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Independent cross sections for all the Hg isotopes produced in the reaction of 600-MeV18O with a molten
natural Pb target have been measured down to about 2mb. The measurement is based on a radiochemical
gamma-spectroscopy technique combined with rapid gas thermochromatography. The observed Hg-isotope
distribution from180Hg to 209Hg is compared with those previously reported from the reaction of 600-MeVp
with a natural Pb target, and from two-proton-removal reactions measured by the inverse-kinematics method at
relativistic energies. The comparisons make available some additional information for improving knowledge of
spallation-reaction mechanisms in peripheral nuclear collisions. It is noted that the production cross sections
for neutron-deficient heavy residues and the yield of fast neutrons emitted in proton-induced reactions should
increase with increasing incident proton energy from 600 MeV to 1 GeV.
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I. INTRODUCTION

Precision measurement of the distribution of heavy pro-
jectile residues from spallation reactions induced by projec-
tiles such as Pb and U at relativistic energies seems increas-
ingly important in view of recent progress in heavy-ion
reaction studies. First, there is considerable demand for reli-
able data on varieties and their yields as well as the kinetic
energies of neutrons emitted in such a collision process.
These data are especially important in designing a fast neu-
tron source for accelerator-driven subcritical reactors[1] or
spallation neutron sources[2]. Second, precision measure-
ments will provide a tool to study the excitation mechanism
of heavy-ion nuclear reactions at relativistic energies, and to
examine theoretical models that describe relativistic nuclear
reaction processes and predict yields of the various products.

So far most experiments have been conducted on the frag-
ment separator(FRS) at GSI by means of a physical identi-
fication technique based on kinematic analysis and ion-
optical separation as described in Refs.[3–10]. The FRS
enables isotopes produced in spallation reactions to be simul-
taneously separated and identified[11]. Thus one can evalu-
ate independent cross sections for isotopes produced down to
0.1 mb. To make use of them in designing such a neutron
source these data should be converted into those for high-
energy neutron- or proton-induced reactions using the
inverse-kinematic principle. Needless to say, the knowledge
of target residues produced in bombarding heavy targets,
such as lead, bismuth, and mercury, with high-energy neu-
trons or protons would be very practical for that purpose. It
seems, however, that there are rich varieties in energetic
heavy-ion-induced reactions which are still useful in under-
standing high-energy neutron-or proton-induced reactions
with the inverse-kinematic principle.

A number of measurements have been reported of inde-
pendent cross sections for heavy residues using spectro-
scopic techniques[12–14], but most of the measurements

were obtained from cumulative yields after a long decay
chain except for a few cases. The cross sections reported are
limited to about 1 mb.

In this paper we shall describe a successful attempt to
evaluate independent production cross sections for Hg iso-
topes in the 600-MeV18O+Pb reaction by means of a radio-
chemical g-spectroscopic technique. Measurements have
successfully been made down to 2mb. The measured
Hg-isotope distribution provides information about the de-
pendence of yields and distributions of the residues on the
projectiles and their energies. Comparison is made between
previously available data and the present data.

II. EXPERIMENT

A 600-MeV 18O beam was provided from an intermediate
energy heavy-ion accelerator at the Heavy Ion Research Fa-
cility at Lanzhou (HIRFL) Institute of Modern Physics to
irradiate a molten natural lead target with a thickness of
about 5.2 g/cm2 (thick enough to stop the 600-MeV18O
incident beam). The average beam was 2.2 pnA.

An on-line gas thermochromatographic separation device
combined with a running-rabbit system has been developed
as described previously[15,16]. This device enables a series
of operations to be automatically made at a preset schedule:
controlling the irradiation time, monitoring the beam current,
separating elements from the target, transmitting the col-
lected elements at the exit of the chromatography tube to a
low-backgroundg-ray measurement station within 20 s, and
setting a new catcher foil at the exit of the tube where a
vacuum of about 10−2 Pa is usually maintained. The tem-
perature of the molten lead target material was continuously
kept at about 700°C during the18O beam irradiation. The
maximum escape depth of reaction products from the molten
lead target material was limited to 4.4 mm due to the spe-
cially designed step-form graphite target box used[15].
Therefore, the release time was much shorter than 5 s for
volatilizable element products such as Hg isotopes. Volatile
reaction products such as Hg, Tl, At, and Po from the lead
target were transferred and separated by means of the on-line*Email address: zhangli@impcas.ac.cn
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gas thermochromatographic setup and collected into a
catcher foil positioned at the exit of the tube. In the present
work we used a set of gold-foil catchers and collected Hg
isotopes, which were well separated from other reaction
products. The temperature gradient along the tube is from
about 700°C at the entrance to about −20°C at the exit. The
transmission time from the target surface to the exit of the
tube, i.e., the position of the catcher foil, was not longer than
1 s. To identify the elements along the tube, we conducted a
test irradiation of the lead target with a 600-MeV18O beam
for 100 min and measuredg rays from different sections of
the tube as indicated in Fig. 1.

The Hg collection efficiency of the present setup was
measured to bes85±10%d by making use of a203Hg-isotope
label technique. The label isotope203Hg was produced by
irradiating natural lead pieces with 14-MeV neutrons: the
neutron flux was about 231011/s cm2 and the irradiation
duration about 70 h. The irradiated lead pieces were cooled
down for two months or more. We measured the intensity of
the 279-keVg rays from203Hg produced in one of the irra-
diated lead pieces for reference and cut that piece into parts
as tiny as possible to place at the target position in the gas
thermochromatographic setup. The sample at the target posi-
tion was heated up to about 700°C to vaporize203Hg so that
it was collected on a gold-foil catcher at the exit of the setup.
The ratio of the 279-keVg-ray intensity from the original
lead piece to that from the gold foil gives the Hg collection
efficiency. We repeated this procedure eight times to get the
efficiency accurately enough for the present purpose.

The detector system at the low-backgroundg-ray mea-
surement station consists of ap-type high-puritysHPGed de-
tector (full width at half maximum 1.9 keV at 1332.5 keV
g-ray energy), a large bismuth germanate detectors1437
35 cm3d and a b-ray detector, which enable us to make
4pDEb-Eg coincidences with veto signals fromb+ decays.
The detection efficiency of the HPGe detector was calibrated
with a standard152Eu gamma source. Details have been de-
scribed in Refs.[15,17]. The Compton background was re-
duced to about one-tenth, which enabled weakg rays from

neutron-rich Hg isotopes to be detected with a high effi-
ciency ofs46±3d% relative to the corresponding singleg-ray
spectra.

To evaluate individually the independent cross sections
for Hg-isotope production in the 600-MeV18O+natPb reac-
tion, three different irradiation-detection periods were em-
ployed: first, the cycle was a 120-s irradiation followed a
420-sg-ray detection, and a total of 143 samples were mea-
sured; second, 10-min irradiation followed by 60-min detec-
tion and three samples; third, 100-min irradiation followed
by 48-h detection for one sample.

III. DATA ANALYSIS AND RESULTS

To evaluate independent cross sections for Hg isotopes,
special care has been exercised over the following difficul-
ties: (1) half-lives of some Hg isotopes are very short in
comparison with the time elapsed before starting the mea-
surement(typically 20 s after irradiation); (2) for some Hg
isotopesg-decay schemes and/or absoluteg-ray branching
ratios have not been measured;(3) g rays which should be
characteristic of some Hg isotopes including relevant daugh-
ter or granddaughter nuclides are too weak to be identified or
overlapping with otherg rays.

Starting with the primary product concerned, we identi-
fied g rays characteristic of all nuclides in its long decay
chain and observed the decay curve. To estimate the numbers
of atoms of nuclides from generation to generation, the
analysis was made in the following way, details of which
were described in Ref.[18]. Mention should be made of the
fact that our method is valid only for the case that the pri-
mary collected product is restricted to the isotopes of a single
separated element.

During target irradiation, the number of atoms of the Ith
generationNIstd at time t is given by

NIstd =
M

lIS1 + s− 1dIo
i=1

I

e−lit p
j = 1
jÞi

I
l j

li − l jD ,

where I =1 denotes the primary isotope concerned,lI the
decay constant of the Ith generation nuclide, andM the pro-
duction rate of the primary isotope. Obviously,M = IBnAs,
where IB is the number of incident ions per second,nA the
effective target thicknesss0.67 g/cm2d in numbers of atoms
per square centimeter corresponding to the projectile energy
loss from the incident energys600 MeVd down to the inter-
action Coulomb barrier(about 86 MeV), and s the isotope
production cross section averaged over the effective range of
interaction energy.

After irradiation, the number of atoms of the Ith genera-
tion nuclideNI

dstdd is given by

NI
dstdd = o

k=1

I

s− 1dI−kSp
i=k

I−1

liDNk
0

3Fo
i=k

I

e−litdYp
j = k
jÞi

I

sli − l jdG ,

where td is the time since irradiation stopped. The amount

FIG. 1. Element distribution of the volatile products deposited
along the transfer tube in the present gas thermochromatography.
1–6 denote different sections along the transfer tube.
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NI
dstdd is experimentally determined by measuring yields of

one or severalg rays characteristic of the Ith generation iso-
tope, and its primary number of atomsNI

0stdd at td=0 is de-
duced. At the end of the irradiation timet= ta, NIstad
=NI

0stdd, from which the production cross sections is calcu-
lated.

To evaluate the cross sections for neutron-deficient Hg
isotopes, the characteristicg rays were selected in the chain
from the first to the fifth generation, i.e., the primary Hg
isotope and isotopes successively produced in theb+ decay
chain such as Au, Pt, Ir, and Os. For the neutron-rich side,
use was made ofg rays characteristic of Hg and Tl isotopes.
For some Hg isotopes whose ground state and isomeric state
were populated simultaneously, the production cross sections
were evaluated for both states and the final production cross
sections for those isotopes were given by the sum of the
cross sections for both states. Cross examinations were made
when two to three characteristicg rays were available.

In Table I the measured independent production cross sec-
tions for the radioactive Hg isotopes from the reaction sys-
tem of 600-MeV18O with a thick, natural Pb target are listed
along with theg rays which were used in the corresponding
cross-section extraction.

Measurement errors of the experimental cross sections are
estimated to be 15% to 30%, including the systematic error
from collection efficiency determination, statistical error of
g-ray counts, and count contamination to the characteristicg
ray used in cross-section calculation from neighboringg
rays. A probable additional error would come from the un-
certainty of the data forg-ray branching ratio quoted from
Ref. [19]. A probable example is the unusual lower measure-
ment cross section for193Hg as seen in Fig. 2 and Table I,
which has not been clarified clear so far.

IV. DISCUSSION

The investigation of Hg isotopes as heavy residues from a
nuclear reaction using a lead-element target or a single lead-
isotope projectile has typical and significant importance for
understanding the nuclear interaction process usually called a
peripheral nuclear collision. In addition, the data concerning
lead element gain additional importance since in most
accelerator-driven system concepts actually discussed, lead
or lead-bismuth alloy is considered to be the preferred mate-
rial of the spallation target.

Figure 2 shows a comparison between the data(closed
circles, hereafter denoted by D1) from the European Organi-
zation for Nuclear Research(CERN) and the present data
(open circles, hereafter denoted by D2) on the mass distribu-
tion of Hg-isotope production: the distribution D1 was mea-
sured using an on-line isotope mass separator at CERN for
the 600-MeVp+natPb s170 g/cm2d reaction where the effec-
tive interaction energy ranged from 600 MeV to 340 MeV
[20]; and the distribution D2 for the 600-MeV18O+natPb
s0.67 g/cm2d reaction where the effective interaction energy
ranged from 600 MeV to 86 MeV. The two distributions are
remarkably similar to each other although the average inter-
action energy for the distribution D1 is higher than that for
the distribution D2. It should, however, be pointed out that

TABLE I. The average cross sections for Hg isotopes produced
in the 600-MeV18O+natPb s0.67 g/cm2d reaction.

Mass number Half-life Characteristic Cross section

A T1/2 g ray (keV) smbd

180 3.0 s 180Re 902.8 17±54

181 3.6 s 181Ir 107.6 55±14
181Re 365.5

182 10.8 s 182Au 154.9 38±18
182Ir 127.1

183 9.4 s 183gOs 381.8 36±11
183mOs 1102.0 32±9.7

184 30.6 s 184Hg 156.0 82±16
184Hg 236.2
184Au 163.2

185 49.1 s 185Ir 1828.8 134±27

186 1.38 min 186Hg 111.9 235±35
186Hg 227.8 232±37
186gIr 434.8 161±32
186mIr 987.0 93±19

187 2.4 min 187Pt 709.2 277±50

187m 1.93 min

188 3.25 min 188Hg 190.0 541±81
188Au 266.0

189 7.6 min 189mAu 166.7 166±20

189m 8.6 min 189mAu 166.7 449±72

190 20 min 190Hg 142.7 948±142
190Hg 171.5 1017±150
190Au 301.8 758±136
190Au 296 704±127

191 49 min 191gAu 277.9 542±95
191gAu 284.1

191m 50.8 min 191mHg 578.8 584±80

192 4.85 h 192Hg 274.8 1327±200
192Hg 306.6 1255±196
192Au 316.5 1092±273

193 3.80 h 193gHg 573.3 1357±203

193 193gmHg 258.0 848±127

195 9.9 h 195gHg 180.3 1357±203
195gHg 779.8 1080±173

195m 41.6 h 195mHg 560.3 475±70

197 64.1 h 197gHg 191.1 492±74

197m 23.8 h 197mHg 133.9 1479±222

199m 49 min 199mHg 374.1 299±60
199mHg 158.4 293±59

203 46.6 d 203Hg 279 852±300

205 5.2 min 205Hg 203.7 460±115

206 8.15 min 206Hg 305.1 81±16

207 2.9 min 207Hg 351.3 15.4±5

208 41 min 208Hg 583.1 5.0±1.8

209 35 s 209Ti 465.1 1.8±0.6
209Ti 324.0 2.1±0.7
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for the distribution D1 the production cross section in the
central mass region, i.e., from186Hg to 200Hg, is slightly
larger than that for the distribution D2, which would result
from the slightly higher average bombarding energy of the
incident proton beam on the lead target.

By using the independent yield distribution of the Hg iso-
topes measured in the present work, we made a comprehen-
sive intercomparison between the Hg-isotope distributions
from two different reaction classes: heavy-ion-induced
direct-kinematics reactions at intermediate energies and
heavy-ion-induced inverse-kinematics reactions at relativis-
tic energies. For the former, the independent cross-section
distributions of the Hg isotopes as targetlike residues, com-
pleted in the present work, are the only available data, mea-
sured by using a spectroscopic method for the reaction of a
600-MeV 18O beam with a natural lead target; for the latter,
three production cross-section distributions of Hg isotopes as
projectilelike residues, completed on the FRS at GSI, Darm-
stadt, were found, corresponding to three different reactions:
a 1-GeV/u208Pb beam with hydrogen[8,9], with deuteron
[10], and with copper[5], respectively. If the three reactions
are converted into the equivalent direct-kinematics reactions,
they correspond to 1-GeVp+208Pb, 2-GeVd+208Pb, and
.63-GeV 63Cu+208Pb in order. Figure 3(a) shows the
Hg-isotope production-cross-section distribution(circles)
from the present work together with the three distributions
from the reactions 1-GeV/u208Pb+p (triangles) [8,9],
1-GeV/u 208Pb+d (full squares) [10], and 1-GeV/u208Pb
+Cu (diamonds) [5]. The four distributions can clearly be
divided into two groups. The three distributions in the upper
group with higher cross sections correspond to 1-GeV/u
208Pb–induced reactions, and are quite similar to each other

in magnitude and shape; the one distribution in the lower
group has much lower cross sections and a slowly rising
front on the neutron-deficient side, which results from the
very thick target used in the present experiment. For most of
the neutron-deficient Hg isotopes, the production cross sec-
tions in the upper group are, on the average, one order of
magnitude higher than that in the lower group. This fact
implies that the amount of neutrons emitted from a reaction
system will have a huge increase when the bombarding en-

FIG. 2. Experimental Hg-isotopic distributions: closed circles
for the 600-MeVp+natPb s170 g/cm2d reaction(reproduced from
Ref. [18]; open circles for the 600-MeV18O+natPb s0.67 g/cm2d
reaction.

FIG. 3. (a) Production cross sections of Hg isotopes from reac-
tions 600-MeV 18O+natPb (circles) (present work); 1-GeV/u
208Pb+p (triangles) [8,9]; 1-GeV/u 208Pb+d (squares) [10];
1-GeV/u208Pb+Cu(diamonds) [5]. (b) Ratio curves of Hg-isotope
production cross sectionsri , measured for 1-GeV208Pb projectile
induced inverse-kinematic reactions on targets hydrogensr =1d,
deuteronsr =2d, and coppersr =3d, to corresponding cross sections
sm, measured for 600-MeV18O+natPb reaction(the present work).
The lines in(b) were drawn by eye.
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ergy jumps from intermediate energy to relativistic energy.
For the very neutron-deficient Hg isotopes near180Hg, the

production cross sections belonging to the upper group rap-
idly decrease with decreasing mass number and gradually
approach the identical cross-section values of the lower
group. This means that the probable maximum number of
neutrons evaporated from an excited primary fragment is
limited whatever the size of the collision energy. As seen in
Fig. 3(a) this number of neutrons is about 26 for two-proton-
removal reactions in which Pb nuclei were included as target
or projectile. This fact provides a powerful evidence of limit
excitation. It is beyond belief that a reaction fragment ac-
quires excitation energy sufficient for the evaporation of up
to 26 neutrons by only a very peripheral nuclear collision or
a direct two-proton-abrasion process. Therefore, the reaction
mechanisms causing many-neutron evaporation should not
be the same as those where only a few neutrons are evapo-
rated. There is a real possibility that the very neutron-
deficient Hg isotopes may be produced by more central col-
lisions corresponding to smaller collision parameters where
proton-neutron evaporation competition would be different
from that in very peripheral collisions.

Figure 3(b) shows the cross-section ratiosri /sm versus
Hg-isotope mass number, wheresri denotes the production
cross section of Hg isotopes produced from the 1-GeV/u
208Pb projectile induced reactions. The subscriptri indicates
the different targets: hydrogensr1d, deuteronsr2d, and cop-
per sr3d. sm is the production cross section of Hg isotopes
from the intermediate-energy heavy-ion nuclear reaction of a
600-MeV 18O beam on a natural lead target(i.e., the present
work). Figure 3(b) presents an interesting picture: the ratio
curvessr1/sm (triangles and dashed line), sr2/sm (squares
and solid line), and sr3/sm (diamonds and dotted line) ap-
pear as three obviously distinguishable curves, although the
three original Hg-isotope distributions in the upper group are
quite similar to each other. Every one of the three curves
shows an obvious peak in the neutron-deficient region from
183Hg to 193Hg, where the highest peak is related to the re-
action 1-GeV/u 208Pb+p, the middle one to 1-GeV/u
208Pb+d, and the lowest one to 1-GeV/u208Pb+Cu. With
increasing mass number the three curves turn down and
gather together in the mass region of 193–196, then separate
again from each other, and show a little peak in the neutron-
rich region of198Hg to 202Hg for every curve. However, the
curve arrangement from high to low has been reversed in the
little peak region, i.e., the order becomessr3/sm, sr2/sm,
sr1/sm. The three distinguishable curves suggest that the
three Hg-isotope distributions are specifically different in
configuration. Obviously, the ratio ofsri to sm is more sen-
sitive to different reaction systems than the direct isotopic
distribution. Every one of the three ratio curves displayed a
peak in the very neutron-deficient region and a little peak in
the neutron-rich region, which implies that two different re-
action mechanisms contributed to the production of the Hg
isotopes related to the two-proton-removal process at relativ-
istic energy.

Combining Fig. 3(b) and Fig. 3(a), some useful informa-
tion about the reaction mechanism can be extracted. Among
the three reaction systems the distribution related to the re-
action 1-GeV/u208Pb+p is the most neutron-deficient one

with the highest yield of neutron-deficient Hg isotopes as
well as the lowest yield of neutron-rich Hg isotopes, com-
pared to the other two reactions. On the contrary, the distri-
bution related to the reaction 1-GeV/u208Pb+Cu is clearly
shifted to the more neutron-rich side, and shows the highest
yield of neutron-rich Hg isotopes. A similar case was discov-
ered by Benlliureet al. [6], where the production cross-
section distribution of Ir-element isotopes(also correspond-
ing to a two-proton-removal process) coming from the
reaction 800-MeV/u197Au+p [6] was compared with that
from the reaction 1000-MeV/u197Au+Al [3], and the pro-
duction cross-section distribution of the Ir isotopes from
800-MeV/u 197Au+p was also more neutron-deficient than
that from 1000-MeV/u197Au+Al (see Fig. 7 of Ref.[6]).
The authors interpreted this fact in terms of a higher excita-
tion energy deposited in the prefragment by the cascade of
nucleon-nucleon collisions induced by one single proton,
leading to more neutrons evaporating. This case was attrib-
uted to very different geometrical conditions between the
proton- and heavy-ion-induced reactions, meaning that the
proton needs to react with the gold nucleus in a more central
collision to remove two protons, while a loss of only two
protons in a heavy-ion-induced reaction can be obtained only
in very peripheral nuclear collisions[6]. The discussions
above seem to be reasonable, and may be used to explain the
results shown in Fig. 3(a) and Fig. 3(b).

For neutron-rich Hg isotopes the experimental data are
not sufficient to discuss in detail the production mechanism
of neutron-rich heavy residues. For the present reaction
600-MeV 18O+natPb, the production cross sections for
neutron-rich Hg isotopes, i.e.,203,205–209Hg, seem to have a
typical Qgg dependence that is similar to that discovered for
the deep-inelastic collision process[21] as discussed in Ref.
[15]. The production mechanism of neutron-rich heavy resi-
dues in a relativistic heavy-ion collision has been attributed
to cold fragmentation, and an analytical description of the
cold-fragmentation process has been used to reproduce the
production cross sections of the neutron-rich heavy residues
from the reaction197Au+Be at 950 MeV[7]. For the little
peak region shown in Fig. 3(b), the production cross sections
of the neutron-rich Hg isotopes from relativistic heavy-ion
nuclear reactions are five to nine times higher than those
from intermediate-energy heavy-ion nuclear reactions, im-
plying that an additional mechanism contributed to the pro-
duction of the neutron-rich Hg isotopes just below the heavy-
projectile/target mass in the relativistic energy range. The
contribution from the additional mechanism depends on the
size and neutron-to-proton ratiosN/Zd of the other partner
(the lighter nucleus of the projectile and target here). This
additional reaction mechanism would preferably be a quick
and direct peripheral interaction process such as direct
nucleon ablation, few-nucleon transfer, or a nucleon ex-
change process. However, this quick and direct nuclear inter-
action process can cover only a very narrow mass region
below the mass number of the heavy partner. If a neutron-
rich nucleus can be produced only by adding some neutrons
in the heavy nucleus, the additional mechanism will stop
working, and the production cross sections of the neutron-
rich heavy residues will not stay much higher than the cor-
responding cross sections for intermediate-energy heavy-ion
reactions.
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V. SUMMARY

For the radioactive Hg isotopes produced in the
600-MeV18O+natPb reaction, complete measurements of in-
dependent cross sections have been made using a gamma-ray
spectroscopic technique coupled with fast gas thermochro-
matography. We successfully measured the production cross
section down to about 2mb. The present experimental
Hg-isotope distribution was compared with those from pre-
viously reported production of Hg isotopes from 1-GeV/u
208Pb–induced reactions on protons[8,9], deuterons[10], and
copper[11], and from 600-MeV protons on natural lead tar-
gets[18]. These comparisons showed a huge increase in the
yields of neutron-deficient heavy residues with increased
projectile energy from intermediate energy to relativistic en-
ergy, implying a huge increase of the fast-neutron yields
emitted instantaneously in the reaction process. At the same
time, it was confirmed that relativistic-energy proton-induced
reactions are preferable to other reactions induced by heavy-
ion projectiles in a spallation neutron source if the effective

bombarding energy of the protons is set in the energy range
from 1 GeV to 600 MeV. For proton-induced reactions at
relativistic energies the more neutron-deficient heavy resi-
dues, related to two-proton-removal or similar processes,
may be produced in more central collisions, in agreement
with the results obtained in Ref.[6]. On the other hand, the
heavy-ion-beam-induced reactions provide an effective tool
for producing new neutron-rich isotopes in the heavy
neutron-rich region.
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