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The production cross sections for 110 radioactive nuclides, with mass numbers 22 � A � 198, were obtained
from the interaction of 4.4 GeV deuteron with a 197Au target using the induced-activity method. The deuteron
beam was obtained from the Nuclotron of the Laboratory of High Energies (LHE), Joint Institute for Nuclear
Research (JINR) at Dubna. Using the charge distribution data, we derived the total mass-yield distribution.
The analysis of the mass-yield distribution allowed us to consider the coexistence of different channels in the
interaction such as evaporation, fission, and multifragmentation.
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I. INTRODUCTION

Many investigations in nuclear physics have been directed
toward the understanding of the mechanism that drives the
nucleus-nucleus interactions at energies of a few GeV per
nucleon. From these investigations we can infer that the
dependence of the nuclide formation cross sections upon the
bombarding energy of the projectile (the excitation function)
can be related to different reaction mechanisms. Thus, the
question that always arise in these investigations is how to
describe the projectile interaction with the target considering
the several possible processes that can take place. In par-
ticular, a considerable amount of work has been devoted to
the investigation of nuclide formation cross sections from
reactions induced by different light projectiles on heavy
targets, in various energy regimes [1–3]. The comparison
of nuclide formation cross sections produced by different
light projectiles on heavy targets can be very useful to
emphasize the similarities and differences of such interactions
in terms of possible reaction mechanisms involved. Several
measurements, in a wide range of energy up to 300 GeV, have
been performed for proton-induced reactions on a gold target,
using different experimental methods (counter techniques and
induced activity) to obtain the nuclide formation cross sections
[3–10]. The main goal of such studies was the extraction of the
properties of the different reaction channels from the analysis
of a large amount of experimental cross sections (charge and
mass distributions of the reaction products).

Another light particle probe used to investigate
intermediate- to high-energy reactions is the deuteron. The
particular interest in the deuteron-induced reactions on
intermediate- to heavy-mass targets is due to the fact that the
deuteron is considered to be the lightest weakly bound system,
and hence, during the interaction with a target nucleus, the
characteristics of the interactions of the individual nucleons

can be derived. In particular, the reaction induced by high-
energy deuterons can proceed with the deuteron either as whole
nucleus or as noninteracting nucleons (proton plus neutron).
The results of such investigations have been improving the
theoretical models for reaction mechanisms. Experimental
results of deuteron-induced reactions have also been of interest
for accelerator technology and nuclear waste transmutation
based on the accelerator-driven subcritical nuclear power
reactors [11].

Nevertheless, a survey in the literature displays a consid-
erable lack of experimental data for the deuteron interaction
with a gold target. An experiment has been reported on the
deuteron-induced reaction on a gold target at 2.1 GeV, where
the cross sections for binary and ternary fission were measured
by using plastic detectors [12]. Also Damdinsuren et al. [13]
reported an investigation on the formation of evaporation
residues from the interaction of 7.3 GeV deuterons with gold.
However, this set of data was restricted to a small amount of
reaction residues, which did not allow a complete analysis
of the interaction. Another measurement was reported for
target residues formed during the fission reactions of 4 GeV
deuterons on gold [14]. In this work also limited information
related only to the total fission cross section was reported, and
they suggested that the total fission cross section of deuterons
on 197Au is the same, within the accuracy of the measurements,
as for the fission induced by protons with the same total energy.

In the present paper we report the results for the mass and
charge distributions of fragments produced by the interaction
of a 4.4 GeV deuteron beam with a 197Au target. This paper
represents a sequel of the previous work [15], which was
devoted to the investigation of the fragment kinematic features
of the deuteron interaction with a gold target. The goal of
the present work is to provide a set of experimental cross
sections of residual nuclide formation. The experimental data
obtained allowed us to consider the coexistence of different
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reaction channels such as multifragmentation, evaporation,
and fission processes. The determination of the cross sections
for the formation of independent reaction residues and their
corresponding integration over all fragment mass ranges
allowed us to estimate the total reaction cross section. The
comparison of the present results with the results reported for
proton-induced reactions in the literature allows us to specify
the role of the projectile in the reaction mechanism.

The present paper is divided as follows: Sec. II is devoted
to give some details on the experimental procedure and data
analysis. In Sec. III we present the results and the discussion,
where we have performed a comparison of the results from the
present deuteron-induced reaction with those from previous
experiments of proton-induced reactions. Final conclusions
are given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The 4.4 GeV deuteron beam was obtained from the
Nuclotron of the Laboratory of High Energies (LHE), Joint
Institute for Nuclear Research (JINR), Dubna, and used to
irradiate a 39.13 mg/cm2 thick gold target. The target consisted
of a stack of 15 gold foils of 20 × 20 mm2 in size. The
total irradiation time was 28.6 hours with a total beam
intensity integration of (6.43 ± 0.71) × 1012 deuterons. The
27Al(d,3p2n)24Na reaction, with a known cross section of
14.2 ± 1.2 mb [13], was used to monitor the beam intensity.
We have applied here the induced-activity method where the γ
rays from the decay of the reaction residues formed in the target
were measured, in an offline analysis. To detected the γ rays
we have used high-purity germanium (HPGe) detectors with
28% relative efficiency and an energy resolution of 2 keV (60Co
at 1332 keV). The energy-dependent efficiency of the HpGe
detectors was measured with standard calibration sources of
54Mn, 57;60Co, 137Cs, 154Eu, 152Eu, and 133Ba. The γ spectra
were evaluated with the code package DEIMOS32 [16]. The
radioactive nuclei were identified by the energy and intensity
of characteristic γ lines and by the respective half-lives of the

nucleus. Nuclear properties, used for identification of observed
isotopes, were taken from literature [17]. Measurements of the
γ spectra started about 15 min after the completion of the
irradiation and lasted for a year.

From the γ -ray spectra we obtained the individual cross
section for 110 radioactive nuclides in the mass range
22 � A � 198. The error in determining the cross sections
depended on the following factors: the statistical significance
of experimental results (�2–3%), the accuracy in measuring
the target thickness and the accuracy of tabular data on nuclear
constants (�3%), and the errors in determining the detector
(energy-dependent) efficiency (�10%).

The fragment production cross sections are considered
direct and independent (I) in the absence of a parent isotope
contribution (which may give a contribution via β± decays)
and are determined by the following equation:

σ = �N λ

Nd Nn k ε η [1 − exp (−λt1)] exp (−λt2)[1 − exp (−λt3)]
,

(1)
where σ is the cross section of the reaction fragment produc-
tion (mb); �N is the yield (area under the photo-peak); Nd

is the deuteron beam intensity (min−1); Nn is the number of
target nuclei (in 1/cm2 units); t1 is the irradiation time; t2 is
the time of exposure between the end of the irradiation and the
beginning of the measurement; t3 is the measurement time; λ is
the decay constant (min−1); η is the intensity of γ transitions;
k is the total coefficient of γ -ray absorption in the target and in
the detector materials, and ε is the γ -ray detection efficiency.

In the case where the cross section of a given isotope
includes a contribution from the β± decay of neighboring
unstable isobars, the cross section determination becomes
more complicated [18] and is classified as cumulative (C).
If the formation cross section of the parent isotope is known
from experimental data, or if it can be estimated on the basis
of other sources, the independent cross sections of daughter
nuclei can be determined by the relation

σB = λB

[1 − exp (−λBt1)] exp (−λBt2)[ 1 − exp (−λBt3)]

×
[

(�N )AB

Nd Nn k ε η
− σA fAB

λA λB

λB − λA

(
[1 − exp (−λAt1)] exp (−λAt2) [1 − exp (−λAt3)]

λ2
A

− [1 − exp (−λBt1)] exp (−λBt2) [1 − exp (−λBt3)]

λ2
B

)]
, (2)

where the subscripts A and B label the variables referring to the
parent and the daughter nucleus, respectively; the coefficient
fAB specifies the fraction of A nuclei decaying to B nucleus
(fAB = 1, when the contribution from the β decay corresponds
to 100%), and (�N )AB is the total photo-peak yield associated
with the decays of the daughter and parent isotopes. The effect
of the precursor can be negligible in some limiting cases:
where the half-life of the parent nucleus is very long, or in the
case where its contribution is very small. The induced-activity
method imposes a severe restriction for the measurement of

some the reaction products. For example, it is impossible to
measure stable or very long-lived isotopes and very short-lived
isotopes.

III. RESULTS AND DISCUSSION

The experimental cross sections for the reaction fragment
production in the mass range of 22 � A � 198 are presented in
Table I. In this table, the type of cross sections [independent (I)
or cumulative (C)] is present as well as the corresponding type
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TABLE I. The cross sections of fragments formed by the reaction
of 4.4 GeV deuterons with 197Au. Independent cross sections are
indicated by (I) and the cumulative cross section by (C).

Element Reac. (decay) σ (mb)

24Na C (β−) 8.02 ± 0.80
28Mg C (β−) 2.30 ± 0.66
42K C (β−) 3.34 ± 0.13
43K C (β−) 5.0 ± 1.7
47Ca C (β−) 0.70 ± 0.16
44Sc I (β+) 1.76 ± 0.70
44mSc I (β+) 0.45 ± 0.16
46Sc I (β−) 4.05 ± 0.46
48Sc I (β−) 1.71 ± 0.71
48V C (β+) 1.14 ± 0.09
52Mn C (β+) 0.66 ± 0.09
54Mn I (β+) 3.59 ± 0.69
59Fe C (β−) 1.81 ± 0.36
55Co C (β+) 2.26 ± 0.72
56Co C (β+) 0.34 ± 0.10
58Co I (β+) 3.77 ± 0.15
60Co C (β−) 3.22 ± 0.47
65Zn C (β+) 4.29 ± 0.33
72Zn C (β−) 0.16 ± 0.09
71As C (β+) 0.30 ± 0.04
72As C (β+) 3.40 ± 0.22
74As I (β+) 3.02 ± 0.24
75Se C (β+) 4.82 ± 0.12
77Br C (β+) 2.18 ± 0.42
82Br I (β−) 1.68 ± 0.05
81Rb C (β+) 5.92 ± 0.66
83Rb I (β+) 7.17 ± 0.90
84Rb I (β+) 3.20 ± 0.30
83Sr C (β+) 4.04 ± 0.07
85Sr C (β+) 10.3 ± 2.1
86Y C (β+) 6.21 ± 0.88
87Y C (β+) 8.93 ± 1.02
88Y C (β+) 6.01 ± 0.80
88Zr C (β+) 9.44 ± 0.50
89Zr C (β+) 7.26 ± 0.90
95Zr C (β−) 0.7 ± 0.38
90Nb C (β+) 4.80 ± 0.94
92mNb I (β+,β−) 0.38 ± 0.04
95Nb I (β−) 1.09 ± 0.30
95mNb C (β−) 0.35 ± 0.03
93Tc C (β+) 3.46 ± 0.42
94Tc C (β+) 2.67 ± 0.34
96Tc I (β+) 2.25 ± 0.30
103Ru C (β−) 1.32 ± 0.13
99Rh C (β+) 4.92 ± 0.07
100Rh I (β+) 2.13 ± 0.12
102Rh I (β+,β−) 3.85 ± 0.60
102mRh I (β+,β−) 13.4 ± 1.5
117mSn C (IT ) 0.23 ± 0.02
124Sb I (β−) 2.80 ± 0.60
126Sb C (β−) 2.40 ± 0.46
119Te C (β+) 0.66 ± 0.09
132Te C (β−) 2.93 ± 0.88
124I I (β+) 0.46 ± 0.03
126I I (EC,β−) 2.02 ± 0.34
133I C (β−) 1.22 ± 0.16

TABLE I. (Continued.)

Element Reac. (decay) σ (mb)

127Xe C (β+) 10.9 ± 1.2
131Ba C (β+) 14.9 ± 1.2
140Ba C (β−) 0.79 ± 0.08
139Ce C (β+) 11.71 ± 0.95
143Ce C (β−) 7.4 ± 1.6
143Pm C (β−) 12.94 ± 0.96
144Pm C (β+) 1.54 ± 0.14
148mPm I (β−) 1.10 ± 0.29
145Eu C (β+) 14.3 ± 2.0
146Eu I (β+) 18.1 ± 1.8
147Eu I (β+) 34.0 ± 3.0
148Eu I (β+) 1.09 ± 0.17
149Eu C (β+) 19.2 ± 1.4
146Gd C (β+) 13.2 ± 2.1
147Gd I (β+) 6.2 ± 1.2
149Gd I (β+) 17.86 ± 0.58
153Gd I (β+) 9.70 ± 0.90
147Tb C (β+) 2.99 ± 0.50
149Tb C (β+) 5.39 ± 0.97
153Tb C (β+) 4.01 ± 0.97
160Tb I (β−) 8.94 ± 0.80
167Tm C (β+,β+) 21.8 ± 3.2
168Tm I (β+,β−) 2.62 ± 0.18
171Lu C (β+) 26.8 ± 3.0
172Lu C (β+) 4.16 ± 0.42
173Lu C (β+) 25.2 ± 1.8
177mLu C (β−) 1.36 ± 0.30
175Hf C (β+) 27.1 ± 3.0
181Hf C (β−) 2.41 ± 0.24
182Ta C (β−) 2.75 ± 0.75
182Re C (β+) 49.0 ± 9.4
184gRe I (β+) 0.92 ± 0.18
184mRe I (β+) 4.09 ± 0.25
185Os I (β+) 29.0 ± 5.4
185Ir C (β+) 26.9 ± 2.2
190Ir I (β+) 4.09 ± 0.80
192Ir I (EC,β−) 3.12 ± 0.70
194mIr C (β−) 1.13 ± 0.10
188Pt C (β+) 27.4 ± 8.0
191Pt C (β+) 15.0 ± 3.5
100Pd C (β+) 1.31 ± 0.36
105Ag C (β+) 8.1 ± 1.1
106mAg I (β+,β−) 2.31 ± 0.40
110mAg I (β+,β−) 0.32 ± 0.02
111In C (β+) 8.0 ± 1.1
113Sn C (β+) 17.4 ± 1.9
194Au C (β+) 26.6 ± 2.0
195Au C (β+) 15.4 ± 2.6
196Au I (β+,β−) 140 ± 13
198gAu I (β−) 1.56 ± 0.25
198mAu I(β−) 7.41 ± 0.50

of decay, β− or β+. As one can see from the Table I, most of
residuals are nuclei decaying by β+. This can be connected to
the fact that the average multiplicity of the emitted neutrons is a
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few times higher than the average proton emission multiplicity
in this nuclear reaction [19].

As can be seen in from Table I, the highest production cross
section was obtained for the 196Au residue. Residues such as
196Au and 198Au can be formed by a one-neutron transfer
(stripping or pickup) reaction. It can be seen from Table I
that the probability of 196Au production (neutron stripping) is
several times higher than that of the neutron pickup transfer
reaction or any other process leading to the formation of 198Au.
This can be explained by the fact that the neutron interaction
in the deuteron-nucleus reaction, in the energy range of about
GeV, is larger than the proton-nucleus interaction [19]. The
inelastic cross section for neutron-nucleus reactions, in the
energy range of several GeV, is about 1–2 b [20]. Thus, the
(n,2n) stripping reaction can give a significant contribution to
the 197Au(d,X)196Au reaction and it can be, indeed, responsible
for increasing the cross section for the production of the 196Au
nuclide.

Using the production cross sections of the individual
fragments we can construct the mass distribution (cross section
of each isobar as a function of the mass number A). However,
to obtain the cross section for each isobar it is necessary
to estimate the cross sections of the isotopes not measured
by the induced-activity method. The cross sections for these
fragments can be obtained from the analysis of the charge
distribution of the corresponding isobar chain, i.e., the cross
section as a function of Z for a given A. The charge distribution
for each isobar can be constructed by using the independent
cross sections of the reaction residues. In the present work the
charge distribution of each isobar chain was analyzed with the
expression from Ref. [3]:

σ (Z,A) = σ (A) exp(−R|Z − SA + T A2|3/2), (3)

where σ (Z,A) is the independent cross section for a given
nuclide with atomic charge Z and mass number A; σ (A) is
the total isobaric cross section of the mass A. The parameter
R defines the width of the charge distribution, while the
parameters S and T define the most probable charge (Zp)
for a given isobar chain A. These parameters were obtained
by fitting the cross section data of fragments from the mass
region A = 40 to A = 200. To uniquely specify the variables
R, S, and T , it is necessary to consider more than four
independent yield cross sections for each isobar. In case of
shortage of the experimental data with independent cross
section, for a given isobar chain, we used the similarity
of charge distribution curves of the isobaric chains [21,22].
However, at first, only independent cross sections (I) were
used in the fitting of the charge distributions. Hence, during
the successive approximation procedures, the estimation of the
independent component of the cumulative cross section could
be extracted.

During the fitting procedure it was found that the values of
the R and S parameters were constant for all mass ranges of
the reaction products, but the parameter T was larger for the
spallation fragments. This means that the width of the charge
distribution for a given mass number (isobar) is about the
same for all ranges of product mass number. The values for R
and S obtained from the fitting procedure were R = 30A−0.79

and S = 0.47. The parameter T = 2.3 × 10−4 was used for

-3 -2 -1 0 1 2 310-3

10-2

10-1

100

fr
ac

tio
n 

cr
os

s s
ec

tio
n

-3 -2 -1 0 1 2 310-3

10-2

10-1

100

fr
ac

tio
n 

cr
os

s s
ec

tio
n

-3 -2 -1 0 1 2 3
Z-ZP

10-3

10-2

10-1

100
fr

ac
tio

n 
cr

os
s s

ec
tio

n

(a)

(b)

(c)

FIG. 1. The charge distributions for the isobaric chains in the
mass ranges (a) A = 42–65, (b) A = 83–127, (c) A = 133–198 for
the 4.4 GeV deuteron-induced reaction on 197Au. The solid line is the
result of the fitting procedure explained in the text.

the mass range of 40 � A � 130 while T = 3.2 × 10−4 had
to be used for the spallation-evaporation mass range (A >
130). The parameters for the mass range 40 � A � 130 are in
good agreement with those for the 7.3 GeV d + 181Ta system
(S = 0.477 and T = 2.4 × 10−4) from Ref. [23]. This result
can confirm that the charge distributions of the fragments are
mainly determined by the properties of reaction residues and
not by the way they were formed. It is also well known that
the isotope distributions are largely independent of the original
nucleus; their position, shape, and width depend only on the
fragment mass number [24].

The charge distributions for some of the isobar chains can be
seen in Figs. 1(a)–1(c). In these figures we show the fractional
cross section (the ratio of fragment production cross section to
the total cross section for the given mass number) as a function
of the charge difference (Zp − Z), for different mass ranges.
The corresponding calculated Gaussian charge distribution,
using the parameters R, S, and T as discussed above, are
also shown. This is an indication that the charge difference
(Z − Zp) moves toward the more neutron-deficient nuclei for
mass chains lighter than A > 130, where more neutron-rich
nuclei are preferable formed. This effect can be clearly seen in
Fig. 2, where we present the dependence of the average atomic
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FIG. 2. Average atomic number as a function of neutron number
for the observed nuclides. The black dashed line corresponds to the
stable nuclei, the black solid line is for Zp for A < 130, and the dotted
line is for Zp for A > 130.

number as a function of neutron number for the observed
nuclides in our experiment. In the figure the dashed solid
line corresponds to stable nuclei, the black solid line is Zp

for A < 130, and the dotted line is Zp for A > 130. We can
clearly see in Fig. 2 the displacement between Zp and stable Z.
The appreciable effect is an overall tiny displacement towards
the neutron-poor side due to evaporation, also indicating
that the (neutron rich) contribution from fission is small. In
the frame of the intranuclear cascade model, an intermediate
nuclear state with high excitation energies results in a large
number of evaporated nucleons. Hence, as a result of the
evaporation, fragmentation, and fission process, a set of
neutron-deficient nuclei are expected to be formed, as can be
observed in the present work. A similar situation was observed
in the works of Refs. [25] and [26]. We can conclude that the
displacement of the charge distribution curves for residuals
with A < 130 toward the neutron-deficient nuclei can be a
result of the contribution from the higher excited after-cascade
nuclear states. An interesting feature of these distributions is
that the width parameter (R) obtained is the same as the ones
obtained for the 1.0–3.0 GeV proton + 197Au system [3].

A higher excitation energy would correspond to an increase
in the neutron emission, which in turn would result in a
larger contribution of neutron-deficient composite systems, as
well as an increase in the number of neutron evaporations
from the reaction residues. In our experiment low-energy
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FIG. 3. Mass-yield distribution of the isobars produced by the
4.4 GeV deuteron-induced reaction on 197Au. The solid line shows the
general trend of the isobaric cross sections of the reaction fragments.

excited residues with mass number A > 130 and residues
with A < 130 but with higher excitation energy are being
produced. This fact is confirmed by our recent study of the
kinematics properties of the reaction residues [15]. Similar
behavior was observed for fission induced by different probes
such as protons and neutrons on 238U and 232Th [21,27,28],
indicating that the charge distributions are determined more
by the excitation energy and nuclear properties of the reaction
products than by the choice of the projectile or the reaction
channel.

By integrating the charge distribution with the use of Eq. (3)
we could derive the isobaric cross sections [σ (A)] for each
mass number. These cross sections as a function of the mass
number A is called the mass-yield distribution. The mass-
yield distribution obtained in the present work is shown in
Fig. 3. The smooth curve in the figure corresponds to a fifth-
degree polynomial fit for the mass range 22 � A � 198, which
corresponds to the inclusion of contributions from different
processes such as evaporation, fission, and multifragmentation.
The analysis of the mass-yield distribution present in Fig. 3 is
based on the fact that we should consider the coexistence of
different mechanisms for the fragment formation. For clarity, it
should be mentioned that for this high-energy nuclear reaction,
the residues can be produced by several process: evaporation,
fission, and multifragmentation.

By analyzing the experimental mass distribution one can
observe a sharp increase in the cross section for the fragments
very close to the target. The fragment with the masses A > 130
is connected to the spallation-evaporation process during the
cooling mechanism of the cascade remnant. Reaction residues
in this mass range have a decreasing cross section with
the increase of the number of the emitted nucleons. The
production of fragments in the mass range A = 120–150 can
be interpreted as a transition from the spallation-evaporation
mechanism to fission and multifragmentation, where the
fraction of the competing processes varies with the mass
of the cold residue. The reaction residues in the mass
range of 40 � A � 120 can be attributed to the fission and
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multifragmentation processes. For this mass range, the energy
transferred to the after cascade remnants promotes the opening
of new reaction channels, which includes multifragmentation.
As it was shown in the work of Napolitani et al. [29], in
the vicinity of multifragmentation threshold, both fission and
multifragmentation processes can contribute to the formation
of the residue in this mass range. Finally, the production of
light fragments with masses smaller than A = 40 are from
asymmetric fission and from multifragmentation in connection
with the liquid-gas phase transition [30,31].

Integration of the mass-yield curve over mass number range
40 � A � 198 gives a total cross section for the production
of target residues equal to 2.20 ± 0.44 b. We have chosen
the lower limit of A = 40 mass because the multiplicity for
the smaller mass fragments is unknown. These lower mass
reaction residues could have been formed by an interaction
where another heavy fragment had survived and had already
been accounted for.

Part of the total production cross section in this experiment
can be attributed to the fission contribution. The mass distri-
bution of fission fragments is expected to be symmetric for
this system as confirmed by the results of the GSI experiment
on d + 197Au in inverse kinematics [32]. In the present case,
due to the inclusive measurement, such a contribution would
be expected as a bump in the mass range of 50 � A � 120
above the spallation data. However, by analyzing the isobaric
cross sections of the mass-yield distribution in Fig. 2 we can
conclude that fission has a small contribution in the present
reaction.

A semiempirical approach for the fission probability of
proton-induced fission on targets from natAg to 239Pu nuclei,
in a wide range of energy (several tens of MeV to 3 GeV)
has been proposed by Fukahori [33]. From this model we can
determined the fissility, which is defined as the ratio of the total
fission cross sections to the total reaction cross sections. Thus,
according to this proposed approach, the fissility for 197Au
increases from 0.3% at an excitation energy of 100 MeV to
a saturation of 5% at 300 MeV excitation energy. For the
2.1 GeV deuteron-induced fission experiment, a fissility of
5% was obtained [12], in agreement with the more recent
results by Stoulos et al. [14] which gives 4–10% of the total
reaction cross section. The constant fission cross section for
high-energy deuterons (in the GeV energy regime) would be
a clear indication that contributions of competing processes,
such as the emission of nucleons and heavier particles, at the
preequilibrium and equilibrium phases of the interaction, start
playing an important role.

A. Energy and momentum transfer

We applied the hard sphere model [34] for nucleus-nuclear
interactions to obtain the impact parameter of the collision. In
this model, the interacting nuclei are related to the overlap of
the two sharp spheres formed during the collision and the total
reaction cross section is given in terms of the two-parameter
expression:

σR = πr2
0

(
A

1/3
T + A

1/3
P − bTp

)2
fm2, (4)

where AT and AP are the mass numbers of the target and
projectile nuclei, respectively; r0 is the reduced radius (Ri =
r0A

1/3
i ) and bTp is the overlap parameter.

The parameter bTp = 0.97 fm was estimated for the present
work by putting the experimentally determined value of the
total reaction cross section in Eq. (4). Using this value for bTp

we can also determine the impact parameter b by using the
following relation:

b = r0
(
A

1/3
T + A

1/3
P − bTp

)
fm. (5)

The average impact parameter obtained for the present work
is b = 8.37 fm. This value is larger than b = 7.45 fm obtained
for the same system at 7.3 GeV [13], which can indicate a
more peripheral interaction in our case.

Considering the small binding energy of the deuteron and
the large impact parameter obtained in the present work, one
can also suggest that mainly only one of the nucleons (proton
or neutron) of the deuteron interacts with the nucleus, the other
being just a spectator. This assumption has been confirmed by
the theoretical work of Ref. [19]. The pattern of the mass
distribution shown in Fig. 2 indicates that the main portion of
the reaction cross section might come from the evaporation-
residue production, which should have low excitation energy
and low linear momentum transfer, as clearly observed
in the previous paper on the kinematics characteristics of
fragments from the d + 197Au reaction [15]. As mentioned
before, evaporation-residue production would correspond to
fragments with mass close to that of the target with low
linear momentum and excitation energy, which in turn could
be associated with a large impact parameter. A more central
collision, with low impact parameters, would be responsible
for the formation of high-excitation remnants from some other
mechanisms such as fission or multifragmentation. The linear
momentum transfer, being a decreasing function of the impact
parameter, could also be related to the number of emitted
nucleons (which is proportional to the excitation energy). This
fact would also explain the peripheral characteristic of the
present high-energy deuteron-induced reaction.

Regarding the energy transfer mechanism, it is interesting
to compare our data with similar data from high-energy proton-
and deuteron-induced reactions. In Figs. 4(a) and 4(b) we have
performed such a comparison by plotting the ratio of the cross
section of residuals from the 4.4 GeV deuteron on 197Au of the
present work and the corresponding cross sections of residuals
from the 3.65 GeV [8] and 3.0 GeV [3] proton-induced
reactions on 197Au, respectively. As one can see in the figure,
the cross sections for the heavier mass fragments (fragments
formed by the evaporation-residue production process) are
similar for proton- and deuteron-induced reactions. Formation
of these nuclides would correspond to a peripheral collision
with large impact parameter and low excitation energy. On
the other hand, as one can see in Fig. 4(b), even with close
incident energies, the use of a deuteron projectile instead
of a proton has a remarkable effect of enhancing the cross
section for the mass region A = 20 to 110. The mass region
of A = 20–60 is predominantly due to the multifragmentation
process, while the region A = 90–110 fills of the gap between
fission fragments and evaporation residues, where the fraction
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FIG. 4. The ratio of experimental cross sections, σd/σp , obtained
for the residues from the 4.4 GeV deuteron reaction on 197Au target of
the present work and (a) from the 3.65 GeV proton-induced reaction
on 197Au from Ref. [8] and (b) from the 3.0 GeV proton-induced
reaction on 197Au from Ref. [3].

of the competing processes varies with the mass of the cold
residue. A similar effect was pointed out in Ref. [32] for
deuteron- and proton-induced reactions on a lead target. The
prominent discrepancy in Fig. 3(b) can be explained as being
due to the effect of changing the mechanism: a depletion of
spallation-evaporation production is compensated by a larger
production from the multifragmentation process (A < 60),
which is more relevant for higher energy incident protons
[29,35]. We also compared our 4.4 GeV deuteron-induced
reaction results with those from the 7.3 GeV deuteron-induced
reaction on the same gold target [13]. The cross section ratios
of residues are shown in Fig. 5, which shows almost the same
effect as in Fig. 4(b), except for the cross section ratio for
196Au, which, as already mentioned, can be formed by the
one-neutron transfer reaction.

By considering the intranuclear cascade (INC) + evapora-
tion model and the cooling process applied to the spallation
reactions, Cugnon et al. [19] calculated the mean multiplicity
of emitted particles (neutrons, protons, and other charged
particles) for deuteron-, proton-, and neutron-induced reac-
tions on a gold target at the same energy. The values of
the neutron multiplicity are 〈n〉 = 31(3) for the d + 197Au
reaction, 〈n〉 = 21(2) for p + 197Au, and 〈n〉 = 21(2) for
the n + 197Au reaction at the energy 2.2 A GeV. As we
can see, the total neutron multiplicity in deuteron-induced
reactions is less than the sum of the neutron multiplicities
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FIG. 5. The ratio of experimental cross sections σd/σd of residues
from the reactions of 7.3 GeV deuterons [13] and the data of the
present work of 4.4 GeV deuterons on the same 197Au target.

in proton- and neutron-induced reactions, for the same target
and at the same incident energy per nucleon. Moreover, the
ratio of multiplicities of emitted particles for the deuteron-
and proton-induced reactions is 1.5 ± 0.2. This value should
correspond, on average, to the cross section ratio of the reaction
residue formation, and, as it can be seen, it is in satisfactory
agreement with our experimental results.

The non-additivity of the neutron and proton in the deuteron
projectile can be confirmed by considering the ratio of the
cross section of residuals from the present work and the
corresponding cross sections of residuals from the 3.65 GeV
[8] and 3.0 GeV [3] proton-induced reactions (Fig. 4, σd/σp):
1.2 ± 0.2 and 1.5 ± 0.2, respectively. This fact reasonably
indicates a more peripheral character of the present deuteron
collision, and the fact that one of the nucleons from the
deuteron may not interact at all with the target, remaining
as spectator.

IV. CONCLUSION

The production cross sections for more than 100 radioactive
products formed in the 4.4 GeV deuteron-induced reaction
with 197Au target have been measured. The charge distributions
were analyzed in the terms of a three-parameter equation. It
was found that the width of these charge distributions for a
given mass number is the same for all ranges of mass number of
the reaction residues, but the the charge difference (Z − Zp) is
smaller for the lighter mass chains. The mass-yield distribution
of target residues could be constructed from the determined
isobaric cross sections for fragments with A > 40. It was sug-
gested that a few sources having different excitation energies
can take part in the formation of reaction residues. The mass
distribution also indicates contribution of different processes,
such as evaporation, fission, and multifragmentation, for the
formation of the residues.

The ratio of the experimental cross sections of proton- and
deuteron-induced reactions is in a good agreement with the
ratio of theoretical calculations for the multiplicity of the
emitted particles in the cascade and cooling stages.
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From the data of the present work, one may clearly
see that the ratio of cross sections between deuteron- and
proton-induced reactions is comparable when considering the
residue production (which dominates the total cross section),
reinforcing the idea that the reaction has a peripheral character.
However, there is a sizable difference when one considers
the intermediate-mass fragment production. The difference in
cross section for this mass region may indicate that when
the collision is more central, the deuteron is more effective in
inducing multifragmentation. The mechanism of interaction of
the deuteron with the nucleus is not provided by the additional
interaction of two nucleons in the deuteron. The deuteron,
as a weakly bound nucleus, can disintegrate and exhibit a

one-nucleon collision character in most cases of reactions with
high impact parameter.
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