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%e report measurements of the isotopic distributions of targetlike fragments in coincidence with

nitrogen, carbon, and boron isotopes from the reaction of 20 MeU/nucleon ' N with ' Ho and

Dy. The binary nature of the reaction was studied by observing particle-y-ray coincidences; pro-
jectilelike fragments were identified near the classical grazing angle with a telescope consisting of
silicon surface barrier detectors, and the targetlike fragments were identified by observing their
discrete deexcitation y rays in either of two high purity germanium detectors. The following reac-

tions were studied: ' Dy~l N&xn~ l~Dy|,'i4N &axn~ l65Ho~ l4N Cxn~ 65Ho~l4N Caxn~ where

+=nitrogen or boron isotopes. The inclusive energy spectra of the projectilelike fragments are
reasonably described by either the extended Serber or the Friedman model of projectile breakup.
Such interpretations of the reaction mechanism were further tested by comparing the targetlike frag-
ment isotopic distributions to those expected from transfer of the unobserved breakup fragment to
the target followed by statistical decay. The agreement of the predicted targetlike fragment isotopic
distributions with the present data is remarkably good.

I. INTRODUCTION

At bombarding energies on the order of 10
MeV/nucleon, peripheral collisions of heavy ions with
medium and large mass (A —150—200) nuclei are well

characterized by binary processes. ' The observation of
projectilelike fragments (PLF's) in such binary processes
is coupled to the formation of a targetlike fraginent (TLF)
at an excitation energy and angular momentum corre-
sponding to capture of the unobserved or missing mass.
Such transfers between the colliding nuclei have been par-
ticularly well described by the sum-rule model of incom-
plete fusion reactions. At higher bombarding energies,
the description of the reaction in terms of projectile break-

up in the vicinity of the target has been successfully ap-
plied. Such breakup reactions can lead to "binary" pro-
cesses when one of the projectile fragments is captured by
the target; this is sometimes labeled "breakup fusion. " In
addition, the target may fail to capture the fragment
which leads to a ternary process. ' As an added compli-
cation, we know that excited projectilelike fragments can
stxluentially decay in flight, another ternary process. s 7

Experimental investigation of the binary nature of a nu-
clear reaction requires either a complete measurement of
all products or at least a technique that identifies the mass
and charge of both reaction partners. The combination of
a mass-asymmetric reaction system in which the light
fragment is identified in a conventional telescope consist-
ing of Si surface barrier detectors, with high resolution
y-ray spectroscopy identifying the targetlike fragments,

adequately fulfills the requirements. The present paper
reports measurements of the targetlike fragments (TLF's)
observed in coincidence with quasi-elastic projectilelike
fragments (PLF's) from the reaction of ' N with ' Ho
and '~Dy at 20 MeV/nucleon. The Ho and Dy were used
so that transfer of one and two units of charge, respective-
ly, would lead to well-characterized Er nuclei.

In this paper, we present exclusive cross sections for
charge binary reactions determined from particle-(i. e.,
PLF)-y-ray coincidence measurements as well as inclusive
kinetic energy spectra of these projectilelike fragments.
The shape of the kinetic energy spectra compares favor-
ably with the predictions of the extended Serber model
and the Friedman model of projectile breakup. The iso-
topic distributions of the TLF were compared to those ex-
pected for projectile breakup followed by capture of the
unobserved fragment and sequential statistical decay of
the newly excited TLF. These comparisons were surpris-
ingly gmxi, and lend support to the breakup models.

The details of the experiment are given in Sec. II, fol-
lowed by the inclusive differential cross sections of the
PLF and exclusive cross sections for the charge-binary re-
actions in Sec. III. In contrast to low energy heavy-ion re-
actions, at 20 MeV/nucleon the present particle-y coin-
cidence technique was found to be limited to studies of
the transfer of one or two units of charge because the ex-
citation energy of the heavy residues becomes so high that
a broad range of final residues is produced. The data are
interpreted in the framework of projectile breakup in Sec.
IV. Concluding remarks are contained in Sec. V. A pre-
liminary report of this work has appeared as Ref. 10.
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II. EXPERIMENTAL Y

A beam of 20 MeV/nucleon ' N ions was obtained
from the K500 cyclotron of the National Superconducting
Cyclotron Laboratory at Michigan State University. %'e
used targets of 2.3 mg/cm ' Ho and 2.0 mg/cm2 '~Dy
in order to produce even-Z targetlike residue nuclei (Dy
and Er isotopes). The impurities in the ' Dy target were
measured with a 10 MeV a beam from the tandem Van de
Graaff of the Western Michigan University. Elastic
scattering indicated that the equivalent of 25 pg/cm car-
bon and approximately 100 p, g/cm thorium (the reducing
agent for dysprosium oxide} were present in the target.
The heavy-ion beam was stopped in a heavily shielded
Faraday cup located approximately 3 m downstream from
the target; the Faraday cup was connected to a current di-
gitizer which recorded the current as a function of time.

The PLF's were detected and the isotopes were clearly
identified in a telescope consisting of 100 pm silicon b,E
of high planarity and 1 mm F. detector. The telescope
was located at 14' with respect to the beam (near the clas-
sical grazing angle) and was inclined by 30' out of the
horizontal plane (such an inclination was important for
obtaining the y-ray angular anisotropy). The telescope
had an opening angle of +3.5' and a solid angle of 12.6
msr. Isotope separation was maintained during the mea-
surements by cooling the silicon detectors to —30'C.
Complete energy spectra of PLF's with 5 (Z (8 were ob-
tained, while fragments with Z &4 punched through the
E detector. The particle singles were prescaled by a factor
of 32 and were written on magnetic tape along with all the
particle-y-ray coincidence events. The normalizations
used to get absolute cross sections were obtained from the
measured target thickness, the detector solid angle, and
the beam current collected in the Faraday cup. The abso-
lute uncertainty in the cross sections is estimated to be less
than 20 percent, and is dominated by the effects of target
nonuniform1tles.

Discrete y-ray transitions from the heavy residues were
observed with either of two high purity germanium
(HPGe} detectors placed above the plane of the scattering
chamber as indicated in Fig. 1. In addition, a set of four
bismuth germanate detectors (BGO) were also placed
above the plane of the scattering chamber in order to ob-
serve discrete y-ray transitions from the PLF's. This
facet of the experiment has been reported elsewhere. "
The HPGe detectors had active volumes of 89 and 77 cm
and were placed approximately 16 and 13 cm from the
target, respectively. The energy resolution of the HPGe
detectors was about 1.9 keV at low counting rates and
about 2.1 keV at counting rates of approximately 14000
counts/sec. Degradation of the energy resolution at these
higher counting rates forced us to limit the beam intensity
so that the HPGe counting rates remained at approxi-
mately 20000 counts/sec during the measurements.
Coincidences between any PLF and a y ray with an ener-

gy between 80 keV and 2 MeV triggered the electronic
logic and were recorded on magnetic tape. The energy
calibration and photopeak efficiency of each HPGe dete:-
tor was measured with standard y-ray sources. The coin-
cidence efficiency of the entire setup was checked with
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FIG. 1. Schematic diagram of the experimental apparatus
{top view) with two high purity germanium detectors and four
bismuth germanate detectors.

Co, Bi, and Na sources.
Coincidence cross sections for the charge-binary reac-

tions were obtained according to a method described pre-
viously. ' Briefly, the photopeak yields were corrected for
losses due to electron conversion, differing branching ra-
tios, angular anisOtrOpie, and pileup in the spectroscopy
amplifier. The 4+-2+ transition was used to determine
the cross section for most even-even TLF's, unless the
transition suffered from a neighboring unresolvable peak.
In such cases the 6+-4+ transition was used. The branch-
ing ratio was assumed to be 1 for all of these transitions in
the even-even TLF's. Note that the 2+-0+ transition was
generally near the electronic threshold and was highly
converted into electrons. For the odd mass TLF's, the
following y rays were used to calculate the cross section:
306 1 keV ('6sEr: a doublet of —", ——", and

). Since the 198.6 keV y ray of ' 'Er was not
resolved from the 4+-2+ transition of ' Dy in the boron
channels, the intensity of the 4+-2+ transition was es-
timated from the preceding 6+-4+ transition, assuming
no side feeding. The branching ratio for each of these
transitions was obtained from previous in-beam y-ray
spectroscopic data. ' The angular anisotropies were es-
timated by comparison of the yields obtained from the
two HPGe detectors. The pileup probability, for which a
correction was not made in a preliminary report, ' was
fairly large in our experimental arrangement. We mea-
sured the pileup probability off line as a function af y-ray
counting rates. Taking into account the beam instability
during the experiment, the photopeak yield was estimated
to be reduced to 43+9% at an amplifier shaping time of
3 @sec.

Four 7.6 cm&(7. 6 cm. bismuth germanate detectors
were placed at 17.5 cm from the target, each pointing at
the target with an angle of 49' with respect to the horizon-
tal plane (see Fig. 1). These detectors were used to identi-
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fy discrete transitions from the PLF and had fairly high
y-ray energy thresholds (approximately 350 to 400 keV).
The events with coincidences between a BGO and a PLF
detector were also recorded on magnetic tape.

Ejectile
164Dy

do. /dQ {91,b ——14')'
165H

TABLE I. Inclusive cross sections of projectilelike fragments
in mb/sr.

III. RESULTS

We summarize the energy integrated cross sections of
PLF's in Table I. The inclusive energy spectra of prod-
ucts from the reaction of ' N+ ' Ho are shown in Figs.
2—4. The energy spectra have a familiar shape with large
cross sections centered at an energy approximately corre-
sponding to the beam velocity and with tails extending to-
ward large negative Q values. The energy spectra predict-
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ed by the projectile breakup models, discussed below, are
also shown in Figs. 2—4. The gaps in the data are regions
contaminated by pileup and other secondary effects asso-
ciated with the very intense elastic scattering peak.

The primary goal of the present experiment was to
identify the targetlike fragments in coincidence with the
readily observable projectileiike fragments. This involves
identification of known transitions in the discrete y-ray

500—

0
O~ 25000

2000

15000

1000

5000

.'I ~
'.

(

~ ~

I I I ' ~ I

I. ~"
y e

I.a

I.
1

l:.

4000-

2000-

0

13C

12C

0
4000

I
I l 1 I $ g ~ l

3000—

200 225

13N
I

2000— ~ l
0 e$

1000— e~ /
I I mt I I I I I l~ k I I 1 i I I

250 275 300 325
ENERGY (MeV)

FIG. 2. Inclusive spectra of ' 0, "O, "N, and ' N fragments
from the '"N+ ' Ho reaction at 20 MeV/nucleon. The dotted
and the dotted-dashed curves are the results of the pickup model
calculations with two sets of parameters (see the text). The solid
and dashed curves are the results of the Friedman model and
the extended Serber model calculations, respectively. The ar-
rows indicate the energies corresponding to the beam velocity.
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FIG. 3. Inclusive spectra of ' C, ' C, and "C, similar to Fig.
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TABLE II. Coincidence cross sections of targetlike fragments in mb/sr.

Target
Ejectile 2n 3n

der/dQ (8=14')
(mb/sr)

4n Sn 6n

164Dy
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165Ho

15N
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11B
1
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3.4+0.5

1.2+0.7
1.9+0.8

2.3+0.4
1.2%0.2
0.2+0. 1

0.6+0.4

2.2+0.6
3.5E1.2

(0.4

0.8+0.3

0.4+0.2
1.4+0.4
0.5+0.3
1.5+0.8
7.3+1.2

(0.8

0.4+0, 1

2.2+0.6
1.0+0.3
1.7+0.6
3.0+1.7
0.8+0.3

(0.6
1.5+0.4
1.3+0.5

0.2+0. 1

1.5%0.8 1.4+0.4
0.7+0.2 ( 1.1 0.6+0.3

2.3%0.9 1.6%0.5 (1.3
0.7%0.4 (0.5 0.5+0.3 (0.4

aln a2n a3n a4n a5n a6n

164Dy 12B

11B
1

0.2+0. 1 (0.4
0.7+0.3
0.4+0.2

0.2%0. 1

0.6+0.4 (0.9
0.5+0.3 (0.7

(0.7
(0.9 0.5+0,2

'"Ho 13C

12C

11C

0.8J0.4 (0.8
1.0+0.7 1.3+0.6 1.0+0.6 ( 1.3

(0.5 (0.7 (0.3

spectra taken with the HPGe detectors in coincidence
with each PLF. Figures 5, 6, and 7 show these coin-
cidence spectra for the series of nitrogen, carbon, and bo-
ron isotopes, respectively. The transitions from the dom-
inant reaction channels of neutron evaporation, xn, and
rather weak channels of alpha plus neutron evaporation,
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FIG. 5. Discrete y-ray spectra from a HPGe detector in
coincidence with ' N and ' N from the reaction of ' N+ ' Dy
at 20 MeV/nucleon. Channel numbers approximately corre-
spond to keV. Each symbol uniquely represents one isotope in
the three panels of the figure. Some of the y-ray transitions
used to obtain cross sections are marked with the bars, as dis-
cussed in the text.
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FIG. 6. Discrete y-ray spectra from a HPGe detector in

coincidence with ' C, ' C, and "C from the reaction of
' N+ ' 'Ho at 20 MeV/nucleon, similar to Fig. 5.

FIG. 7. Discrete y-ray spectra from a HPGe detector in

coincidence with '~B, "B, and ' B from the reaction of
' N + '~Dy at 20 MeV/nucleon, similar to Figs. 5 and 6.

axn, are indicated in the figures. In general, these figures
show that as the mass number of the PLF decreases, the
number of missing neutrons increases, as expected in a
binary process in which an unobservei projectilelike frag-
ment is absorbed by the target. However, this is not true
for the axn channels, which most likely occur via the a-
particle breakup of primary PLF's accompanied by mutu-
al excitation of the targetlike residue. It is also noted that
the ratio of the observable discrete y rays to background
(continuum y rays) becomes poor and the number of reac-
tion subchannels increases with decreasing mass number
of PLF. This aspect limited the present study of binary
reactions to measurements of the transfer of one or two
units of charge. Future studies using Compton-

suppressed germanium detectors should be able to extend
the measurements to larger charge (mass) transfer.

In Table II, we summarize the cross sections for the ob-
served subchannels. The ratios of the exclusive cross sec-
tions, integrated over various subchannels, to the corre-
sponding inclusive cross sections are listed in Table III.
Notice that small fractions, in the range of 4 to 10 per-
cent, of the inclusive cross sections for nitrogen, carbon,
and boron isotopes are associated with "binary" reactions.
These fractions are considerably smaller than those ob-
served by %aid et al. ' in a charged particle coincidence
measurement; this may be due to the impurities in our tar-
get.
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TABLE III. Summed targethke fragment cross sections.

Reaction
da/dQ (8=14')'

(mb/sr)

(a) '~Dy target

Fractions
(percent)

Dy(' N ' Nxn)

'~Dy('4N, 13Nxn)

Dy(' N ' Bxn)
(14N 12B~

1.4+0.9
&1

9+6
&6

'~Dy(14N "Bxn)
(' N, "Baxn)

9 k3
2 +1

8%3
2+1

Dy(' N, ' Bxn)
("N,"S~n)

S +2
2 %1

9+4
4+2

(b) ' Ho target

Ho(' N, "Cxn)
(' N, "Caxn)

4+2
& 1.3

'~5Ho(' N '~Cxn)

( 14N 12C~xn)
20 +7
4 +2

6%2
1+0.6

Ho(' N, "Cxn)
(' N, "Cuxn)

3 X2
& 1.5

9k6
& 4.2

'Uncertainties represent any statistical errors. The uncertainties
in the absolute cross sections due to the nonuniformity of the
target and the pileup probability (see the text) are less than 20%.

IV. DISCUSSION

A. Inclusive energy spectra

Several models of projectile breakup have been suggest-
ed that describe the final momentum of PLF's lighter
than the projectile in terms of two components, the
fragment's fraction of the initial beain momentum and the
momentum due to internal motion prior to breakup (e.g.,
Refs. 8 and 9 and references therein). It is this internal
momentum distribution that gives rise to the broad energy
peaks observed for PLF's. A detailed discussion of the
energy spectra of PLF's heauier than the projectile is
presented in the Appendix as it is not the main subject of
this paper.

We applied the Friedman model to the data of the in-
clusive PLF spectra by taking into account the following
aspects of the reaction: (i) the breakup of the projectile
into its constituent clusters was assumed to take place at
the nuclear surface of the target, (ii) the projectile was de-
celerated in the Coulomb field of the entrance channel
and the ejectile was accelerated in the exit channel, and
(iii) a three-body phase space factor, ' p=AiPiAiP&
where A i and A2 denote the mass numbers of the ejectile
and the unobserved fragment and Pi and I'z stand for
their momenta, respectively, was employed. Inclusion of
the three-body phase space factor seems reasonable for in-

elusive spectra because, as shown in Sec. III, binary pro-
cesses are less important at this bombarding energy.
Throughout the entire process, we assumed that the pro-
jectile and the ejectile follow classical grazing trajectories.
Because the angular acceptance of the telescope was large,
+3.5' at an average angle of 14', the final momenta of the
ejectiles were weighted according to classical Coulomb
(Rutherford) angular distribution. Such a steep angular
distribution is consistent with the experimental data for
quasi-elastic scattering at 20 MeVjnucleon. '5 The free
parameters in this model are the truncation radius for the
internal wave function of the projectile fragments, the
separation of the target and beam nuclei at breakup, plus
an individual normalization. We used a truncation radius
of 1.2A i fm, as determined in a previous study, and a
breakup radius of 1.4(A~ +At' ) fm with the mass
numbers of the projectile (A~) and the target (A, ). The
results of the calculation were insensitive to the value of
the radius parameter over a range of 50 percent. The
solid curves in Figs. 2—4 show the results of these calcula-
tions.

We also applied the extended Serber model to the same
data. In this model it is assumed that one of the constitu-
ent clusters in the projectile misses the target and contin-
ues its flight as a spectator, while the other cluster strikes
the target and undergoes a strong interaction with the tar-
get. The phase space factor is simply given by A, P, be-
cause the fate (either absorption or scattering) of the
unobserved fragment is not specified in this model. As-
pect (ii) of the reaction discussed above was taken into ac-
count by replacing the beam and ejectile momenta with
their local momenta just before and after the breakup,
respectively, as has been done in Ref. 8. The results are
shown by the dashed line in Figs. 2—4.

The peak positions of the Friedman model calculations
(solid curves) are slightly shifted toward lower energy
compared to those of the extended Serber model calcula-
tions (dashed curves) This is. due to the kinematics em-

ployed in the Friedman model, where a small portion of
the bombarding energy is first used to break up the pro-
jectile. Note that in the extended Serber model, the most
probable velocity of the ejectile nearly equals the beam
velocity because of the spectator approximation for the
ejectile. The three-body phase space factor used in the
Friedman model results in a rapid decline of the spectra
on the higher energy side, while the extended Serber
model predicts nearly symmetric spectra. Overall, both
calculations reproduce the experimental data acceptably
well.

B. Exclusive reactions

Table III summarizes the cross sections for the produc-
tion of targetlike residues in coincidence with specific
PLF's along with their fractions of the inclusive PLF
cross sections. It should be stated that the missing neu-
trons in the PLF, xn channels are most likely evaporative,
while the missing a particle in the PLF, axn channels
seems nonevaporative. For the former case we reproduce
the neutron distributions on the basis of the statistical
evaporation model assuming that the unobserved frag-
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ment is absorbed by the target, as discussed beiow. In
such a statistical evaporation framework, evaporative u
cross sections are found to be less than 1% of evaporation
neutron cross sections for the present cases. Therefore, it
is more likely that the observed y-axn events correspond
to sequential decay~' of primary PLF's in those particular
reactions in which the target is simultaneously excited.
Consequently, the heavy ion (HI), axn cross sections given
in Table III should be regarded as upper limits to the
cross section for such mutual excitation processes. Thus,
we regard only the xn cross sections as the binary cross
sections. Our results indicate that a binary reaction
partner was observed in coincidence with only 4 to 10 per-
cent of the PLF's.

The most important aspect of the present study is the
correlation of the PLF's with targetlike residues. We can
make a more stringent test of the projectile breakup mech-
anism described above by comparing the observed TLF
mass distributions with model predictions. However, in
order to make such a comparison we again need to extend
the breakup model. A capture of the unobserved part of
the projectile by the target will create a targetlike nucleus
at a specific excitation energy and angular momentum
which can be coupled to the calculated kinetic energy dis-
tribution of the observed PLF. Thus, we can convert the
kinetic energy distribution predicted for a specific PLF
into an excitation energy distribution of a specific target-
like fragment and then follow its evaporation statistical
equilibrium decay.

The kinetic energy distributions from the Friedman
model were used to calculate the excitation and angular
momentum distributions of the primary TLF's. The
peaks shown in Figs. 2—4 were divided into eight energy
bins. A target1ike compound nucleus was assumed to be
produced by the absorption of the unobserved projectile
fragment corresponding to each bin. The beam nucleus
delivers the fragment of the target nucleus at the top of
the Coulomb barrier and thus the excitation energy of the
primary TLF is taken to be the sum of the transferred
fragment's kinetic energy and the Q value for the capture
reaction leading to the formation of the compound nu-

cleus. For the present simple estimates we assume an
opaque target nucleus; that is the probability of the ab-
sorption of the unobserved fragment is independent of its
kinetic energy and direction of incidence on the target.
This is clearly a limiting case for the model and so we will
only consider the variation of the relative yields of the
TLF isotopes.

The statistical decay of the targetlike compound nuclei
was followed with the ORNL-ALICE computer code. '

This code predicts that either one or two evaporated resi-
dues will be produced for a given energy bin (see Fig. 8).
However, the momentum distribution of the absorbed
fragments produce a distribution of excitation energies
and angular momenta. The range of these excitation ener-

gies and angular moments is indicated in Table IV. The
evaporation residues from the eight compound nuclei de-
cay chains were then weighted in proportion to the PLF
kinetic energy distribution and added together.

The relative isotopic distributions are compared to the
data in Fig. 9. In most cases the fits are unexpectedly
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tron multiplicity to the total cross section for particle emission
versus excitation energy of the equilibrated compound nucleus
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TABLE IV. TLF excitation energy distributions. ACKNO%LEDGMENTS

PLF

11C

12C

13C

10B

11B
12B

Absorbed
fragment

H
H

P
4He
3He

2p

Excitation
energy
range
(MeV)

2.6—75. 1

2.8—63.5
0.7—46. 1

13.0—96.4
3.1—82. 1

0.6—57.7

Angular
momentum

range
(A)

4—25
3—18
1—11

11—32
5—26
2—17
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APPENDIX: ENERGY SPECTRA OF PLF'S
RESULTING FROM PICKUP REACTIONS

g~ considering the simplicity of the assumptions The
average number and the range of evaporated neutrons are
corre:tly predicted in four of the six cases. Only the cen-
troids of the distributions calculated for fragmentation
into mass 12 PLF's are different from the data by as
much as two neutrons. Such differences may indicate the
importance of sequential decay or other contributions to
these PLF channels which are not present in the model
calculations.

In this appendix, we discuss the energy spectra of
PLF's heavier than the projectile, which cannot be ad-
dressed in the framework of projectile breakup. These
spectra ('sN, "0, and '60) show very sharp peaks com-
pared to those of PLF's lighter than the projectile. An at-
tempt was made to describe these data in terms of direct
pickup of nucleon(s) from the target by the projectile. We
write the longitudinal momentum distribution of the tar-
get nucleons, P, by assuming that they are, on the aver-
age, at rest" with respect to the target by:

V. CONCLUDING REMARKS
—P /2o')2 2

IFS (Al)

We have reported the measurement of cross sections for
the production of projectilelike fragments in coincidence
with targetlike fragments at 20 MeV/nucleon. The cross
sections were determined by the combination of isotopic
identification of the light reaction products in a silicon
surface barrier telescope and discrete line spectroscopy of
the heavy residue. The complete identification of the re-
action products was found to be limited to those transfer
reactions with three or fewer nucleons by the broad isoto-
pic distribution of TLF's associated with a given PLF.
The fraction of the inclusive PLF cross section in coin-
cidence with TLF y rays is somewhat lower than the
(20%—30%%uo) obtained in a previous measurement of
particle-y-ray coincidences from ' N-induced reactions
with a rare earth target (' Tb) at 10 MeV/nucleon, as
expected. However, both experiments (i.e., that of Ref. 4
and the present work) give fractions which are approxi-
mately a factor of 4 lower than the results from a recent
PLF-charged particle coincidence measurement' for a
similar system ( Ne+ ' Au at comparable bombarding
energies) for reasons that are not known.

The inclusive spectra of PLF's lighter than the projec-
tile were compared to the Friedman and extended Serber
breakup models. Both these calculations reproduce the
spectral shape rather well. The energy spe:tra of PLF's
resulting from the pickup reactions were well described in
terms of direct transfer of a few nucleons from the target
to the projectile. Finally, the isotropic distributions of
TI.F's were calculated by assuming that the unobserved
fragment of the projectile was absorbed by the target
which created an excited primary TLF that underwent
statistical evaporation. These isotropic distributions
agreed quite well with the observed TI F isotopic distribu-
tions.

where m indicates the number of nucleons to be
transferred and o& is the width of the distribution which
we estimated in a fashion similar to that of Friedman us-

ing a truncation radius parameter of 1.2 fm. Next we re-
quire linear momentum matching' in the longitudinal
direction for the pickup process as:

-(P —Po)2/2+22Ill (A2)

(A3)

Now P, is the local ejectile momentum and P, is given
by:

Pp+(Pp+Pp)u
1+u

(A4)

with the local projectile momentum Pz. By local we
mean at the top of the Coulomb barrier. The reduced
width, o, in Eq. (A3), is defined by:

o.,=o ~oq/(o ~+oq) =o'f/(1+ u), (A5)

where u =o'f/oz. In writing Eq. (A3), we use the relation

where Po is the momentum of m nucleons at the beam
velocity and o'z gives the width of the matching. Equa-
tion (A2) requires a soft landing of the "m" nucleons onto
the projectile, i.e., an average relative velocity of zero.
This is equivalent to the assumption used in the in'verse

(stripping) reaction that the "m" nucleons are at rest
[A, , =0 in equation (1) of Ref. 19] in the projectile frame.
Equation (A2) thus ensures that only the higher momenta
nucleons inside the target satisfy the matching condition.
Neglecting recoil motion of the target for simplicity, the
probability, to, of the pickup reaction is given by the prod-
uct of Eqs. (Al) and (A2) and can be rewritten as:

—(& —P )2/2o2
m~e
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d o IdE d II ~p,p„io, (A6)

where p, ~A,E,' and p„a:(A,—A )(280+Q,rt —E, )'
are the ejectile and the residue phase space factors, respec-
tively. 3; (i =e, t, or tn) is the mass number of i, E, is
the ejectile energy, and Q,rt is the effective Q value which
is the sum of the reaction Q value and the Coulomb ener-

gy difference between the entrance and exit channels. The
phase space p, results in a sharp cutoff seen on the high
energy side of the spectra.

The width tri of the intrinsic momentum distribution in
a ' Ho nucleus is calculated to be 48 MeV/c for a neu-

tron, 45 MeV/c for a proton, and 60 MeV/c for a deute

P, =P +Pz, assuming that the transfer of "I"nucleons
takes place in the reaction plane. The energy spectra of
the ejectile is then given by:

ron. We treated oz as a free parameter and determined
the value so as to reproduce the experimental most prob-
able kinetic energy. The value of a2 was found to be 74
MeV/c for ' N, 80 MeV/c for ' 0, and 86 MeV/c for
' 0. The spectra calculated with Eq. (A6) are shown by
the dotted-dashed lines in Fig. 2.

An alternative estimation of o2 could be made by ap-
plying Friedman's breakup model to the inverse process of
the pickup, i.e., in the time-reversed reaction ' N frag-
ments into ' N plus a neutron. Using a truncation radius
parameter of 1.2 fm, we obtain similar values for tr2 of 84
MeV/c for ' N, 78 MeV/c for ' 0, and 106 MeV/c for
'60. The kinetic energy spectra obtained with this model
are shown by the dotted curves in the figure. The overall
agreement of both calculations with the data is satisfacto-
ry, particularly in view of the simplicity of the assump-
f,ions.
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