
PHYSICAL REVIEW C VOLUME 26, NUMBER 5 NOVEMBER 1982

Correlated charge and mass distributions from reactions of 5 Fe
with Nl Nl, and Sn

H. C. Britt, B.H. Erkkila, A. Gavron, Y. Patin, * R. H. Stokes, and M. P. Webb
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

P. R. Christensen, Ole Hansen, 'f S. Pontoppidan, and F. Videbaek
Niels Bohr Institute, University of Copenhagen, DK 2100-Copenhagen, Denmark

R. L. Ferguson, F. Plasil, and G. R. Young
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

J. Randrup
Latvrence Berkeley Laboratory, Berkeley, California 94720

{Received 19 March 1982)

First and second moments of the projectilelike fragment distributions in the NZ plane
have been measured for the reactions of Fe with ' Ni at 315 and 461 MeV, with Ni at
464 MeV, and with ' Sn at 320 and 460 MeV bombarding energy. Results are compared
as a function of energy loss to predictions of theoretical transport calculations which in-

clude effects of the deexcitation of the excited fragments by particle evaporation. Compar-
isons involve no adjusted parameters. Theoretical and experimental results for second mo-

ments are in good agreement for all cases. First moments agree well with theory for Ni

and Ni cases, but for ' Sn the experimental data show a drift toward higher masses that
is less rapid than predicted. It is concluded that a theory employing statistical single nu-

cleon exchange as the dominant mechanism in energy damping can generally reproduce the
results of these experiments.

NUCLEAR REACTIONS Heavy ions. Measured isotopic distribu-
'

tions versus energy loss for Fe+ ' Ni, ' Sn. Co~pare to predictions

from transport theory.

INTRODUCTION

One of the primary subjects in the study of heavy
ion reaction properties has been the attempt to
understand the fundamental nature of the energy
loss process in deeply inelastic collisions. ' In the
past several years a large number of macroscopic
and microscopic models have been developed em-

phasizing radically different physical processes
which may be important in various stages of the en-

ergy loss process. At the extremes of the current

models are those based on transport theories
which consider primarily the effects of the ex-

change of single nucleons between the two heavy

ions during the collision process and those which

deal primarily with the dissipation of energy via ex-

citation of co1lective surface and giant resonance

modes ' in the two impinging nuclei and the subse-

quent irreversible damping of these modes into oth-

er degrees of freedom. The relative importance of
these two energy dissipation mechanisms has been a

subject of considerable debate, but until recently
most comparisons between experiment and theory
have been of a qualitative nature and have yielded
ambiguous conclusions on the fundamental nature
of the energy damping process. '

Following the original attempts by Norenberg to
apply transport theory to the problem of heavy ion
collisions, Randrup has developed a transport
theory which incorporates energy damping nucleon
exchanges using a one body dissipation approach.
An important feature of this model is that it incor-
porates effects due to the blocking of transfers to
occupied states around and below the Fermi surface
because of the Pauli principle. This model has been
compared to experimental mass and charge vari-
ances ' and yields good quantitative agreement
for relatively heavy systems. In addition, it gives
quantitative predictions for average deflection func-
tions and properties of angular momentum transfer
to the outgoing particles. ' In most cases a good
quantitative agreement was obtained between the
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experimental data and theoretical predictions of
average properties of the outgoing particles. In
most cases deviations could be at least partially as-
cribed to the neglect of the deexcitation process for
the excited fragments.

In this paper we present a detailed comparison of
calculations using this transport theory with experi-
mental data for the systems ' Fe+ sNi at born

harding energies of 315 and 461 MeV, Fe+ Ni
at 464 MeV and Fe+' Sn at 320 and 460 MeV.
Moments and correlation coefficients of the Z and
N distributions of the projectilelike reaction frag-
ment are compared with theoretical values as a
function of total energy loss. Quantitative compar-
isons are obtained by using theoretical final frag-
ment distributions determined from the initial
theoretical distribution by means of a Monte Carlo
evaporation cascade calculation.

Details of the experimental setup and procedures
will be given elsewhere. ' The experiments used
beams of Fe from the LBL Super HILAC to bom-
bard targets of Ni (-0.8 mg/cm ) at energies of
315 and 461 MeV, Ni (-0.6 mg/cm ) at an ener-

gy of 464 MeV, and ' Sn (-1 mg/cm ) at 320 and
460 MeV. Outgoing projectilelike fragments were
detected by a time-of-flight system (TOF) followed

by a AE-E measurement so that both the mass and
charge of the detected particle could be deduced for
each event. The TGF system used two chevron mi-
crochannel plate systems" in which pulses were
generated by means of secondary electron emission.
The secondary electrons were obtained from foils of
40 pg/cm polypropylene coated with a 20 pg/cm
AI layer. The flight path between the two detectors
was —1.6 m and the intrinsic time resolution ob-
tained was -80 ps. A gas ionization detector'
backed by a semiconductor detector was used for
the AE-E measurement. After analysis, typical
resolutions were hZ/Z- I/50 and hA/2 —1/85.
The experimental energy resolution (5—7 MeV
FWHM) was limited primarily by the Super
HILAC beam energy spread.

In the region near Fe the data were easily
resolved into individual M, Z bins over the kinetic
energy loss (i.e., Q value) region of interest in this
paper. The data were converted event by event
from E, AE, TOF, to E, Z, A. The total kinetic en-
ergy loss was then deduced using binary kinematics.
The ZP distributions were characterized by first
and second moments in two different representa-

tions; Z, X and X-Z, A. The yields for Fe and
the yields at forward angles and small energy losses
of '6' Co were obtained by interpolation following
the trends in the Mn spectra. This was necessary
because of elastic spillover from Fe to the neigh-
boring isotopes and because of the presence of a
small slit scattered energy degraded beam com-
ponent. The contribution to experimental errors
from statistics was negligible in the first and second
moments. Systematic errors w ere estimated by
comparing results derived from the raw data and re-
sults using the Co and Fe interpolated yields as
described above. Overall errors on average quanti-
ties are estimated as less than 0.2 u and less than 0.2
u or 10% for standard deviations.

The details of the theoretical calculations have
been described elsewhere ' and the calculated re-
sults have been compared to experimental measure-
ments. ' In this section we will give only an out-
line of the important features of the theory and the
method for making a quantitative comparison to
the experimental data.

In this theory it is assumed that the dominant
factor in converting kinetic energy to excitation en-

ergy comes from the exchange of single nucleons
between the two nuclides when they are in close
proximity. The effects of this exchange are calcu-
lated in a one-body dissipation limit where the sin-
gle particle exchanges damp the kinetic energy by
moving between the two parts of a dinuclear com-
plex that is characterized by a potential with the
shape of two spheres connected with a small
cylindrical neck. The transfers are driven by the
available phase space determined using a liquid
drop formula for the potential energy and finite-
temperature Fermi-Dirac statistics for the nucleons.

The calculations use a Fokker-Planck equation to
follow the dynamical evolution of the probability
P(JV, Z; t) of finding X neutrons and Z protons in
one reaction fragment at a given time t. Using this
approach, collisions from a given impact parameter
result in a final distribution P(X,Z,EI„,) at the time
of scission. In addition, the average value of the ex-
citation energy E, in each fragment and 0.E'; can be
obtained. The results show (E; ) to be approxi-
mately proportional to the masses, A;, of the frag-
ments and o.z'; ——2~E~„„where ~ is an effective tern-
perature.

The major difficulty in comparing quantitatively
to experimental data is that the calculations yield
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the distribution P (N, Z) at the moment the reaction
fragments separate, whereas the experiments mea-
sure P'(N, Z) which results after the fragments have

dissipated their excitation energy. In a general case,
it is very difficult to derive P(N, Z) from P'(N, Z)
in an unambiguous way. For this reason, previous
comparisons have involved asymmetric systems and
heavy targets so that the projectilelike fragment gets
little excitation and decays primarily by neutron
emission. A much more direct method to compare
to experimental data is to derive P'(N, Z) from the
calculated P(N, Z) using a suitable evaporation cal-
culation. In our comparison we have used a modi-
fied version of the Monte Carlo code JULIAN to
derive P'(Z, N) from P(Z,N) . In this calculation the
starting distribution is given by Z,X,o-z', o.~',g»
from the theoretical calculations and 0~*; is taken as

2E~„,~, with &=1 MeV. This is an adequate repre-
sentation since it is found that changes of a factor
of 2 in crE; do not significantly affect the results.
The calculated average spins for the fragments are
also taken as starting points, but again the final dis-
tributions are not very sensitive to the spins as-
sumed. The resultant P'(Z, N) distribution is then
characterized by its first and second moments for
comparison to the experimental results.

RESULTS
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For orientation the differential cross sections,
do. /dQ dE~„„are shown in Figs. l and 2 for the

Fe bombardment of ' Ni and ' Sn at the two
bombarding energies and at several laboratory an-
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gles. In each case the middle angle is close to the
classical grazing angle and the largest angle close to
the quarter point angle. The results are typical of
this type of reaction, showing a monotonic decrease
in do. /dQdE~, » with increasing energy loss fol-
lowed by a peak corresponding to the fully damped
events at a Q value well below that corresponding to
a final kinetic energy equal to the Coulomb barrier
for two touching spheres.

Calculations for the first moments of the initial
projectilelike fragment are shown in Fig. 3 in the
two representations, (A,N —Z) and (N, Z), for the

Ni and Ni cases. Calculations are shown only

up to kinetic energy losses which correspond to a fi-
nal kinetic energy equal to the Coulomb barrier be-
tween touching spheres because of the geometric
constraint in the theory. It can be seen that the
most informative coordinate system is A,N —Z
which shows that A stays close to 56 independent of
target or bombarding energies while N —Z shows
the effects of changing N Zof the—target from 2
to 8. In addition, it can be seen that the equilibrium
of N —Z occurs for a smaller energy loss at the

lower bombarding energy. ' Figure 4 shows calculat-
ed initial distributions for o.z, O.z, and

NZcorr =~xz ~~N~z

for the Ni case. The open points correspond to
calculated results for the final fragment distribution
(i.e., after evaporation). It can be seen that evapora-
tion does not significantly change o.& or O.z, a result
that was taken as an assumption by previous au-
thors in comparing experimental to theoretical re-
sults. The theoretical XZ correlation function,
however, is significantly changed by the evapora-
tion process, and comparisons between theory and
data that ignore the evaporation corrections could
lead to the conclusion that the neutron and proton
transfers are more correlated than is in fact the
case. In the (2, N —Z) representation, it was found
that o.z z actually became narrower due to the
focusing effect of decay into the valley of P stabili-
ty.

Figures 5 —8 show the experimental results for
the Ni, Ni cases compared to the theoretical pre-
dictions including evaporation effects in the two
different representations. The experimental results
have been averaged over the three angles shown in
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Fig. 1 except for the 10—20 MeV region in the Ni
case where only the back two angles were used. It is
seen that there is good absolute agreement between
the ' Ni data and the theoretical predictions for

E~~, &10 MeV. The agreement is even more re-
markable since no parameters were adjusted in the
theoretical transport calculation. At the highest en-

ergy losses there is a trend for the calculated oz (or

o~, oz) to be lower than experimental values.
These energy losses correspond to the region where
the geometrical model of two spheres connected by
a cylindrical neck is expected to begin to become
inadequate. Table I shows o.z for various scattering
angles for the Ni case. It is seen that the data tak-

en at different scattering angles show oq to be in-

dependent of angle up to E~„,—100 MeV, whereas
for E&„,~ 100 MeV there is a discernible angular
dependence with o.z varying smoothly from 6.1 to
7.7 for 8 varying from 6' to 16' at E~„, 135 MeV. ——
Then at the highest energy losses 0& again becomes
independent of scattering angle. These results are
typical of all cases.

Figures 9 and 10 show results for the ' Sn target
at 320 and 460 MeV bombarding energies. The ex-

perimental results have been averaged over the an-

gles shown in Fig. 2. In these cases, the theoretical
calculations both before and after particle evapora-
tion are shown. As in the Ni cases, the second mo-

ments agree very well with the theoretical calcula-

tions. However, at the largest energy losses in the
quasielastic region there seem to be significant devi-
ations in the average quantities (A,X—Z or N,Z)
after particle evaporation has been taken into ac-
count. These deviations (-1—2) could in principle
be due to a combination of three factors: (1) inac-
curacies in the evaporation calculations, (2) devia-
tions from the assumption that the excitation ener-

gies are divided in proportion to fragment mass, or
(3) too large a mass drift in the theoretical calcula-
tions. The good agreement for average quantities in
the Ni cases (Figs. 5 —8) suggests that uncertainties
in the evaporation calculations should not contri-
bute more than -0.3 to the observed deviation. To
get an experimental/theoretical agreement by
changing the division of excitation energy with
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FIG. 9. Comparison of experimental and theoretical
first and second moments of the distributions of projec-
tilelike products as a function of energy loss for ' Fe
bombardments of ' Sn. Solid lines give theoretical pre-
dictions of initial distributions. Open and closed points
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mass, it would be necessary to assume equal excita-
tion energies in the two fragments, and this would

conflict with several experimental results obtained
in similar reactions. ' On this basis it seems
most reasonable to assume that the theoretical cal-
culations are giving too large a rate of mass drift.
This could happen because the theory employs a
liquid drop potential energy surface and takes no
account of shell effects. For the nearly symmetric
Fe+ Ni systems the calculated mass drifts are very
small and possible shell effects on this drift cannot
be tested. However, for Fe+ Sn, a substantial drift
rate is calculated and the data indicate a decreased
drift rate. This effect is qualitatively consistent
with the extra stability expected in the Fe and Sn
regions.

SUMMARY

In this paper, we have attempted to quantitatively
test the predictions of a single particle transport
model of heavy ion collisions by comparison to the
first and second moments of the projectilelike frag-
ment NZ distributions as a function of total kinetic
energy loss. The model employs single nucleon ex-

change mechanisms with inclusion of Pauli block-
ing effects but neglects possible perturbations due to
direct excitation of collective surface or giant reso-
nance modes. In order to compare quantitatively to
experimental results it was essential to accurately
take into account the particle evaporation from the
excited projectilelike fragment following the col-
lision. This was done by combining the Monte Car-
lo evaporation calculation of the fragment deexcita-
tion with the transport model calculation of the col-
lision. Then a detailed comparison can be made for
theoretical and experimental NZ distribution for the
projectilelike fragment after deexcitation.

Comparisons for near symmetric projectile-target
combinations ( Fe+ ' Ni) and an asymmetric
projectile-target combination ( Fe+ ' Sn) at two
energies shows good agreement for second moments
of the distributions (oz,oz,os) as a function of
energy loss for all cases. For the near symmetric
systems where very little mass drift is predicted in
the first moments, postevaporation values (N, Z)
agree well suggesting that the deexcitation calcula-
tions used are reasonably reliable. For the asym-
metric case ( Fe+ ' Sn) the calculations yield a
more rapid mass drift than indicated from the ex-

perimental data. This discrepancy is qualitatively
consistent with the expected effects due to the
neglect of nuclear shells in the theoretical transport
model. The proximity of shells in the region of Fe
and Sn will tend to inhibit a net drift in N and Z as
compared to liquid drop estimates at the relatively
low temperatures involved in these experiments.
The comparisons suggest that the first moments

(N, Z) are more sensitive for the observation of these
shell effects than the second moments.

The fact that the theoretical/experimental com-
parison involves no adjusted parameters and yields

good agreement supports the conjecture that single
particle transfer is dominant in the energy loss
mechanism for heavy ion collisions in this energy
region.

ACKNOWLEDGMENTS

This work was supported in part by the U.S.
Department of Energy under contract to the
University of California and the Union Carbide

Company and by the Danish National Science
Research Council. %e are very grateful to M.
Blann for help during the experiments and for
many stimulating discussions.

'Present address: PNN, CEA, Bruyeres le Chatel, 92542
Montrouge, France.

Permanent address: Physics Department, Brookhaven
National Laboratory, Upton, New York 11973.

W. U. Schroder and J. R. Huizenga, Comm. Nucl. Part.
Phys. 10, 19 (1981).

R. A. Broglia and A. Winther, Comm. Nucl. Part. Phys.
8, 179 (1979).

W. U. Schroder and J. R. Huizenga, Annu. Rev. Nucl.
Sci. 27, 465 (1977); A. Gobbi and W. Norenberg, in

Heauy Ion Collisions, edited by R. Bock (North-
Holland, Amsterdam, 1980).

4W. Norenberg, Z. Phys. A 274, 241 (1975); Phys. Lett.
53B, 289 (1974); G. Wolshin and W. Norenberg, Phys.
Rev. Lett. 41, 691 (1978).

5H. Hoffmann and P. J. Siemens, Nucl. Phys. A275, 464

(1977); P. J. Johansen, P. J. Siemens, A. S. Jensen, and
H. Hoffmann, ibid. A288, 152 (1977); C. Ngo and H.
Hoffmann, Z. Phys. A 282, 83 (1977); D. H. E. Gross
and K. M. Hartmann, Phys. Rev. C 24, 2526 (1981).

J. Randrup, Nucl. Phys. A327, 490 (1979).
J. Randrup, Lawrence Berkeley Laboratory Report

LBL-12676, 1981.
~R. A. Broglia, C. H. Dasso, and A. Winther, Phys. Lett.

B61, 113 (1976); R. A. Broglia, C. H. Dasso, G. Pol-
larola, and A. Winther, Phys. Rev. Lett. 41, 25 (1978).

W. U. Schroder, J. R. Birkelund, J. R. Huizenga, W. W.
Wilcke, and J. Randrup, Phys. Rev. Lett. 44, 308
(1980).
P. Dyer, M. P. Webb, R. J. Puigh, and R. Vanden-
bosch, Phys. Rev. C 22, 1509 (1980).

~~W. U. Schroder, J. R. Huizenga, and J. Randrup, Phys.



H. C. BRITT et al.

Lett. 98B, 355 (1981).
H. J. Wollersheim, W. W. Wilcke, J. R. Birkelund, J.
R. Huizenga, W. U. Schroder, H. Freiesleben, and D.
Hilscher, Phys. Rev. C 25, 338 (1982).
A. Lazzarini V. Metag, A. G. Seamster, R. Vanden-

bosch, and R. Loveman, Phys. Rev. Lett. 46, 988
(1981)'.

S. Pontoppidan, thesis, the Niels Bohr Institute,
University of Copenhagen, 1981; P. R. Christensen,
Ole Hansen, S. Pontoppidan, F. Videbaek, H. C. Britt,
B. H. Erkkila, R. H. Stokes, M. P. Webb, R. L. Fer-

guson, F. Plasil, and G. R. Young (unpublished).
5G. Gabor, W. Schimmerlins, D. Greiner, F. Bieser, and

P. Lindstrom, Nucl. Instrum. Methods 130, 65 (1975);
G. Gabor, private communication.
P. R. Christensen, F. Folkm ann, Ole Hansen, O.
Nathan, N. Trautner, F. Videbaek, S. Y. Van der

Werf, H. C. Britt, R. P. Chestnut, H. Freiesleben, and
F. Puhlhofer, Nucl. Phys. A349, 217 (1980).

~7M. Hillmann and Y. Eyal, code JULIAN (unpublished),
modified by A. Gavron; A. Gavron, Phys. Rev. C 21, .

230 (1980).
~~F. Plasil, R. L. Ferguson, H. C. Britt, R. H. Stokes, B.

H. Erkkila, P. D. Goldstone, M. Blann, and H. H.
Gutbrod, Phys. Rev. Lett. 40, 1164 (1978).

' D. Hilscher, J. R. Birkelund, A. D. Hoover, W. U.
Schroder, W. W. Wilcke, J. R. Huizenga, A. C. Mig-
nerey, K. L. Wolf, H. F. Brewer, and V. E. Viola, Jr.,
Phys. Rev. C 20, 576 (1979).

2 Y. Eyal, A. Gavron, I. Tserruya, Z. Fraenkel, Y. Eisen,
S. Wald, R. Bass, C. R. Gould, G. Kreyling, R. Ren-
fordt, K. Stelzer, R. Zitzman, A. Gobbi, U. Lynen, H.
Stelzer, I. Rode, and R. Bock, Phys. Rev. C 21, 1377
(1980).


