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Isotopic yields of intermediate-mass fragments emitted in E /A =50 Mev He+ " ' Sn reactions
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Inclusive yields of isotopically resolved intermediate-mass fragments (IMF) with Z =3—6 have been
measured for the reaction of F. /2 =50 MeV He with-" Sn and ' Sn targets. The isotopic yield pat-
terns reAect the N/Z ratio of the target for both equilibriumlike and nonequilibrium components of the
spectra. In addition, the IMF elemental cross sections for the ' Sn target decrease much more rapidly
with Z than for " Sn. This effect is presumably due to lower barriers for IMF emission from residues
formed with the neutron-deficient " Sn target and increased competition from pre-IMF neutron emis-
sion for the neutron-excess ' Sn target. The experimental cross sections are compared with statistical
and accreting-source calculations.

PACS number(s): 25.70.Mn

I. INTRODUCTION

Inclusive studies of intermediate-mass fragments (IMF:
3 ~ Z ~ 15) have provided valuable insight into the nature
of both the reaction dynamics and decay mechanisms
which characterize intermediate-energy nucleus-nucleus
collisions [1—7]. The systematic evolution of IMF kinetic
energy, angular, and charge distributions as a function of
projectile energy has demonstrated that IMF emission
occurs over a wide range of interaction times —extending
from fast nonequilibrium mechanisms to time scales
characteristic of fully equilibrated compound nuclei [8).
The data support a picture in which the emission time
scale becomes shorter as a function of increasing impact
parameter and bombarding energy, a conclusion rein-
forced by recent exclusive studies [9,10].

While most of the existing inclusive data are for
charge- (or mass-) identified fragments, discrete isotopic
yield information has further enriched our understanding
of IMF emission mechanisms [1,11—15]. Relative isoto-
pic yields for a given element have been shown to reAect
the NIZ composition of the emitting source [11]. This
result has important implications for the mechanism
of non equilibrium IMF emission —as yet poorly
understood —in that the neutron-excess character of the
ejectiles implies formation from a composite source, rath-
er than a projectilelike peripheral interaction [8]. The
isotopic ratios also evolve as a function of fragment kinet-
ic energy; neutron-excess fragments are favored for low-
energy ejectiles, whereas neutron deficient species are
more abundant in the high-energy tails of the spectra
(dependent somewhat on ejectile mass and angle of obser-
vation). Hence, slope temperatures derived from elemen-
tal spectra, which represent an average over all isotopes,
must be interpreted with caution. Wada et al. [11]have
also used isotope-ratio data to infer the relation between
the nuclear density and temperature at breakup. Qualita-
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tive success has been obtained in describing isotopic ratio
data with an accreting source model [14,16] and a statis-
tical fragmentation model [12,17].

In the present work we investigate the inhuence of tar-
get N/Z ratio on the properties of IMFs formed in the
reaction of E/A =50 MeV He ions with targets of " Sn
(N/Z=1. 32) and ' Sn (N/Z=1. 48). The use of light-
ion projectiles eliminates contributions due to projectile
fragmentation, thus permitting a more direct comparison
between equilibrium and nonequilibrium targetlike
sources.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Indiana Univer-
sity Cyclotron Facility with He beams of 180 and 200
MeV incident energy. Self-supporting " Sn and ' Sn
targets were used, each with areal densities of 1.4
mg/cm and isotopic purity of 95.6% and 96.7%%u&, respec-
tively.

Reaction products (Z ~ 3) were detected with two tele-
scopes positioned on rotatable arms inside a 162-cm-diam
scattering chamber. The first telescope, employed pri-
marily at forward angles, consisted of an axial-field gas-
ionization chamber followed by 90 pm and 1 mm silicon
surface-barrier detectors (450 mm ), and a 2-cm-thick
CsI(T1) scintillator crystal readout with a photodiode.
The first silicon element was placed 38 cm from the tar-
get and was also used for timing, with the beam rf signal
as the time reference. Time-of-fiight (TOF) and b,EE-
measurements provided low energy thresholds and full
isotope separation for Z ~6 fragments. The second tele-
scope consisted of a gas-ionization chamber followed by a
500 pm passivated silicon detector (25 cm ) [18]. The 6.2
cm active length gas-ionization chambers were operated
at 20 Torr of CF4. Inclusive energy spectra of the inter-
mediate mass fragments were measured with the
AE-E/TOF telescope at forward angles of 12', 35, and
65', and with the large solid-angle hE-E telescope at
160'. The TOF/AE-E telescope was also used to perform
complementary measurements at the backward angle.
This measurement was performed at 154 and 180 MeV
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FIG. 1. Spectra for Be fragments measured at 12, 35', and 65 for " Sn (open points) and ' Sn targets (closed points), as indicated
on figure. Cross sections have been multiplied by factors indicated on figure.

I

incident energy. For both systems fragment kinetic-
energy thresholds were E/A =0.4 MeV.

Runs with a blank target frame and a Mylar target
were carried out to evaluate contamination of the spectra
from beam halo and/or impurities in the targets. The
low-energy part of the spectrum just above the instru-
mental threshold was well separated from the peak corre-
sponding to the Coulomb energy for a given Z fragment
emitted from a targetlike nucleus. Contamination from
light-element impurities in the target was subtracted us-
ing energy spectra measured with the Mylar target. The
uncertainties associated with this procedure are included
in the quoted errors of the data.

The detectors were calibrated using an 'Am alpha
source and a precision pulse generator; the DONNA pro-
gram [19]was used to calculate energy losses in the target
and detector windows. Absolute cross sections were
determined from the measured target thickness, known
detector geometry, and integrated beam current, correct-
ed for electronic and computer deadtimes. Data were ac-
quired with standard NIM and CAMAC electronics, an
Microprogramable Branch Driver (MBD), and a VAX
11/750 computer. A light-ion software rejection pro-
cedure was incorporated into the xsYs program [20] con-
trolling data acquisition.

III. RESULTS

Figure 1 shows the energy spectra of Be isotopes at
several angles from " Sn and ' Sn targets. Spectra are
corrected for contamination using the subtraction pro-
cedure described in Sec. II. Energy spectra for Be at 12'
and 35 exhibit significant contributions from nonequili-
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FIG. 2. Angular distributions of Li, Be, "B, and ' C iso-
topes from " Sn (left) and ' Sn (right) targets. Solid line is fit to
data using Eq. (1). Cross sections have been multiplied by fac-
tors indicated on figure. Dashed line is accreting source fit
[16,31].

brium processes in the high-energy tails; Li and Li
behave similarly. Spectra of Be and ' Be are representa-
tive of A ~ 9 fragments, and the spectral shapes are simi-
lar for both targets. As has been reported previously for
a similar system [3], the high-energy tail becomes steeper
at larger angles and for higher Z fragments. The qualita-
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cx(200 MeV) + Sn ~ IMF

Sn

mental yields, since the result may be dependent on the
isotopic composition for a given Z fragment.

Representative angular distributions are shown in Fig.
2. The data are fitted with a functional form
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tive dependence of IMF yield on target N/Z is apparent
in Fig. 1. Neutron-deficient Be is produced with much
higher probability from " Sn than from ' Sn, whereas
the reverse is true for neutron-rich ' Be. For beta-stable
Be, the yields are nearly identical for both targets. In

addition, the spectral slopes exhibited by each of the Be
isotopes differ dramatically. This fact can inAuence the
"slope temperatures" derived from Maxwellian fits to ele-
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FIG. 3. Charge distributions at 12' (upper set) and 160'
(lower set) for IMFs emitted from " Sn (solid lines) and ' Sn
(dotted lines).

do
dQ

(0)= exp(aO +bO+c)+d, (1)

given by the solid lines in the figure. This parameteriza-
tion has been used to calculate total cross sections for
each nuclide. (See Table I.) It was assumed that the rela-
tive isotopic yields (isotope/element) measured at 160' in
the 200 MeV bombardments are the same as those mea-
sured with the 180 MeV beam at 154', although the abso-
lute cross sections are 30—50 %%uo larger at the higher ener-
gy.

In Fig. 3 we show the charge distributions for each tar-
get observed at 12, where nonequilibrium emission dom-
inates, and at 160', where equilibrium emission is most
probable. The probability for emission of IMFs from the
neutron-excess ' Sn target is significantly less than for
the " Sn target. This effect is more pronounced at the
backward angle and for larger Z fragments. The ratio of
the cross sections (" Sn/' Sn) ranges from 1.03 (lithium)
to 3.3 (neon) at 12', and from 1.6 to 3.6 at 160. The
backward-angle distributions can be approximated by a
power law [21],o(Z)aZ ', dependence with a w parame-
ter of 3.3 and 4.0 for " Sn and ' Sn targets, respectively.
For the forward-angle distributions, the values of the
power-law parameter are 5.2 and 5.6. However, in this
case better fits can be obtained using an exponential func-
tion —exp( —aZ) with a(" Sn) = 0.98 and o.(' Sn) =
1.13.

In Fig. 4 the fractional isotopic yields for each element
observed at the backward angle (154') are shown by his-
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FIG. 4. Isotopic yields as a fraction of the elemental cross section at 154 (histograms). Solid bars show the isotopic ratios for the

nonequilibrium IMF component. Upper set is for " Sn target; lower set is for "Sn.
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10

116S

14.0+1.6
2.8+0.4
1.5+0.2

0.90+0.11
0.28+0.04
0. 15+0.02

0.063+0.010
0.055+0.010

124S

12.9+1.6
2.3+0.3

0.99+0.12
0.41+0.06
0. 12+0.02

0.057+0.10
0.025+0.005
0.016+0.003

tograms. These products are attributed to equilibrium
emission and assumed to be emitted isotropically [3].
The nonequilibrium component at forward angles is
represented by solid bars. In this case the differential
cross sections were integrated over angle after subtract-
ing the equilibrium component. Data for "Be and ' C
fragments are excluded because of insufhcient statistics.
Two general features are apparent in these plots. First,
the relative intensity of neutron-excess isotopes is higher
in the case of the neutron-rich ' Sn target as compared
to " Sn. Second, there is a tendency for the most
neutron-deficient isotopes to be enhanced in the none-
quilibrium yields relative to the equilibrium component
for Z=3 —5 IMFs ( Li from " Sn being the one excep-
tion). This effect is particularly strong for the proton-
excess isotope Be. Similar forward-angle enhancement
has been observed for He yields in 270 MeV He-induced

TABLE I. Elemental cross sections for Z=3 —10 fragments
from " Sn and ' Sn targets.

cr (mb)

reactions [22] and for "C in heavy-ion-induced reactions
[13]. Since some fraction of the observed products may
come from the decay of particle-unstable states, these rel-
ative yields cannot be interpreted directly. Nonetheless,
the overall trends suggest a picture in which N/Z equili-
bration in the average nonequilibrium source has evolved
to a lesser degree than that of the equilibrium source. Al-
ternatively, the nonequilibrium IMFs may be emit-
ted in a higher state of excitation and subsequently decay
toward N=Z products. Both explanations suggest emis-
sion on a shorter time scale for nonequilibrium frag-
ments, consistent with the strongly forward-peaked angu-
lar distributions (Fig. 2).

Figure 5 shows the ratio of the cross section for the" Sn target to that for the ' Sn target, plotted as a func-
tion of the fragment mass number of Li, Be, B, and C iso-
topes. The diamonds (upper part) and the circles (lower
part) represent the angle-integrated nonequilibrium and
the equilibrium components, respectively. The relation
between the cross-section ratios for the two targets can be
described by an exponential function:

o(" Sn)/o(' Sn)= exp( —yA, M„) .

The lines in Fig. 5 are fits to the data using the above re-
lationship. Values of the parameter y are shown on the
plots and in Table II. As can be seen, the slopes for the
equilibriumlike IMFs are nearly constant for each ele-
ment. The average value of the y parameter is 0.59. For
the nonequilibrium component, the slope progressively
increases with the increasing fragment atomic number.
The corresponding values of the slope parameter change

: Nonequilibrium -.

y=0.31+0.04

10 —. Equilib»um
8= 154'

0.40+0.04 0.53+0.05 0.61+0.08

y=0.59+0.04
I I I I

6 7 8 9

Li

0.63+0.05
I I I I I

7 8 9 10 11

Be

0.57+0.04
I I I I

10 11 12 13

0.57+0.04
I I I I

11 12 13 14 15

Fragment Mass Number
FICx. 5. Ratio of yield for a given isotope from " Sn target to that from "Sn target as a function of mass number of Li, Be, B, and

C, as indicated on figure. Upper set represents nonequilibrium data at forward angles; lower set is for data obtained at 154 . Line is
fit to data with Eq. (2); slope parameter for each element is given in Table II.
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TABLE II. Exponential slope parameters for isotopic distri-
butions.

dence of the isotope ratio on fragment kinetic energy,
consistent with expectations for an equilibrated system.

Element
Slope parameter

Non equilibrium Equilibrium
IV. INTERPRETATION OF RESULTS

Li
Be
B
C

0.31+0.04
0.40+0.04
0.53+0.05
0.61+0.08

0.59+0.04
0.63+0.05
0.57+0.04
0.57+0.04

from 0.31 for lithium to 0.61 for carbon; i.e., for the
lighter elements, the composition of the isotopic yields
differs significantly for equilibrium and nonequilibrium
components, whereas for carbon both components exhib-
it similar slopes. Note, however, that the absolute cross-
section ratios are quite different for the two mechanisms.

In Fig. 6 isotope ratios are plotted as a function of
IMF kinetic energy for Li, Be, B, and C fragments at 12'
and 154' for the ' Sn target. The isotope ratio is defined
here as the yield of a given isotope relative to the total
element yield. Again, the forward-angle data emphasize
nonequilibrium emission whereas the backward-angle
data are representative of equilibrated decay. The isoto-
pic ratios for the " Sn target are similar to ' Sn, al-
though the relative yields of the heavier isotopes of each
element are reduced, as reflected in Figs. 4 and 5. For Li
and Be fragments emitted at forward angles, the probabil-
ity for emission of neutron-excess isotopes clearly de-
creases as a function of increasing fragment energy. The
same, but weaker, behavior is present for boron isotopes
and for carbon it is barely discernible. Similar observa-
tions have been reported previously [14]. For emission at
backward angles, where the IMF kinetic-energy scale is
greatly compressed, there is little evidence for a depen-

A. Statistical calculations

The backward-angle emission of IMFs can be inter-
preted in terms of statistical emission from a compound
nucleus [2,3,5 —7]. In an eR'ort to describe the backward-
angle isotope distributions in terms of emission barriers, a
schematic statistical calculation has been performed and
normalized to the data. As an initial condition, an exci-
tation energy based on full momentum transfer and a
zero angular momentum approximation has been em-
ployed. The former assumption overestimates the excita-
tion energy; coincidence studies have shown that on aver-
age only about 80% of full momentum transfer is
achieved when IMFs are emitted in similar reactions [23].
Decreasing the input excitation energy will produce
steeper IMF charge distributions. The zero angular
momentum assumption has the reverse effect; i.e., in-
clusion of angular momentum serves to flatten the charge
distribution.

We assume initially that light fragments are emitted in
their ground states. For each isotope the decay width is
calculated using the formula of Swiatecki [24], and then
multiplied by 2J+1, where J is the ground-state spin of
the light fragment. The level density of the activated
complex is determined by the excited residual nucleus,
for which a level-density parameter of 3/8. 5 MeV
was assumed.

In calculating the decay barrier heights B for very
asymmetric mass division of a compound nucleus of
2 = 120, the deformation of fragments can be neglected
[25]. Thus, the decay barrier height is given as the sum
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FIG. 6. Isotope ratios [fraction of given isotope to total ele-
mental yield, o(Z, A)/o(Z)] as a function of IMF kinetic ener-

gy for Li, Be, B, and C ejectiles from ' "Sn target. Left column
is for data at 12', right column for data at 154'.

FIG, 7. Charge distributions for IMFs emitted from " Sn
and ' Sn targets at 160' (200 MeV He beam; upper frame) and
154' (180 MeV He beam; lower frame). Solid and dashed lines
are statistical-model estimates described in Sec. IV A.
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FIG. 8. Isotopic distributions for Li, Be, 8, and C ejectiles at 154 from " Sn (upper) and ' Sn (lower) targets. Solid histogram is

the result of statistical calculations described in Sec. IV A; dashed histogram shows approximation of Eq. (3), and dotted histogram
includes popu1ation of excited states for fragments. Data are given by closed points.

of the separation energy and the fragment-fragment po-
tential at the radius of the barrier. We have used here the
experimental IMF mass [26], the droplet-model masses of
the residual and compound nuclei without shell correc-
tions [27], the proximity potential [28], and the s-wave
fusion barrier radius [29].

In Fig. 7 the measured (points) and calculated (lines)
for the Z distributions are compared. The calculated
yields are normalized to the Z=6 data. This simple
model reproduces the backward-angle charge distribu-
tions relatively well, although there is a tendency to un-
derpredict Li yields and to overpredict heavier fragment
production. Isotopic predictions are shown in Fig. 8 by
the solid histograms. The dashed histograms present re-
sults of the calculation, in which the decay width was
taken as

I -(2J+ 1)exp( B /T), —

104

102

101

cx(180 MeV) + Sn ~ IMF
I I I I I I I I

Sn

with a constant temperature of T=3.2 MeV for all iso-
topes and for both targets. This value is the average tem-
perature calculated for the residual nuclei produced in
these decays. This simplification does not change the re-
sults appreciably and is used in further calculations.

The qualitative features of the IMF isotopic composi-
tion are reproduced; however, the model overpredicts
yields for neutron-excess fragments. This discrepancy
can be understood as a consequence of the assumption
that only the ground states of emitted fragments are im-
portant, whereas the population of excited states may
play an important role. To estimate this effect, we have

10

10
225

I I I ! I I I I I I

0 1 2 3 4 5 6 7 8 9 10 11

ZIMF

FICs. 9. Charge distributions for IMFs emitted at 154' for
180 MeV He + " "Sn reactions, compared with BUsco [30]
calculation. Calculations are performed for L =19% for both
systems and L =22' for "Sn.
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8(" Sn) —8(' Sn)=C(ZF)+1.9AF (MeV) (5)

where C(ZF) is a constant for each Z value. Combining
this equation with Eq. (4), we find

o(" Sn)/o(' Sn)- exp( —yAF),
where y=1.9 MeV/T. The average experimental value
of the y parameter for the Li, Be, B, and C fragments
(Fig. 5, lower part) is 0.59+0.04, corresponding to the
emission temperature in the range 3.0—3.4 MeV, con-
sistent with the temperature expected for residual nuclei
formed in these reactions.

also performed calculations which include excited states.
A Boltzmann population of states, a constant tempera-
ture of T=3.2 MeV, and no feeding from decays of Z ~ 7
fragments were assumed in these calculations. The result
is shown in Fig. 8 by the dotted histograms. Somewhat
lower intensities of the most neutron-excess and the most
neutron-deficient isotopes are predicted relative to those
from the ground-state calculations.

Empirically, the yields can be described quite well us-
ing the results of Fig. 5, where the experimental ratios
cr(" Sn)/o(' Sn) can be approximated by an exponen-
tial function of the fragment mass number [see Eq. (2)].
Using the decay width formula of Eq. (3), we obtain

cr(" Sn)/o(' Sn)=expI —[8("Sn) 8(' —Sn)]/Tf .

(4)

With good accuracy, the difference 8(" Sn) —8(' Sn)
calculated from Ref. [24] can be parametrized by a linear
function of the fragment mass number,

In order to examine the additional inhuence of neutron
binding energies and angular momentum on the i&6, &24Sn

charge distributions, we have also performed calculations
with the evaporation code BUsco [30]. These results are
shown in Fig. 9. Using a value of L =19k and the max-
imum available excitation energy, the cross sections for
the " Sn target are relatively well reproduced. For the

Sn target the calculation successfully predicts the
lower IMF cross sections relative to " Sn, but is much
less successful in describing the heaviest fragment yields.
In both cases the slope of the calculation is much steeper
than the data. By increasing the input angular momen-
tum to L =22k, a somewhat better fit to the ' Sn data is
obtained, both in magnitude and slope. A possible ex-
planation for this result is that the L-wave distribution
for the average emitting system formed in the He +

Sn reaction may sample a higher range of angular
momentum values than for He + " Sn reactions, a re-
sult consistent with the increased decay widths for neu-
tron emission from the neutron-excess system. Nonethe-
less, the BUsco calculation underpredicts heavy fragment
yields relative to the statistical calculations above, espe-
cially for neutron-excess systems. This suggests that cal-
culations of r„/r, M„ in this code may need some
modification.

While the backward-angle emission of IMFs can be un-
derstood relatively well in terms of the decay of a com-
pound nucleus, the mechanism of nonequilibrium pro-
duction is still poorly understood. For these ejectiles the
important question of the time scales complicates the
theoretical interpretation of the data. Recent measure-
ments [5,11] indicate that isotopic ratios observed at for-

1.00

u (&00 MeV) + Sn ~ IMF (Nonequilibriurn)
116~Sn

0.10

0.01

1.00 124~Sn

0.10

0.01

6 7 8 9

Li

7 9 10 11

Be
10 il 12 13 11 12 13 14 15

Fragment Mass Number

FIG. 10. Isotopic distributions for Li, Be, B, and C IMFs observed at forward angles for " Sn (upper) and ' Sn (lower) targets.
Histograms are results of calculations described in Sec. IV A. Solid line is for ground state only; dotted line includes excited states of
fragments.
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B. Accreting source calculations

The accreting source model [16,31,32] is based on the
assumption of local statistical emission from an excited
subsystem of the nucleus created by the fusion of the pro-
jectile with some number of target nucleons. This source
simultaneously emits fragments and cools by accreting
nucleons from the remainder of the target. In our calcu-
lations we have assumed an initial source size of eight nu-
cleons, accretion rate of 2 nucleons/fm c, and exit-
channel Coulomb barrier of 0.9 times the touching-
sphere value [16]. The Fermi energy of 24 MeV and nor-
malization coe%cients were fixed by requiring a fit to the
charge distributions. In Fig. 11, the model predictions

104

n(200 MeV) + Sn ~ IMF
I I I

1. 16S

124S

b

1Q2

101
I I I I I I

1 2 3 4 5 6

Z IMF

7 8 9 10 11

FIG. 11. Total charge distribution for IMFs emitted from" Sn and ' Sn, as indicated on figure. Fits are predictions of
accreting source model [16,31]. Experimental cross sections are
tabulated in Table I.

ward angles can be interpreted in terms of partial statisti-
cal equilibrium of a composite system involving most of
the projectile-target system.

If we assume local N/Z equilibration, we can calculate
the relative isotopic intensities for nonequilibrium IMFs
in the same manner as for equilibrated emission. In this
case, the effective level-density parameter may have
different values for different exit channels. We assume a
constant effective temperature for all isotopes of a given
element for both targets. Using the values of the slope
parameters given in Fig. 5 and Eq. (6), we find the follow-
ing eff'ective temperatures: 6. 1+0.8 MeV (Li), 4. 8+0.5
MeV (Be), 3.6+0.4 MeV (B), and 3. 1+0.4 MeV (C).
Thus, the apparent emission temperatures systematically
decrease with increasing fragment atomic number, in
qualitative agreement with predictions of the accreting
source model [31,32]. The isotopic composition calculat-
ed for these temperatures is shown in Fig. 10 by solid his-
tograms (ground states only), and by dotted histograms
(excited states included). Also in this case the yields are
overestimated for neutron-excess fragments; however, the
qualitative trends are reproduced except for Be isotopes.

are compared with the total cross sections which include
both nonequilibrium and equilibriumlike components.

The isotopic yield results are shown in Fig. 12. We ob-
served general agreement with the data, including Be,
for which the previous calculations were unsuccessful ~

As can be seen in the upper part of Fig. 13, the ratios
o (" Sn)/cr(' Sn) are also reasonably well reproduced by
the calculations (solid lines). In the lower part of this
figure solid bars show the average emission temperature
calculated from the accreting source model for the " Sn
target; dotted bars are for the ' Sn target. In general,
the temperatures are lower for heavier fragments and
somewhat higher in the case of the ' Sn target.

Whereas the calculation reproduces the total cross sec-
tions well, it fails to reproduce the angular distributions
(Fig. 2). The predicted angular distributions are much
flatter than the experimental ones. Also, the slopes of the
energy spectra for the lighter fragments are too steep.
For the heavier fragments, the spectral shapes are well
reproduced, although the absolute cross sections are too
small at forward angles.

Somewhat more rapidly decreasing angular distribu-
tions can be obtained by using a lower value of the accre-
tion rate. The charge and isotopic distributions, as well
as energy spectra, are relatively insensitive to such a
change. To obtain flatter energy spectra, however, it is
necessary to increase the Fermi energy, which in turn
causes the charge and isotopic distributions to become
flatter. Thus, the accreting source model describes many
features of these data satisfactorily, although complete
self-consistency cannot be achieved for all observables.

V. CONCLUSIONS

The effect of target N/Z ratio on the properties of
IMF ejectiles has been investigated in the reaction of
E/A =50 MeV He ions with targets of" Sn and ' Sn.
Both equilibriumlike and nonequilibriurn sources have
been studied by performing measurements at extreme
backward and forward angles.

The data demonstrate the influence of target composi-
tion on both the charge and isotopic distributions of the
fragments. Elemental cross sections from the He +" Sn system are distinctly enhanced relative to He +

Sn. This effect is strongest for the equilibriumlike frag-
ments, where the yields are 2 —3 times larger for " Sn
compared to ' Sn. For nonequilibrium emission, both
targets produce similar yields for light IMFs; however,
the ratio of the elemental cross sections from " Sn to
those from ' "Sn becomes increasingly larger as a func-
tion of increasing fragment charge. This result is inter-
preted in terms of the higher conditional barriers and
lower average neutron binding energies for the He +

Sn system, thereby favoring decay via neutron emis-
sion at the expense of IMF probability.

For a given element the ratio of the IMF cross section
from the" Sn system to that from ' Sn for any series of
isotopes is found to decrease with increasing neutron
number. This behavior reflects the larger N/Z ratio of
the composite system formed from ' Sn and can be de-
scribed in terms of a simple exponential function related
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accreting source model [16,31].

10 .—

M

Sn-
124S

6 7 8 9 7 8 9 10 11 10 11 12 13 11 12 13 14 15

Be

Fragment Mass Number

FIG. 13. Top: ratio of nuclidic yield of IMFs from " Sn to ' Sn. Solid line is the prediction of accreting source model [16,31].
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124S
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to conditional barrier differences. This isotopic depen-
dence on target N/Z is strongest for the backward-angle
component of the spectra and the slope of the ratio
o(" Sn)/o(' "Sn) is the same for Li, Be, B, and C ejec-
tiles. Such behavior is consistent with emission from an
equilibrated system.

At forward angles the nuclidic yields are found to be
sensitive to both the N/Z of the target and the ejectile.
Neutron-excess IMFs are favored with the ' Sn target;
however, the exponential slope of the ratio
cr(" Sn)/o(' Sn) for the isotopes of a given element
evolve from a rather fiat behavior for Z=3 isotopes to
one for Z =6 that is virtually identical to that for equilib-
riumlike emission. Thus, nonequilibrium emission of
light IMFs appears to be less sensitive to the target-
projectile composition, possibly indicating that only par-
tial N/Z equilibration is achieved for these products.
Another feature of the forward-angle spectra is that the
isotope ratios depend on IMF kinetic energy. Near the
Coulomb peak, the isotopic ratios at forward angles are
similar to those at backward angles. However, for in-

creasingly energetic IMFs, the yield of neutron-deficient
isotopes is enhanced with respect to the heavier isotopes.
This effect is strongest for Li and Be isotopes.

A simple statistical-model calculation which includes
excited states of the fragments gives fair agreement when
normalized to the backward-angle data. In general, there
is a tendency for the calculation to overpredict the yields
of neutron-excess fragments. The evaporation code
BUsco, which also takes neutron binding energies and an-
gular momentum into account, predicts the observed ele-
mental cross-section differences between the " Sn sys-
tems on an absolute scale. However, these calculations
emphasize the importance of an accurate knowledge of
the angular momentum distribution of the emitting sys-
tem, which can inAuence r„/r, M„strongly. An accret-
ing source calculation, calibrated by the charge distribu-
tions, also provides a reasonable description of the nu-
clidic yield results for the entire data set. However, this
calculation encounters difficulties in fitting spectral
shapes at forward angles, as well as angular distributions.
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