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The *Xe + 8Pt reaction: A test of models of multi-nucleon transfer reactions
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The yields of 42 projectile-like fragments (PLFs) and fission fragments and 36 target-like fragments (TLFs)
were measured using off-line y-ray spectroscopy in a thin target experiment involving the '**Xe + 3Pt reaction.
The center of target beam energy was 760.5 MeV (E., = 450 MeV). The reported yields are compared with
those from previous measurements for this reaction and with predictions of the GRAZING, di-nuclear systems
(DNS), and improved quantum molecular dynamics (ImQMD) models. The yields of the TLFs and PLFs are,
in general, substantially smaller than those previously observed at a beam energy of 1085 MeV. Neither the
GRAZING nor the DNS model correctly describes the measured TLF and PLF yields in this lower- energy
reaction but the ImQMD model describes these yields adequately.
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I. INTRODUCTION

Multi-nucleon transfer (MNT) reactions are thought to
be useful paths for synthesizing new n-rich heavy nuclei
[1,2] and as possible paths for synthesizing nuclei near the
N = 126 shell closure (of interest to the studies of r-process
nucleosynthesis [3]). Watanabe et al. [4] measured the yields
of the projectile-like fragments (PLFs) formed in the reaction
of Ep = 7.98 A MeV (Eem. = 4.73 A MeV) *Xe + 98Py,
where A is the mass number of the projectile. The PLFs
were detected around the grazing angle (=33°) using the
VAMOS++ spectrometer. Absolute cross sections were de-
termined for PLFs ranging from Sn to Ce. Absolute cross
sections were also determined for Os and Hg target-like
fragments (TLFs). Production cross sections were reported
for the N = 126 isotones W, Re, Os, Ir, and Pt. These re-
sults have motivated a number of calculations using various
theoretical models for these MNT reactions [5-7]. In Ref. [5]
the di-nuclear systems (DNS) model is used to describe the
data and the calculated and measured values of the PLF
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cross sections are in reasonable agreement. In Ref. [6] the
model used to describe the data was the improved quantum
molecular dynamics (ImQMD) model and there was good
agreement between measured and calculated cross sections.
Improvements in the DNS model were made and tested in
Ref. [7] with better agreement between calculations and mea-
surements when compared to Ref. [5].

In this work, we measured the yields of various PLFs and
TLFs in the interaction of '*%Xe with !*®Pt at a substantially
lower beam energy (Ejyp = 760.5 MeV (E. . = 450 MeV))
compared to the study of Watanabe et al. [4], where E;, was
1085 MeV. The use of a beam energy of ~1.1Vg, where Vg
is the Bass barrier [8], is thought by some [3] to be a better
choice for making heavy trans-target nuclei. (It should be
pointed out, however, that some models [9,10] predict that the
yields of the MNT products are weakly energy dependent.) In
any case, the comparison of the lower- and higher-energy re-
actions should be useful in testing models for these collisions.

II. EXPERIMENT

The experimental method used was similar to that of Bar-
rett etal. [11]. Using the Gammasphere facility of the Argonne
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TABLE I. Projectile-like fragment and fission fragment cumula-
tive and independent yields for 136Xe + 19¥pt at B, ,, = 451 MeV.

TABLE II. Target-like fragment cumulative and independent
yields for '*Xe + *Pt at E., = 451 MeV.

Isotope ocy (mb) oy (mb) Isotope ocy (mb) oy (mb)
BK 0.535+ 0.106 0.452+ 0.090 BHf 0.72+ 0.02 0.63 £+ 0.06
O7zn™" 0.0744 £ 0.048 0.0744 + 0.048 SHE 2.51+ 047 1.88 + 0.35
7n 0.287 + 0.082 0.287 + 0.082 180y fm 0.65+ 0.22 0.65+ 0.22
BGa 2224 028 222+ 028 1769 135+ 1.18 120+ 1.05
As 0.23+ 0.02 0.23+ 0.02 17T 21+ 1.9 1.8+ 1.6
T7Zr 0.36+ 0.03 0.36 £ 0.03 184Ta 0.82+ 0.02 0.73 + 0.07
%Nb 0.99 + 0.02 0.99 + 0.02 181Re 1.73+ 0.78 1.53+ 0.69
“Mo 0.81+ 0.04 0.81+ 0.04 182Re 8.26+ 2.38 8.194+ 2.43
P 0.71+ 0.26 0.56+ 0.21 188Re 7.77 £ 0.58 7.77+ 0.58
105Rh 126+ 0.21 0.58+ 0.10 199Re 17.5+ 0.9 148+ 1.4
12pq 1.11+ 0.11 1.11+ 0.11 18205 1.01+ 0.16 0.95+ 0.15
101y 1.87+ 0.02 1.87+ 0.02 1830s 0.83+ 0.04 0.47 + 0.05
HSypm 2.59 4+ 0.068 1.73 + 0.45 1881y 428+ 0.94 425+ 0.93
1205y 0.374 £+ 0.048 0.374+ 0.048 1907y 3.11+ 0.03 1.67+ 0.17
1228b 1.652+ 0.033 1.652 + 0.033 19411 3.18+ 1.25 3.184+ 1.25
126Sp 1.42+ 0.21 142+ 0.21 195 pm 17.8+ 1.9 17.8+ 1.9
1278b 2.15+ 0.28 1.83+ 0.24 1961m 7.57+ 0.11 7.57+ 0.76
128Sh 0.82+ 0.07 0.72+ 0.07 191pg 5.60+ 0.01 450+ 0.45
13l 1.43+ 0.31 1.43+ 031 195pyin 26.5+ 5.7 20.0+ 4.3
1241 1.20+ 0.05 1.20+ 0.05 193 Au 154+ 9.0 134+ 7.8
1301 9.75+ 0.04 9.75+ 0.04 194 Au 64+ 0.1 6.4+ 0.6
131y 182+ 05 153+ 1.5 196 Ay™ 1153+ 0.5 1153+ 11.5
1321 8.13+ 0.29 7.97 + 0.80 198 Au 17.6+ 0.3 165+ 1.5
1331 16.0+ 0.1 146+ 1.4 19 Au 205.6+ 0.6 168.8+ 16.9
1351 4.63+ 0.42 4.63+ 0.42 200 Ay 1.79+ 0.08 1.79+ 0.18
125Xe 0.87 + 0.50 0.79 £ 0.46 195Hg™ 3.4+ 0.1 29+ 0.3
127X e 2.61+ 043 224+ 0.36 YTHg 6.99+ 0.78 5.82+ 0.65
133Kem 232+ 04 219+ 22 23Hg 19.9. + 0.8 17.5. £ 1.7
135Xe 176 + 1.4 164.5+ 16.5 200 6.2+ 09 52+ 08
127¢Cs 2.50+ 0.78 231+ 0.72 201 6.8+ 0.5 50+ 0.5
132Cg 119+ 0.2 119+ 1.2 202 1.4+ 0.03 14+ 0.14
136Cg 155+ 0.4 155+ 1.6 200py 474 0.2 3.8+ 04
131Bg 1.1+ 02 0.96+ 0.20 201pp 44+ 02 3.3+ 03
135Ba™ 125+ 0.2 125+ 1.3 202ppym 6.2+ 0.3 6.2+ 0.6
14084 11.95+ 0.01 10.6+ 1.0 203pp 3.9+ 0.03 29+ 03
1401 5 2.29+4 0.06 228+ 0.23 204Bj 0.88+ 0.02 0.66+ 0.07
HCe 421+ 0.08 3.56 + 0.36

192py 794+ 22 794+ 22

1538m 0.96 + 0.20 0.78+ 0.16

::;b }zgi 8(1); 153 i 8}2 At the end of the irradiation, the target was removed .from
169L1)1/ l Ty 1'0 1 Ty 1'0 Gammasphere and y-ray spectroscopy of the target radioac-

National Laboratory, a beam of 860 MeV 136X e struck a sand-
wich of a 3.2 mg/cm? '8Pt foil, a 4.0 mg/cm? %Pt foil, and a
24 mg/cm? "7 Au stopper foil. The isotopic purity of the '*®Pt
foils was established in a post-experiment measurement by the
W.M. Keck Collaboratory for Plasma Mass Spectrometry [12]
to be 95.0 at. % '%*Pt, 2.84 at. % '*°Pt, 1.23 at. % '*°Pt, and
0.9 at. % '"*Pt. The mean beam energy in the Pt foil stack was
Ej, = 760.5 MeV. The intensity of the beam was monitored
periodically by inserting a suppressed Faraday cup into the
beam line in front of the target. The length of the irradiation
was 28.3 h with an average beam intensity of 3.54 x 103
particles/s.

tivities was carried out using a well-calibrated Ge detector in
the Center for Accelerator Target Science (CATS) Counting
Laboratory. The total observation period was 5 days, during
which 19 measurements of target radioactivity were made.
The analysis of these Ge y-ray decay spectra was carried
out using the FITZPEAKS [13] software. The end of bombard-
ment (EOB) activities of the nuclides were used to calculate
absolute production cross sections, taking into account the
variable beam intensities using standard equations for the
growth and decay of radionuclides during irradiation [14].
These measured absolute nuclidic production cross sections
are tabulated in Tables I and Table II. These cross sections rep-
resent “cumulative” yields; i.e., they have not been corrected
for the effects of precursor 8 decay. These cumulative yields
are the primary measured quantity in this experiment.
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FIG. 1. Comparison of measured PLF yields for the work of Watanabe et al. [4] and this work.

To correct for precursor § decay, we have assumed that
the B-decay-corrected independent yield cross sections for a
given species, o (Z, A), can be represented as a histogram that
lies along a Gaussian curve

_ _ 2
(Z = Zp) } 0

o(Z,A) = o(A)[2xC2A)] " exp [ )
VA

where o (A) is the total isobaric yield (the mass yield), Cz(A)
is the Gaussian width parameter for mass number A, and
Z,,p(A) is the most probable atomic number for that A. Given
this assumption, the B-decay feeding correction factors for
cumulative yield isobars can be calculated, once the centroid
and width of the Gaussian function are known.

To uniquely specify o (A), Cz(A), and Z,,,(A), one would
need to measure three independent yield cross sections for
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FIG. 2. Comparison of measured TLF yields for the isotopes of
Hg and Os studied in the work of Watanabe et al. [4] and this work.

each isobar. That does not happen often. Instead one assumes
that the value of o (A) varies smoothly and slowly as a function
of mass number and is roughly constant within any A range
when determining Cz(A) and Z,,,(A). The measured nuclidic
formation cross sections are then placed in groups according
to mass number. We assume that the charge distributions
of neighboring isobaric chains are similar and radionuclide
yields from a limited mass region can be used to determine a
single charge distribution curve for that mass region. One can
then use the laws of radioactive decay to iteratively correct the
measured cumulative formation cross sections for precursor
decay. These “independent yield” cross sections are also
tabulated in Tables I and II. The cumulative and independent
yield cross sections are similar due to the fact that, without
an external separation of the reaction products by Z or A, one
most likely detects only a single or a few nuclides for a given
isobaric chain and these nuclides are located near the maxi-
mum of the Gaussian yield distribution. The uncertainties in
the calculated “independent yield” cross sections deduced in
this manner have been examined by Morrissey ef al. [15] and
they have found a systematic uncertainty of +30% associated
with this procedure.

III. RESULTS AND DISCUSSION
A. This work

The measured cumulative and independent yields of the
PLFs and TLFs from the interaction of E., = 451 MeV
136Xe with '8Pt form a large data set (78 yields) to char-
acterize the product distributions from this reaction. The
magnitudes of the measured cross sections range from ~70 ub
to ~200 mb. The observed PLFs span the region from Z = 48
toZ =71 (Xeis Z = 54) while the observed TLFs range from
Z =72 to Z =83 (Ptis Z = 78). The observed nuclides are
located “northeast” of the projectile and “southwest” of the
target although there are several notable exceptions. Unknown

nuclei cannot be observed using our experimental methods.
No nuclei with N = 126 were observed in this experiment.

B. Comparison with previous measurements

As mentioned earlier, Watanabe et al. [4] measured the
yields of several PLFs in the reaction of 1085 MeV '**Xe with
198Pt. The beam energy in that study was substantially higher
than in this work (760.5 MeV). In Fig. 1, we compare the
yields of several PLFs measured in the two studies. As shown
in Fig. 1, the measured PLF yields are substantially higher at
the higher bombarding energy with the possible exceptions of
the yields of '*Xe and '**Ba. We can conclude that the higher
bombarding energy leads to increased yields of the PLFs.
What about the yields of the TLFs where fission might act to
deplete the yields at the higher excitation energies? In Fig. 2,
we compare the yields of the Hg and Os nuclides measured
in this work with those of Watanabe er al. [4]. The same
general trends observed for the PLFs are seen for the TLFs
with the exception of 2**Hg. This suggests that the higher
bombarding energy is more effective than the near barrier
energy in producing new transfer products. The increased
survival rates at the lower energy do not compensate for the
lower yields of the primary products.

C. Comparison with phenomenological models

To compare our measured cross sections with estimates
of various phenomenological models (which may differ by
orders of magnitude), we define a comparison metric [16], the
theory evaluation factor, tef.

For each data point, we define

tefi — log <Gth60ry> (2)

Oexpt

where Oieory and oexp; are the calculated and measured values
of the transfer cross sections. Then, the average theory evalu-
ation factor is given by

— 1
tef = — Z tef;, (3)

where N, is the number of data points. The variance of the
average theory evaluation factor is given by

1/2
1 I
o= (Xi:(tef,- — tef)2> . )

Note that tef is a logarithmic quantity and theories that have
tef values differing by 1 or 2 actually differ by orders of
magnitude in their reliability.

A well-known model for predicting the cross sections
for transfer products is GRAZING, a semi-classical model
due to Pollarolo [17] and Winther [18]. GRAZING uses a
semi-classical model of the reacting ions moving on classical
trajectories with quantum calculations of the probability of
excitation of collective states and of nucleon transfer. This
model describes few-nucleon transfers [19] well. It has been
employed to describe the production of PLFs involving trans-
fers of 45 nucleons in the asymmetric reaction of '**Xe with
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FIG. 3. Comparison of measured PLF (In-Cs) yields to the predictions of the InQMD, GRAZING and DNS models.

233U, where the predictions of this model agree well with
measurements [20]. The measured and predicted (GRAZING)
values for the PLF and TLF cross sections are shown in
Figs. 3-6.

The GRAZING model correctly predicts the magnitudes
of the transfer cross sections for small transfers, but under-
estimates the cross sections for large transfers. Comparing the
measured and calculated (GRAZING) values of the TLF cross
sections gives an average tef value of —1.353 4 0.044; i.e.,

GRAZING underestimates the TLF yields by a factor of 23,
on average.

Another phenomenological model that is frequently used
to estimate yields from multi-nucleon transfer reactions is the
DNS model [5,7]. In Figs. 3—-6, we compare our measured de-
duced independent yield cross sections for the '*¢Xe 4 '8Pt
reaction with the predictions of the DNS model. For all of
the PLF yields, the DNS model significantly underestimates
the measured PLF yields. For the TLFs, the DNS model
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FIG. 4. Comparison of measured PLF (Ba-Pm) yields to the predictions of the InQMD, GRAZING and DNS models.

underestimates the magnitude of the MNT cross sections.
Comparing the measured and calculated (DNS) values of the
TLF cross sections gives an average tef value of —1.724 +
0.211; i.e, the DNS model underestimates the TLF yields by
a factor of 53 on average.

A third phenomenological model whose predictions can
be compared to our data is the ImQMD model. Our
measured independent MNT product yields are compared
to the predictions of the ImQMD model in Figs. 3-6.

Unlike the GRAZING and DNS models, the predictions
of the ImMQMD model describe the data for all transfers
(AZ = —5to +17 for PLFs and AZ = —6 to +6 for TLFs).
Comparing the measured and calculated (ImQMD) values
of the TLF cross sections gives an average tef value of
—0.00893 + 0.084; i.e., the InQMD model mis-estimates the
TLF yields by a factor of 0.98. The InQMD model is thus
superior to the GRAZING and DNS models in its predictive
power.

044604-6



THE *Xe + '®Pt REACTION: A TEST ...

PHYSICAL REVIEW C 99, 044604 (2019)

102 E T X T T
E o Z=T2(Hf)
SN, (a)

10" ]
7= of i
g 10
[5)

10 3 J

: --DNS
10'2 1 1 : 1 : 1
160 170 180 190 200
A
102 E 2 T T T T
Z=75(Re) (©)
AZ=-3

10" £ 3
~ 0| |
.g 10
©

107" ¢ 3

10-2 L. | ) L

170 180 190 200
102 g — :
Z=77(Ir) (e)
AZ=-1
10"t E
i)
£
5] . B 48
10° Ir);pQMD i E
F--GRAZING -, .
....DNS ’u ‘l
10’1 1 ! N 1‘ o !
170 180 190 200 210
A

101 = 1 L T T T LI
Z=73(Ta) (b)
AZ=-5
10° 5
o)
£
©
10" : : .
| = Expt. |
: ImQMD
;L----DNS_ |
102 L ) | '-1 )
160 170 180 190 200
A
10" —_— ; —
i (d)
10°F ]
o)
£
©
10" 1
10'2 1 1 1 ! :
160 170 180 190 200 210
10% ¢ . . A ; ;
0L Z=T8PY 2 ® ]
E AZ=0 a f
10° 1
5 10'f ]
I
(o] o [
10 3 = Expt. - : \ E
. ImQMD | T
-1 r - - GRAZING i )
10 _ ....DNS } E
1021 - L
180 190 200 210

A

FIG. 5. Comparison of measured TLF yields (Hf-Pt) to the predictions of the InQMD, GRAZING, and DNS models.

The fragment mass yields represent another test of the
theoretical models for these multi-nucleon transfer reactions
[11]. In Fig. 7, we compare the measured mass yields, o (A)
from this work with predictions of two versions of the DNS
model [9,7]. The calculations of Ref. [9] are made for the
816 MeV 3Xe + 9Pt reaction while the calculations of
Ref. [7] are made for the 708 MeV **Xe + '8Pt reaction. Our

measurements were done for the 760.5 MeV **Xe + *8pt
reaction, so we would expect a rough agreement between the
measured and predicted mass yields. Both models predict a
two-humped mass distribution with yield maxima near the
masses of the projectile and target nuclei. The lower-energy
calculation [7] predicts mass yields that are closer to the

044604-7



V. V. DESAI et al.

PHYSICAL REVIEW C 99, 044604 (2019)

L Z=T9(Au) . (9) r Z=80(Hg) (h)
1078 Az=+1 101 AZ=*2 .
10°k 1 R
B E t K i 107 3 ‘ ."_ 3
L] Xpt. \ E 1 .
102L ImeMD N ' E . :En):gMD -
i - Sﬁg\zme ;! o] 3 - .—gﬁg\zme 3
10'4 1 " " 1 1 ‘I 1 0'3 1 1 1’ N 1 i‘ 1
180 190 200 210 220 180 190 200 210 220
A A
7=81(Tl) _ _
. . 0) ] Z=82(Pb) ()
10" AZ=+3 10"t AZ=+4 3
E E " -
) g 5 : :
é -1 E g r“ \\
5 107 F i % 10"L ; 2 i
= Expt. ‘
L ] EImQMD
E 3 it - - GRAZING 3
i i /1~ -DNS .
10*3 ! o 1 1 10—3 I | ,I : L - ' 1
180 190 200 210 220 180 190 200 210 220
A A
10’ . .
7=83(Bi) (k)
AZ=+5
o 10"}
E
©
J ["m expt-sig | 3
. ImQMD
S ... .GRAZING
R - - - DNS
10'3 L ! L .
190 200 210 220

FIG. 6. Comparison of measured trans-target TLF yields (Au-Bi) to the predictions of the InQMD, GRAZING, and DNS models.

observations than the higher-energy calculations [9]. Both

(a)

models underestimate the near-target mass yields by orders of
magnitude. A temperature dependence of the shell corrections
is included in the calculations of Ref. [7] that seems to

improve the predictive power of this model.

What have we learned from this experiment? We found the

following:

IV. CONCLUSIONS

(b)

(©

044604-8

The multi-nucleon transfer yields increase by an
order of magnitude for the “®Xe + '®Pt reaction
when the beam energy is increased from 760 to
1085 MeV despite the decreased survival for the TLF
nuclei.

The fragment mass yield distributions are two-
humped, as expected, but exhibit mass yields that
exceed the predictions of the GRAZING and DNS
models.

As seen with other systems, the semi-classical
GRAZING model underestimates the yields of most
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FIG. 7. Comparison of measured product mass distributions (this
work) and those calculated using the two versions of the DNS model
described in the text.

multi-nucleon transfer products except for small trans-
fers (AZ =0, £1).

(d) The DNS model underestimates the yields of the PLFs
and most TLFs.

(e) The ImQMD model adequately predicts the magnitude
of the PLF and TLF yields and is superior to the
GRAZING and DNS models.

We hope to improve the experimental characterization of
the 760 MeV '3°Xe + 98Pt reaction by measuring the yields
of those species formed in beam in a future experiment.
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