co-

efficients we have



VP Mo [as, el
(S,S,m,m,154m1>=( ) ]/‘.?_S:i‘-_’;— (‘«r%mz,-m,lsan

B.19
Then B.l7 becomes

Q( ) S -I[o< sr/ (,,¢ )‘)l (r">D(rP2]

X (' )*" M'(Im Ma, My~ Ma /‘IQM!)
X (54 Sp ma;m,/ Sn "‘n)(f s,my mgm | 1'; Ma"”’h)

Eq. B.20
Now, a direct comparison of this with Eq. B.4 shows that
the quantity in brackets in Eq. B.20 is just ]"IG(FA,FP),
or X‘ﬂ‘fl"‘
*

QUi T 2T Y "0, AU (L) D2, )

-"S.Jm 25,1

Eq. B.21

In the zero range approximation, D(T.

p ) is proport-

ional to a delta function:

D(f;,.) DS( P) DI g(r g@)

Eq. B.22

fies the spectroscopic coefficient as

ey 2544-/ O( .
Als“a' / 2s,+ / jd °

Eq. B.23



so that Eq. B.1l2 becomes (sn=l/2 only)

pés‘@) | 2(255*'0 2

a———— - n . d . D 6‘"

j__Q, df @Iﬁf—l)(,?.?n'l-/) Ilj. dea[ fo] o l(‘) (@)“‘F
Bg. B.24

DO is related to the asymptotic (rpﬁafoo ) normalization
of the deuteron wave function and can be obtained from

the effective range analysis of n - p scattering. For

2

2 1.5x10% wev? £ (sass).

the (d,p) reaction, then, D
The number of nucleons in an orbit, nfj’ has been
included in Eq. B.24. This factor arises when the nucleon
wave functions are anti-symmetrized. The spectroscopic

factor is then given by
2
S =n, [O(ja']
b J
J
Eq. B.2%

S0 that Egq. B.24 becomes

[de) . 2630 5 B e,
A2/, (23,+1) (25 44 J

Eq. B.26
Recalling Eq. B.5,
GUt) = A, . F(GT)
-(’Sn ﬂ‘:m "7 ‘?’né)m
Eq. B.27

Equations B.23 and B.21 imply that the portion of Egq.

B.21 associated with the form factor is



o m
= *x T -~
ﬁ‘ndu"‘ Y, (%A»%)%J,(QA) § (7 - 4%)

Eg. B.28
Here,‘zgﬁ(rnA) is the radial wave function for a neutron
beund to nucleus A4 in an (ngj) orbit,.and 1s referred to
as the neutron "form factor". This is determined in aa
actual calculation by specifying the radius and shape of
the neutron well and the neutron binding energy.

The ecsentials of the DWBA calculation for stripping
and pick-up reactions in the zero fange approximation have
now been outlined. The method by which this theory is
compared to experiment (Chapter 6) is outlined in Chapter

3.
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