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Evaporation residue cross sections have been measured for the systems 32§ 4 112:116120,124gy ¢ jn.
cident energies between 130 MeV and 247 MeV. Total cross sections were measured by direct detec-
tion of recoil nuclei in a particle counter telescope. In addition, total and partial cross sections were
determined from K-vacancy production cross sections and K x-ray multiplicities of the evaporation
residues. The x-ray multiplicities are of the order of ~1 and vary slowly with target mass and in-
cident energy, indicating that x-ray detection can be reliably used to study fusion cross sections in-
duced by heavy projectiles in this mass region. The total evaporation residue cross sections rise with
increasing energy, saturate at ~190-MeV incident energy, and decrease slightly at higher energies.
The saturation value shows distinct differences between systems and ranges from ~ 600 mb for
328 +1128n to ~800 mb for 2S+'2%Sn. The gross behavior of the partial evaporation residue cross
sections is in agreement with statistical model calculations, but there remain deviations in the ele-
ment distribution of the evaporation residues which might be explained by contributions from in-
complete fusion reactions. As a byproduct we have measured K-vacancy production cross sections
for atomic excitation of the target atoms by the projectiles and compared them with theoretical pre-
dictions.

NUCLEAR REACTIONS 32§ 4112116120248,y - evaporation residue cross sec-
tions o(E,0) and o(E,Z), K x-ray cross sections and multiplicities; statistical
model calculations.
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I. INTRODUCTION

In this paper we report on extensive studies of complete
fusion reactions of 32§+ 1121161201248, a¢ incident ener-
gies between 130 and 247 MeV. Our objective was to in-
vestigate the conditions for compound nucleus formation
and its survival probability against fission, which gradual-
ly becomes the major decay channel for heavy compound
nuclei formed in this mass and energy region. In particu-
lar, the choice of targets that differ by as much as 12 neu-
trons allows the study of the particle evaporation-to-
fission branching ratio as a function of the neutron excess
of the compound nucleus under similar entrance channel
conditions. In addition, limitations on compound nucleus
formation of heavy systems due to increases in fusion
threshold energies as predicted in dynamical fusion-model
calculations! and, on the other hand, experimental indica-
tions of enhanced sub-barrier fusion cross sections for
heavier systems® are strong motivations to perform de-
tailed studies of heavy-ion compound nuclear reactions in
the mass region of 4 =~ 150 and heavier.

The direct detection of evaporation residues (ER),
formed by light particle evaporation from the compound
nucleus, becomes increasingly difficult with increasing
mass when conventional methods like AE-E and time of
flight are used. One approach to solve those experimental
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difficulties is the use of a recoil spectrometer such as a
velocity filter>* or an electrostatic separator.’

In a different approach which we used in this work, one
can identify the ER through the detection of their prompt
characteristic x rays®~!® which originate mainly from
converted y transitions deexciting the compound nucleus.
The contribution of atomic processes to the ER x-ray
yield is small and can be neglected for heavy and asym-
metric systems.®!* Besides its greater simplicity, a con-
ceptual advantage of the x-ray method over the use of
spectrometers with transit times of typically microseconds
are the short K x-ray lifetimes of 10~°*—10~'7 sec, which
in principle allow the study of very-short-lived compound
nuclei. In addition, because of the high energy resolution
which can be obtained with x-ray detectors, a unique Z
identification of the ER can be achieved.

To relate the K x-ray production cross sections to the
ER cross sections, the K x-ray multiplicity {( My ), i.e., the
average number of x rays produced per fusion event, must
also be measured. This can be accomplished by x-ray—x-
ray coincidence measurements or directly by comparing
the x-ray production cross sections with the total ER cross
section measured independently using a conventional
method, e.g., a particle AE-E telescope. In order to study
the prospects of the x-ray technique we used both ap-
proaches, though, in future applications and especially for
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heavier systems, one would like to obtain this information
from x-ray measurements alone. Since the x-ray multipli-
cities are sensitive to the energies and multiplicities of the
involved electromagnetic transitions, they also may pro-
vide information on nuclear structure effects!!~!* such as
changes in nuclear shape.

In the following sections we first describe the experi-
mental methods and then give an interpretation of the re-
sults in the framework of the liquid-drop and statistical
model. The possibility of precompound light particle
emission is also discussed. Finally, some aspects of the
characteristic x rays emitted by atomic excitation of the
target atoms will be mentioned. A partial account of the
present study has been published in a recent letter.'®

II. X-RAY MEASUREMENTS

In our x-ray experiments we used enriched (>99%)
116,120,149y, targets with thicknesses ranging from 110 to
570 pg/cm? on 10-ug/cm? carbon backings. 32S!*+ beams
in the energy range of 130—202 MeV with an intensity of
typically 20 charge nA were provided by the Argonne
tandem-superconducting linac accelerator. For the on-line
data recording a PDP 11/45 computer was used.

For the x-ray singles and the x-ray—x-ray coincidence
measurements we used two planar Si(Li) detectors with
300 mm? and 80 mm? active area, 3 mm thickness, and
250 eV resolution at 6-keV x-ray energy. The detectors
were placed at +90° and —90° with respect to the beam
direction at a distance of 29 mm from the target, which
was rotated by 45°, thus increasing the effective target
thickness by a factor of 1/cos(45°).

In order to reduce the very strong characteristic x-ray
yield produced by atomic excitation of the Sn targets, we
placed absorbers consisting of 2.4-mm Lucite and 6.4-mm
aluminum between detectors and target. The Sn x-ray
yield [E (Ka{)=25.3 keV] was thus reduced by a factor of
22, while the ER K x rays [E(Ka;)=46 keV for Z =66]
were attenuated by only a factor of ~2.

The absolute and relative efficiencies of the detectors
with the absorbers in front of them were measured with
radioactive sources of known activity placed at the target
position. The accuracy of this calibration is estimated to
be 8%. Figure 1 shows a representative in-beam x-ray
spectrum. In spite of the attenuation by the absorbers, the
characteristic target x rays were still more intense than the
ER x rays by over two orders of magnitude. In Fig. 2 we
have plotted the region of the ER x rays for some selected
systems. Only the energy region of the Ka x rays is
shown. The ER Kf3 x rays are very weak (Fig. 1) and may
also be contaminated by pileup events of the intense Sn
target x rays which would appear exactly in the energy re-
gion of the ER K3 x rays. For this reason they were not
used in our analysis. The ER populated in this experi-
ment are in the region of the rare-earth nuclei, which is
very favorable for Ka x-ray spectroscopy, since the energy
difference between the x rays of neighboring Z elements is
large enough for an easy separation but does not yet pro-
duce overlap of the Ka, line of one element with the Ka,
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FIG. 1. X-ray spectrum for *2S+4!2*Sn at 170-MeV incident
energy. The target x rays and the evaporation residue x rays are
indicated.

line of the next, as in the case for heavier nuclei.

In Fig. 2 one already observes the qualitative feature
that charged particle (proton and alpha particle) evapora-
tion plays a prominent role in the present systems, and
indeed dominates in situations where the evaporation resi-
due strength moves to very proton-rich nuclei, either as a
consequence of lower neutron number of the target nu-
cleus (!%Sn as compared to '?*Sn in Fig. 2) or, for a fixed
target nucleus, as a consequence of higher incident energy
and more light-particle evaporation. For a more quantita-
tive analysis, x-ray yields were obtained by least-squares
fits of a sum of symmetric Gaussian lines on a linear
background, to the measured x-ray spectra as illustrated in
Fig. 3. For absolute and relative normalization we mea-
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FIG. 2. Evaporation residue Ka x-ray spectra for the reac-
tion 32§ 41161248 at 150- and 170-MeV incident energies. The
compound nucleus is “*!%Dy (Z =66). The Kf x rays, appear-
ing at higher energies, are not shown.
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FIG. 3. Evaporation residue Ka x-ray spectra for the reac-
tion 328 +!%Sn at 150- and 170-MeV incident energies. The
solid lines are the results of least-squares fits of a sum of sym-
metric Gaussian lines superimposed over a linear background in-
dicated by the dashed lines.

sured the yield Ny, of elastically scattered beam particles
with a silicon surface barrier monitor detector placed at
6.5° and subtending a solid angle of Q,;,=0.09 msr. In-
dependent checks of the normalization were done by
means of a calibrated Faraday cup and by comparison of
the evaporation residue Ka x-ray yields Ng with the
characteristic Sn x-ray yields measured at the same time.
The total error of the normalization procedure is estimat-
ed to be ~10%. Absolute K-vacancy production cross
sections o were derived from the expression

NkT, onQ
K= 2K K Ka+KB omiiy

. (1
Ka NMTM

Wg€g

Here, 0%, is the Rutherford cross section at 6=6.5°, Tx
and T), are dead-time correction factors, €k is the x-ray
detector efficiency including solid angle, wg is the K-shell
luminosity!® (wg =0.93 for Z =66) and (Ka+KB)/Ka is
derived from the known Ka/Kp intensity ratios.!® Since
o and the ratio Ka/Kp are valid, in principle, only for
atomic ground-state configurations, their use for highly
excited ions may introduce an additional uncertainty (see
also Sec. IVD). The total systematic error is therefore es-
timated to be of the order 15—20%. The results for the
total and partial K-vacancy production cross sections, a{f,t
and O‘Iz{___,-, are listed in Table I. Z denotes the atomic
number of the compound nucleus and the index i counts
how many units of charge are carried away by charged-
particle evaporation. In Fig. 4, the K-vacancy production
cross sections are plotted versus the center-of-mass energy
E_ . corrected for energy loss of the projectile in the tar-
get.

In order to determine total and partial K x-ray multipli-
cities {My ), i.e., the average number of K x-rays emitted
per fusion event, we recorded x-ray—x-ray coincidences

for !'°Sn and !%Sn at 150 and 170 MeV in extended runs
of ~6 h. The multiplicities are derived from the ratio of
singles to coincidence count rate in the following way:
The count rate N, in x-ray detector 1 is

do
=C(Mg)—— 10€ )
where €, is the detector efficiency including the solid an-
gle, do/d is the differential fusion cross section, and C
is a constant depending on beam intensity and target
thickness. A corresponding expression holds for the count
rate IV, in the second x-ray detector. The coincidence rate
N, is then given by
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FIG. 4. Total (0X) and partlal (0% _,) K-vacancy production
cross sections as a function of center-of-mass energy E..,
corrected for energy loss of the projectile in the target.
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TABLE II. Multiplicities { My ) for 150- and 170-MeV 2§ ions incident on ''°Sn and '?*Sn targets,
derived from the x-ray—x-ray coincidence measurements. Columns 3—5 contain the partial multiplici-
ties for different evaporation residues, which are indicated by Z —i, where Z denotes the compound nu-
cleus atomic number and the index i counts how many units of charge are carried away by light-particle
evaporation. In the last column, the weighted averages are listed.

Ep (Mg)

Target (MeV) VA Z—-1 zZ-2 Z -3 Z—4 Average
16gn 150 1.22+0.14 1.40£0.15 1.27£0.27 0.99+0.37 1.25+0.15
1163n 170 0.81+0.19  0.70+0.10  0.50+0.08  1.16+0.23  0.72+0.11
1248n 151 1.06£0.17  0.71£0.21  1.59+0.45  1.26+0.52 1.07+0.14
1248n 168 0.78+£0.20  1.78+0.32  1.03+0.43 0.99+0.43

do 6 KB Sn x rays, €k, and €k, are rather small and quite dif-
N 12=<CMK 20 T(MK— 1) > . (3)  ferent from each other due to the steep slope of the effi-
g ciency curve at those energies. This increases the uncer-

The term in square brackets is the probability of observing  tainty in the absolute normalization to ~20%.

a K x ray within the averaging time window in detector 2
under the condition that a K x ray was observed in detec-

tor 1. The multiplicity is now derived as TABLE III. K vacancy production cross sections o&, and

Ka/Kp intensity ratios derived from the target x rays emitted

Ny 4r  (Mg(Mg—1)) in the reactions S+ 41201243, For the luminosity »=0.84
N, g - (My) was used. The laboratory energies Ej,, are corrected for energy
5 loss of the projectile in the target. The statistical errors are
= (Mg )+ A” 1=(My) 4) ~1% and reflect the relative uncertainties as a function of ener-
(Mg) gy and between targets; a systematic error of ~20% due to nor-
The_ last' equa! sign holds exactly only for a Poisson distri- If?)?l;izzﬁiea::c:riiitt?ers?fﬁcwncy calibration should be added
bution, in which case the variance A>=(M2) — (Mg )? is —
equal to (Mg ). To what extent this condition is fulfilled Eap B /4 ofa
will be discussed in Sec. IV. The total and partial multi-  12rget (MeV) (MeV/u) (b) Ka/KB
plicities are calculated with Eq. (4) using dead-time 16gy 130.0 3.97 52 3.73
corrected yields with the background subtracted, i.e., less 140.0 4.29 73 3.66
the accidental coincidences and coincidences with 150.0 4.60 101 3.57
Compton-scattered higher-energy y rays. The results are 160.0 4.92 132 3.51
listed in Table II. The total number of coincidence counts 170.0 5.23 168 3.45
was only 200—300 in each run, the main limitation being 180.0 5.55 195 3.38
the rather small active areas of the x-ray detectors being 190.0 5.86 211 3.31
used.

As a by-product, we also measured the target K- 1%Sn 130.0 4.00 53 3.74
vacancy production cross sections o, due to atomic exci- 141.0 4.34 81 3.64
tation of the Sn target atoms by the projectile. In this case 146.8 4.52 95 3.60
both the Ka and K3 x rays were measured, which allows 156.0 4.81 124 3.53
a comparison of the experimental Ka/Kf ratios with the 168.0 319 159 3.45
known values for the ground-state configuration. The K- 183.7 5.68 204 3.35
vacancy production cross sections o, were derived from 202.0 6.26 21 3.25
the expression 1245 130.0 4.05 59 372

N N T. o2 0 141.0 4.40 86 3.63

o= | K2 KK NM TM (5) 146.8 4.58 99 3.58
€ka  €kp | Ok MM 151.0 471 113 3.55

and are listed in Table III together with the deduced 156.0 4.86 131 3.50
Ka/Kp ratios. In Figs. 5 and 6 o0&, and Ka/Kp are plot- 161.5 3.04 147 3.48
ted versus Ey,, /A where Ey,, is the incident projectile en- 168.0 324 169 3.44
ergy corrected for energy loss in the target and A4 is the 173.0 340 180 3.39
L. 183.7 5.73 209 3.34
pro;ectl}e mass. Nk, and N kp are the Sn(Ka) a.nd'Sn(K B) 190.3 5.94 230 331
x-ray yields. Since the experiment was not optimized for 202.0 6.30 255 327

the detection of Sn x rays, the efficiencies for the Ka and
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FIG. 5. K-vacancy production cross sections o%, for atomic
excitation of the Sn target atoms by the 32S projectile as a func-
tion of Ej,,/A. The solid lines are theoretical predictions which
are explained in the text.

III. MEASUREMENT OF EVAPORATION RESIDUES
WITH A PARTICLE TELESCOPE

For the direct measurements of the ER we used thin
12,116,120,124gy targets of 100—150 ug/cm? areal density
on 10-ug/cm? carbon backings. 32S"** beams in the ener-
gy range 130—247 MeV were provided by the Argonne
tandem superconducting linac. Evaporation residues were
detected at forward angles between 6),,=1° and 11° in a
165 cm diam scattering chamber with a AE-E telescope
subtending a solid angle of 5.9 10~° sr and consisting of
a 3.6 um,AE, and a 300 um,E, silicon surface barrier
detector. The 0° position of the detector arm was deter-
mined within +0.02° by forward angle elastic scattering
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s2g e, |zo.124sn
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o a 3254 %4g,
& 36 o
® 3 N . —
@ o
X o
~N A A oa
o
X
34- s o .
O o
L A ]
[
3.2 -
LA ! 1

{ |
40 45 50 5.5 6.0 6.5
Elob/A (MeV)

FIG. 6. Ka/Kp x-ray intensity for the target x rays as a
function of E,,, /4.
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FIG. 7. Two-dimensional AE vs E particle spectrum for the
reaction 180-MeV *S+41%Sn at 6),,=3°. The evaporation resi-
dues are encircled.

measurements on both sides of the beam. In addition to a
calibrated beam current integrator two silicon detectors
placed at +10° and — 10° were used to monitor the beam
direction and the product of target thickness times beam
flux.

Figure 7 shows an example of a two-dimensional spec-
trum in the energy-loss AE versus total-energy E plane.
The ER formed in the 32S + Sn reactions are well separat-
ed from the low-energy tail of the beam particles and
from the reaction products of the beam with the carbon
backing, appearing as a distinct group between 80 and 150
MeV total energy. The yield within the encircled region
in the AE-E spectrum in Fig. 7 was integrated to deter-
mine the ER yield. Angular distributions in the range
1° < 6 < 11° were measured at two selected energies (Fig. 8).

10 T T T
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T T

T
=180MeV

Ejqp=2/0MeV

iab

Lot

lllllll L

10

2] 1 1

0O 10 12 14
FIG. 8. Differential cross sections do/dQ as a function of

laboratory angle 6, for 328 4 112116.120,124gy, eyaporation residues

as measured with the AE-E particle telescope.
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TABLE IV. Evaporation residue cross sections oFR for 32§ 4112116120124y 55 measured with the AE-E telescope. The energies at
which full angular distributions were recorded are marked with an asterisk. The quoted errors include statistical uncertainties only.
The total uncertainties, which include the normalization errors, are ~15%.

IIZSn 116sl,l IZOSn 124Sn

Elab Ec.m. aER Ec.m. UER Ec.m‘ UER Ec‘m. UER

(MeV) (MeV) (mb) (MeV) (mb) (MeV) (mb) (MeV) (mb)
140 108.9 317+30 109.7 279428 110.5 279+29 111.3 478146
160 124.4 417433 125.4 565+41 126.3 61543 127.2 768150
180* 140.0 596+42 141.1 636+33 142.1 715136 143.1 752+50
185 143.9 641144 145.0 691142 146.1 703141 147.1 774+54
190 147.8 599439 148.9 693148 150.0 762154 151.0 845+53
200 155.6 585+39 156.8 6341427 157.9 725£42 159.0 766+52
210* 153.3 586130 164.6 60440 165.8 729147 166.9 763+48
220 171.1 568+40 172.4 565+30 173.7 650135 174.9 720145
230 178.9 558+33 180.3 579+39 181.6 636141 182.8 769+50
240 186.7 482128 188.1 563126 189.5 639131 190.8 703+40
247 192.1 47129 193.6 523+28 195.0 599432 196.3 692139

oFR was determined by numerically integrating these an-

gular distributions. The largest contributions to the
angle-integrated evaporation residue cross sections come
from angles around 6,,,=3° as demonstrated in Fig. 9,
where the differential cross section is multiplied by the
solid-angle element 27 sinf. In addition, single-angle mea-
surements at 6),,=3° were used, with linear corrections to
account for the energy dependence of the angular distribu-
tions, to determine cross-section values at other energies.
The relative normalization at energies with single-angle
measurements was provided by the monitor detectors.
The yield of elastically scattered *’S ions detected simul-
taneously with the evaporation residues was used to estab-
lish the absolute normalization of oE®. The uncertainty in
the absolute ER cross sections introduced by the normali-
zation procedures is estimated to be of the order of 10%.
The resulting fusion cross sections are listed in Table IV
and graphed in Fig. 10. The curves are smooth averages
through the data points and at the lowest energies reflect
the behavior observed near the barrier by Beier et al.?°

IV. DISCUSSION

A. Total evaporation residue cross sections

The ER cross sections, oER, are smooth functions of the
incident energy. oFR saturates for all targets near
E. .. ~150 MeV (E,,~190 MeV), with increasingly
higher maximum cross-section values for increasing target
neutron number, ranging from ~ 600 mb for 3?8 +128n to
~800 mb for 32S+1%#Sn. oFR decreases slightly towards
higher energies; this falloff is more pronounced for the
more neutron-deficient compound nuclei.

The choice of Sn targets that differ by as much as 12
neutrons provides us with measurement of the ER cross
sections as a function of neutron number under similar en-
trance channel conditions. In Table V we have listed the
saturation evaporation residue cross sections oLy, critical

angular momenta /ER derived from o=wx%(!+1)?, and
compound nucleus excitation energies E* at 190 MeV in-
cident energy. The last column contains the intrinsic tar-
get nuclear quadrupole moments Q, derived from the
B(E2,0t—2%) values according to the formula
Qo=[B(E2)5/167]'/2. Owing to the similarity of the

T T T T 1 T

—e—E ;= 180MeV |
——E | p=210MeV

0 1 I I T SO

6 8 10 12
elob

FIG. 9. Angular distributions for the 32§4112116120.124g,
evaporation residues in terms of do/d0=2m(do/dQ)sinf so
that the area under the curves is the angle-integrated cross sec-
tion.
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ground-state structure for the different Sn target nuclei,
evidenced by the essentially identical values of Q,, we do
not expect entrance channel effects to produce noticeable
differences in the fusion cross sections. On the other
hand, the angular momenta reached in the present reac-
tions approach those predicted to have vanishing fission
barriers in the rotating liquid drop model®!:
[(By=0)~95% and [(B;=8 MeV)~77#%, where By is the
fission barrier height. Consequently, the differences in
evaporation residue cross sections most likely result from
differences in fission probability for otherwise identical
fusion cross sections. Indeed, we have measured the dis-
tribution of reaction strength, including fission and deep-
inelastic processes at high incident energy (E,=247
‘MeV) and find that fission and evaporation residue cross
sections add up to a constant value for the different Sn
targets. A detailed discussion of these results will be
presented in a forthcoming publication.?? Here we simply
note that the qualitative behavior of a decrease in ER
cross section with neutron deficit is consistent with a de-
crease in fission barrier height and, as a consequence, an
increase in fission decay probability.

TABLE V. Saturation evaporation residue cross sections oER,
critical angular momenta I, derived from o=7x%1+1)?, and
compound nucleus excitation energies E* at 190-MeV incident
energy. The last column contains the static intrinsic target nu-
clear quadrupole moments Q, derived from the B(E2,0*—2%)
values with the formula Qo=[B(E2)5/16x]'/.

afalt{ lcr E* QO

Target (mb) (#) (MeV) (b)
12gpn 605+29 57 55.8 1.65+0.37
116gn 664+27 61 67.2 1.46+0.17
1205 726+31 64 71.3 1.49+0.15
1249 784+37 67 76.2 1.47+0.16

B. X-ray multiplicities

As described in Sec. II, the K x-ray multiplicities { M )
were derived from x-ray—x-ray coincidences and singles in
a way [Eq. (4)] that depends on the assumption that the
x-ray multiplicity distribution averaged over all decay
paths follows a Poisson distribution. This seems to be a
rather limiting assumption. However, following argu-
ments from Ref. 13, where a detailed discussion of the sta-
tistical characteristics of x-ray multiplicities is given, we
might expect that the errors which result from deviations
from a Poisson distribution are indeed tolerable. For a
single y-decay path, any x-ray multiplicity distribution
that is not Poisson but has the same mean (M) would
result!® in A2/(Mg) <1 in Eq. (4). Thus by using Eq. (4)
one tends to underestimate the actual multiplicity. On the
other hand, if one averages over several decay paths, as we
definitely do by averaging over various final reaction
products, and if the average multiplicity differs among the
constituents, then the distribution averaged over various
decay paths is broader than a Poisson distribution. This is
true even if the distribution is Poisson for each constitu-
ent. Overall, the two effects tend to counteract. The au-
thors of Ref. 13 estimate that in a situation similar to the
present one can put a limit of +0.2 on the systematic er-
ror for the deduced multiplicities.

In the present study we can test the assumptions made
above by comparing the multiplicities derived from the
coincidence experiment with those directly determined
from the ratio of K-vacancy production cross section oX
to ER cross section oF® as measured with the particle
telescope. The multiplicity determined from evaporation
residue and x-ray singles cross sections, summed over all
channels i, is given by the expression

ZUFR(M,-)

I_ES'E—R- (6)

(M) prx=

whereas the averaged multiplicity determined from x-ray
singles and coincidences (already assuming a Poisson mul-
tiplicity distribution for individual decay channels) is
given by

ZUFR(M;'><M:)

<M>x-x= 20?R<Mi>

i

()

One verifies that always (M )gr.<{M),,. Since our
particle measurements do not resolve evaporation residues
of different Z (and in principle cannot, due to the overlap
of the energy loss curves for recoil nuclei of the mass and
recoil energy observed here; which is, of course, the reason
why we have studied the compound nuclear x rays), a
comparison is only possible for the averaged multiplicities
determined from Egs. (6) and (7).

The results for (M )gr.x=0%/0ER are listed in the last
column of Table I and plotted in Fig. 11 together with the
values for { My ), as derived from the coincidence exper-
iment. From Fig. 11 we find that the two agree quite
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FIG. 11. Total K x-ray multiplicities (My) for

32§ 4 116,120,124y a5 derived from the ratio of the K-vacancy pro-
duction cross sections to total evaporation residue cross sections
(solid dots) vs center-of-mass energy. The values of (My ) de-
rived from the x-ray—x-ray coincidence measurements are indi-
cated as open circles. The lines are drawn to show the smooth
energy dependence of ( My ).

well. This may not be too surprising in light of what was
stated above, and also because in reality fewer channels
might contribute to the averaging than first expected.
First, if we consider an individual element (Z) of the evap-
oration residues, we generally expect that at a given in-
cident energy one isotope dominates due to the systemat-
ics of xn-neutron evaporation. Considering the average
over several Z’s, we find from Fig. 4 that at most bom-
barding energies one or two, at most three, Z channels
dominate. For one decay path, Egs. (6) and (7) are identi-
cal; for two or three channels the averaging procedure
yields close values for both equations provided the indivi-
dual multiplicities are not too drastically different.

From the behavior observed for systems formed with
lighter projectiles!'—!° this latter assumption may not
seem reasonable. For example, for the ?*Sn target at our
lowest incident energy neutron evaporation is by far the
strongest decay channel and the populated Dy nuclei are
expected to be the same as those studied in >C and a-
induced reactions!> by Chmielewska et al. They found
multiplicities similar to ours, but in general somewhat
smaller and showing an odd-even staggering between iso-
topes which we do not observe. The reason that we do not
see any strong fluctuations as a function of incident ener-
gy (which is expected to shift the yields from odd to even
isotopes and vice versa) is probably due to the fact that the
x rays are still an average over several neighboring odd
and even isotopes. In addition, higher compound nucleus
angular momenta are reached in our experiment which
may result in a noticeable contribution to (M) from
continuum (including statistical) y-ray transitions. The

use of thin targets in our measurements in contrast to the
earlier measurements, allows the evaporation residues to
recoil out of the target and our measurements become
therefore insensitive to contributions from singular, highly
converted low-energy transitions from long-lived states,
but rather represent the average features of x-ray multipli-
cities.

A closer inspection of Fig. 11 shows that the multiplici-
ties derived from x-ray—x-ray coincidences are consistent-
ly 10—20 % higher than those derived from x-ray and
particle singles yields, which may indeed reflect the in-
equality discussed above. However, within the quoted er-
ror limits, we can conclude that our averaging and the as-
sumption of a Poisson multiplicity distribution is justified
and the x-ray technique alone can be used to measure mul-
tiplicities and cross sections.

For all systems (Mg ) is a smooth function of energy
and varies only slowly over a fairly wide range of energies
and ER masses. The strong energy dependence of o,
shown in Fig. 4, thus reflects more the energy dependence
of the total ER cross sections than that of the multiplici-
ties.

The multiplicities reported here are all of the order of
0.5 to 1; no enhancement of (My ) as found in Li-induced
reactions and explained by nuclear structure effects,!’!3
was observed. In fact, the multiplicities are consistent
with what one would expect from the conversion of the
discrete ¥ transitions in the cases where they are known,
and some contribution from continuum and statistical y
rays. This is inferred, for example, from a comparison of
our x-ray multiplicity ({(My)~0.7) for **S+!*Sn at
E., =100 MeV with the values from the '2C- and a-
induced reactions of Ref. 15. In the latter studies, simul-
taneous x-ray and y-ray measurements allowed spectros-
copy of individual final evaporation residues and an inter-
pretation of the measured multiplicities (( Mg )~0.3—0.4
between *!Dy and '’Dy) in terms of conversion of
discrete y transitions. The difference in multiplicities
(=~0.3) could be attributed to continuum and statistical y
rays. A discussion of such contributions and their mul-
tipolarities is given in Ref. 14.

C. Elemental evaporation residue cross sections

The x-ray multiplicities derived from our x-ray—x-ray
coincidence experiments for individual elements (Table II)
indicate that (M) is constant, albeit with large error
bars, for the individual ER produced in a given reaction,
and we therefore conclude that the relative ER cross sec-
tions for the individual elemental channels are represented
by the relative K-vacancy production cross sections shown
in Fig. 4. The absolute elemental ER cross sections may
then be calculated as o5~ ;= (Mg )o5 _; where (Mg)
and 0% _; are both listed in Table L

We find that the neutron-rich compound systems decay
at lower energies primarily by neutron evaporation leading
to Dy isotopes. At higher energies the proton and a (or
2p) evaporation channels leading to Tb and Gd isotopes
show increasing strength. For the neutron deficient sys-
tems the charge evaporation channels are dominant over
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most of the range of incident energies, and for 328+ !16Sp
we observe almost no evaporation of neutrons only. That
a evaporation plays a major role when two or more units
of charge have been evaporated may be inferred from the
shape of the evaporation residue angular distributions. In
Fig. 12 averages of the shapes of the experimental distri-
butions in Fig. 9 have been overlayed at a given incident
energy for all Sn targets. In cases where neutron (and
thus nucleon evaporation) dominates the shapes are more
forward peaked, suggesting that the broadening in cases
with multiple charge evaporation is at least partly due to
the larger recoil from a particles. The relative strength of
the elemental evaporation cross sections can be compared
to statistical evaporation calculations using the code CAs-
CADE.2 The basic idea is that a compound nucleus is
formed and subsequently, after reaching thermal equilibri-
um, decays by emission of light particles and y rays or by
fission, with branching ratios as predicted by the statisti-
cal theory. Extensive calculations were done on a DEC
VAX computer for 32g 4 116,120,124g at 140, 160, and 180
MeV. The theoretical results are normalized to the mea-
sured total ER cross sections and plotted as solid-line his-
tograms in Fig. 13. The experimental data appear as full
circles with ~20% error bars, which combine statistical
errors and systematic errors due to normalization, effi-
ciency calibration and uncertainties in the derivation of
(Mg ) as discussed above. The standard parameter set?’
already leads to a fit that reproduced reasonably well the
overall trend, but failed to describe the exact cross sections
in many cases. In particular we find that the calculated
cross sections are shifted somewhat towards lower-Z resi-
dual nuclei, especially for the '®Sn target. A fine tuning
of the parameters improved the agreement but some
discrepancies still remained. For a meaningful discussion
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FIG. 12. Comparison of averaged shapes of evaporation resi-
due angular distributions (from Fig. 8) at two incident energies.

of the parameter changes which gave the best fit, one has
to study the sensitivity of the calculated results to parame-
ter variations. In the first step we adjusted the angular-
momentum—dependent effective fission barrier B, and the
level-density parameter ratio as/a,, which determine the
fission competition strength. The level density parameter
a, is known to be reasonably well determined by the Fer-
mi gas model**?* and a + often appears to be as much as
25% larger than a,, which implies that the numbers of
levels are greater for the saddle-point configuration than
for the ground-state configuration. This reflects the fact
that single-particle states have lower energies when the
nucleus is well deformed, which leads to a greater number
of accessible states in the excited deformed nucleus. In
addition, collective states and broken symmetries lead to a
further increase of the level density.?® In order to fit ex-
perimental fission cross sections, By is often chosen as a
fraction of 0.6 to 0.8 of the liquid drop fission barrier. It
should be pointed out that B; and ay/a, are not indepen-
dent variables. We therefore fixed as/a, to 1.0 and ad-
justed By to 0.6 times the liquid drop value in order to
match the experimental ratio of the ER cross section to
fission cross section at the highest energy (247 MeV),
where we have measured the fission cross section.?? This
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FIG. 13. Comparison of the partial evaporaticn residue cross
sections with statistical-model calculations. The data are indi-
cated as dots, the error bars include both statistical and sys-
tematical errors. The full line represents CASCADE (Ref. 23) cal-
culations, the dotted line includes in addition to the CASCADE
calculations, an estimate of precompound reactions with the
sum rule model (Refs. 30 and 31). In both calculations the total
predicted cross section was normalized to the experimentally ob-
served one.
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choice results in a fission cross section of ~80 mb at 160
Mev, which is what one would expect from measurements
at comparable energy of similar systems, e.g.,
350 4 16,1248, 27

Most of the parameters of the model, including By and
as/a, have little influence on the relative strength of the
elemental cross sections when varied within reasonable
limits. Changing a, between 7 and 9 has, for instance,
virtually no effect. We used therefore the standard value
a,=8. The gamma decay strength turned out to be the
only really important parameter to have an appreciable in-
fluence on the relative Z distribution. We have varied the
E 2 decay strength, neglecting the effects from other mul-
tipolarities (E1 strength from the giant dipole resonance
and possibly M 1 transitions from shape changes at high
spin as observed recently in nuclei near the present mass
region?3; see also our discussion in Sec. IVB). The results
are shown in Fig. 14. Increasing the E2 strength results
in much better fits to the 160-MeV data for 32S+!16Sn,
where the largest systematic discrepancies occur. For the
more neutron-rich systems, where only a few strong chan-
nels dominate the ER distribution, the E2 strength has
less influence. The large E2 strength indicates that the
compound nuclei exhibit a high collectivity resulting in a
large number of fast quadrupole transitions at the excita-
tion energies and angular momenta reached in this experi-
ment. This finding is in line with the large quadrupole
components observed recently’*® in the continuum y
spectrum of compound nuclei near the present mass re-
gion. The E2 strength of fast, highly collective E 2 transi-
tions can reach more than 100 W.u. (Weisskopf units)*;
on the other hand, since the E2 strength is an average
over many E2 decay paths, which are certainly not all
fast, we adopted 50 W.u. as a reasonable maximum value.
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FIG. 14. Comparison of the partial evaporation residue cross
sections for 160-MeV 328 4+ !Sn with cASCADE (Ref. 23) calcu-
lations where the E2 transition strength is varied between 50
(solid line), 20 (long-dashed line), and 5 (short-dashed line) W.u.
The dotted line represents a CASCADE calculation with an E2
strength of 50 W.u. and an additional estimate of precompound
light-particle emission cross sections with the sum rule model
(Refs. 31 and 32).
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However, this value, or even 100 W.u,, still did not quite
result in a perfect fit to the data. In the next step we in-
cluded, in addition to n, p, and a evaporation, deuteron
evaporation. But it turned out that deuteron evaporation
is a very weak channel that can be neglected. There must
therefore be an additional degree of freedom which is not
included in the statistical model.

One possible explanation could be incomplete fusion or
precompound light-particle emission. The statistical
treatment of the model assumes that the decay follows an
entirely equilibrated ensemble. Any precompound decay
prior to equilibration will therefore result in an error.
When a light particle is emitted with approximately beam
velocity in a precompound process, the residual nucleus
remains at a lower excitation energy and angular momen-
tum state as compared to the case of low-velocity emission
of the same light particle after equilibration of all degrees
of freedom. If this decrease in excitation energy of the
residual nucleus is large enough to hinder subsequent
charged-particle emission or fission, the statistical model
would overestimate multiple charged-particle emission
and underestimate the emission of only one neutron, pro-
ton, or a particle as compared to the experimentally deter-
mined ER cross sections, which may include residues
formed in precompound reactions. In order to obtain an
estimate of possible precompound contributions, we per-
formed calculations using the sum rule model*"* pro-
posed by Wilczyriski et al. According to this approach
the absolute cross sections of all binary reactions which
involve an at least partial statistical equilibrium of a
strongly interacting dinuclear system can be described by
relating the reaction probabilities to the available phase
space and to the entrance channel angular momentum
limitations. The model has three parameters: an effective
temperature T, an effective charge radius parameter r,,
and a diffuseness parameter Al which describes the
smooth cutoff of the transmission coefficients in / space.
The model has been applied successfully*? to the reaction
140-MeV N+ '%Tb.

Since we were only interested in a rough estimate of the
precompound contribution, and since the present amount
of data does not justify a meaningful fit, we adopted the
best-fit values found in Ref. 32 for N+ '5°Tb. This sys-
tem leads to a compound nucleus with an atomic number
only 6 units higher than the atomic number of Dy, and
with a center-of-mass energy close to that of 160-MeV S
incident on '"®Sn. The resulting cross sections for n, p,
and a precompound emission amounted to about 10% of
the total ER cross sections and were added to the CAs-
CADE results, which were renormalized such that the sum
of both components equaled the experimental total ER
cross section. The results appear as dotted histograms in
Figs. 13 and 14. For the more neutron-rich targets, where
the compound nucleus decay goes through a few strong
channels, a weak precompound contribution results only
in a minor change of the elemental cross sections, mostly
smaller than the experimental errors. But for 32§ 4 !!6Sn,
where the ER spectrum is much broader and the strength
of the precompound decay is of the same order as that of
some of the elemental ER cross sections, inclusion of
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precompound decay leads to a significant improvement
(Figs. 13 and 14).

D. Target K-shell ionization cross sections

The characteristic target x rays could, in principle, pro-
vide a very convenient way for absolute normalization of
ER x-ray cross sections, and replace the most commonly
used normalization to the Rutherford cross section of
elastically scattered projectiles, measured with a monitor
detector. This approach was in fact used by Chmielewska
et al.¥® for a-induced reactions, where the theoretical
description of atomic target excitation is well developed.
But for heavy-ion impact, discrepancies between theory
and experiment can be quite large. The semiclassical and
nonrelativistic quantum mechanical approaches like the
binary-encounter approximation®> (BEA) and the plane-
wave Born approximation® (PWBA) tend to increasingly
overestimate the cross sections for heavy projectiles. Re-
fined PWBA calculations®® with perturbation corrections
for binding energy distortions of the projectile atomic
states and Coulomb deflection of the projectile in the field
of the target nucleus (PWBABC) usually give better agree-
ment. The theories are presented in terms of 6, the ratio
of the true target K-shell ionization potential Ix to that
predicted by hydrogenic wave functions, and by 7, the
squared ratio of the projectile velocity v to the velocity vk
of the target K electrons:

I
6= ", (8)
R Z2
2
E
n= L _______mf_z_ )
UK MRwZK

E is the projectile energy, M the projectile mass, m, the
electron mass, R, the hydrogen ionization potential (13.6
eV), and Zx=Z, —0.3 the effective nuclear charge of the
target atoms with atomic number Z,, as seen by the K
electrons. The expressions for the cross sections are then

2
opea=2-g(n/0) , (10)
Iy
8wZ%a} £(n,0)
UPWBA=7I4:_ - 5 (11)
8mZ%ay Fn/(e0)]
= : C. 12
OpPWBABC Z,‘é €0 (12)

g (in keV?cm?) is a universal function described in Ref.
33. F and f are dimensionless functions tabulated in Refs.
35 and 34, respectively. The factors € and C provide
corrections for the binding energy and the Coulomb de-
flection effect; they are described in detail in Ref. 35. We
have compared our data to these three theories. The pre-
dictions of PWBA, BEA, and PWBABC appear as solid
lines in Fig. 5. PWBA and BEA overestimate the mea-
sured cross sections by about an order of magnitude, while
PWBABC gives much better agreement. This tendency
has also been observed in other systems.*®

Another potentially interesting feature of our Sn target
x-ray data is the energy dependence of the Ka /K inten-
sity ratio. The experimental value for Ka/Kf is 4.55 for
the atomic Sn ground-state configuration,'® while we ob-
serve a smooth decrease from 3.74 to 3.25 as the projectile
energy is increased, with a tendency to level out at higher
energies (Table III and Fig. 6). The reasons for this
behavior are higher-shell excitations of the target atom in
the same encounter that produced the K vacancy.’>3¢
This effect manifests itself also in a slight increase in the
centroid energies of the x-ray lines, which was ~ 100 eV
in the present case.

For the ER x rays atomic excitation should give only a
very small contribution to the observed x-ray yield and
multiple excitation should be negligible. In fact, we did
not observe a noticeable energy shift of the ER x-ray spec-
tra and, though we could not measure the complete
Ka/Kp ratio due to pileup effects as mentioned previous-
ly, the Ka/Ka, ratios, which should also be sensitive to
multiple excitation, show no deviations from the ground-
state values.

V. CONCLUSIONS

The present study confirms for compound nuclei
(4 >150) formed in reactions with a heavy projectile what
was previously observed in reactions with lighter projec-
tiles: Each compound nucleus emits, on the average, ap-
proximately one K x ray. The K x rays follow conversion
processes that occur during the deexcitation of the evap-
oration residue after particle evaporation, and are charac-
teristic of the elemental charge Z of that residue. They
consequently can yield information about the distribution
in Z of the evaporation residues, information not easily

~ obtainable otherwise, since differential energy losses at

very low recoil velocities are often in principle not distin-
guishable. To deduce cross sections from the x-ray yields,
the x-ray multiplicity has to be determined. An unambi-
guous determination is possible in x-ray—y-ray coin-
cidences with characteristic ¥ rays of the final evap-
oration residue. The y-ray measurements, however, re-
quire knowledge of the y-ray decay schemes which are
often not available for proton-rich residual nuclei pro-
duced far off the valley of stability in reactions with heavy
particles. If y-ray measurements do allow such identifica-
tion, the x-ray measurement for cross section determina-
tions are redundant. The x rays are therefore particularly
useful for cases where y-decay schemes are not well
known. In such cases x-ray—x-ray coincidences can yield
the x-ray multiplicity, if certain assumptions are fulfilled.
The present work dealt with this situation and showed
that at least for the 32S-induced reactions studied, average
multiplicities from x-ray—x-ray coincidences agree well
with those deduced from x-ray singles and evaporation
residue particle yields. Measurements, and general con-
siderations, on individual Z channels provide results on
the distribution of evaporation residues into the various Z
channels for several Sn targets and over a large range of
incident energies. Statistical-model calculations yield pre-
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dictions in rather good agreement with the measured Z
distribution of evaporation residues, although some small
deviations may be taken as signs of incomplete fusion pro-
cesses.
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