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1.  Introduction

Photofission processes at intermediate energies are expected
to be unique for investigating the complex dynamics of excita-
tion in heavy nuclei when compared with hadron-induced
fission, because photons interact electromagnetically with
nuclei through giant dipole resonance, quasi-deuteron mecha-
nism, and (3,3) resonance. For preactinide nuclei, the photofis-
sion processes opened by the quasi-deuteron mechanism and
the (3,3) resonance absorption are especially important due to
their high fission thresholds of > 20 MeV that suppress the
fission channels opened by the giant dipole resonance.  Thus a
photon of an energy above 20 MeV sees all nucleons inside a
nucleus identically and interacts with a nucleon-nucleon pair
or a single nucleon, transferring its kinetic energy effectively
but comparatively little angular momentum to the nucleus.  In
this context photofission is quite different from hadron-
induced fission.  A hadron, which possesses large angular
momentum, collides with a single nucleon in the surface
region of the nucleus through the strong nucleon-nucleon inter-
action.  It is of interest to investigate whether there exist simi-
larities or not in the final steps in these two types of nuclear
reactions.

Previously, we1–3 measured the photospallation yields for
natV, 59Co, natCu, 89Y, 127I, 133Cs, natLa, and 197Au targets at the
bremsstrahlung end-point energies (E0) of 30–1050 MeV, and
analyzed them by the five-parameter charge distribution and
mass yield distribution (CDMD) formula given by Rudstam.4

From the slope of the mass-yield curve (P) and the total

inelastic cross section (σ̂) in the formula, some anomalous
behaviors of the energy-absorption and energy-dissipation
mechanisms were suggested for heavy targets with the target
mass number At ≥ 150.  Recently a systematic yield measure-
ment of the (γ, π–xn) reactions for x = 0–9 on targets ranging
from 7Li to 209Bi were also reported by our group.5 It was
found that changes in the yield profiles for targets heavier than
At = 100 might be associated with pronounced nuclear medium
effects giving rise to more excessive excitation as compared
with medium-heavy targets with At < 100.  These findings have
motivated us to an investigation on the fission process, which
is characteristic of heavy nuclei and competes with spallation,
fragmentation, and also simple photopion reactions.

The photofission study of 197Au is appropriate for this
purpose, because the yields of the competing spallation, frag-
mentation, and simple photopion reactions have already been
obtained by our group.2,3,5,6 The total photofission yields and/or
cross sections on 197Au have been extensively measured with
ionization chambers, and solid-state track detectors so far.7–21

A few works22,23 measuring charge distribution and/or mass
distribution, which are further essential for fission mecha-
nisms, were performed in the past.  Komar et al.22 reported the
symmetric mass yield distribution with the full width at half
maximum FWHMMD = 40 m.u. by the coincident energy
measurements of fission fragment pairs at E0 = 1000 MeV,
assuming the mass number of the fissioning nucleus to be Af =
194.  On the other hand, Areskoug et al.23 measured the rela-
tive yields of 29 radionuclides produced from 197Au at E0 = 600
MeV using the catcher foil technique.  They analyzed the
yields of 22 fission products by a six-parameter charge distrib-
ution and mass yield distribution formula, and reported a
Gaussian mass distribution with the most probable mass Ap =
92.6 ± 0.6 m.u. and FWHMMD = 30.9 ± 1.7 m.u. They concluded
that the larger width reported by Komar et al.22 at E0 = 1000

H. Haba,*,a M. Igarashi,b K. Washiyama,a H. Matsumura,a M. Yamashita,a

K. Sakamoto,†,a,b Y. Oura,c S. Shibata,d M. Furukawa,e and I. Fujiwaraf

aDivision of Physical Sciences, Graduate School of Natural Science and Technology, Kanazawa University,
Kanazawa-shi, Ishikawa 920-1192, Japan

bDepartment of Chemistry, Faculty of Science, Kanazawa University, Kanazawa-shi, Ishikawa 920-1192, Japan
cDepartment of Chemistry, Graduate School of Science, Tokyo Metropolitan University, Hachioji-shi, Tokyo 192-
0397, Japan

dResearch Reactor Institute, Kyoto University, Sennan-gun, Osaka 590-0494, Japan
eFaculty of Environmental and Information Sciences, Yokkaichi University, Yokkaichi-shi, Mie 512-8512, Japan
fDepartment of Economics, Faculty of Economics, Otemon-Gakuin University, Ibaraki-shi, Osaka 567-8502,
Japan

Received: April 4, 2000; In Final Form: June 30, 2000

The reaction yields of 58 radionuclides with the mass number A = 42–131 produced in the photofission of 197Au
by bremsstrahlung of end-point energies (E0) from 300 to 1100 MeV have been measured using the catcher foil
technique.  The reaction yields increase steeply with an increase of E0 up to 600 MeV and increase gradually
above 600 MeV, indicating the resonance-type excitation function attributed to the (3,3) resonance.  The charge
distribution was found to be well reproduced by a Gaussian function with the most probable charge (Zp) expressed
by a linear function of A, i.e., Zp = RA + S, and with the A-independent full width at half maximum (FWHMCD).
The charge distribution parameters R, S, and FWHMCD were found to be independent of E0 above 600 MeV,
reflecting the resonance nature in photonuclear reactions at intermediate energies.  The weighted mean values at
E0 ≥ 600 MeV were R = 0.424 ± 0.001, S = 0.7 ± 0.1, and FWHMCD = 2.2 ± 0.1 charge unit (c.u.).  Based on these
parameters, the symmetric mass yield distributions with the most probable mass Ap of 92 ± 1 mass unit (m.u.) and
the width FWHMMD of 39 ± 1 m.u. were obtained.  The characteristics of the charge and mass yield distributions
were discussed by referring to the literature data including those of proton-induced reactions.

Photofission of 197Au at Intermediate Energies

*Present address: Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, Ibaraki 319-1195, Japan.  E-mail: haba@popsvr.
tokai.jaeri.go.jp.

†Corresponding author.  E-mail: kohsakamoto@par.odn.ne.jp.
FAX: +81-76-224-8253.

Articles



MeV was attributed to the higher photon energy investigated.
In the present work the photofission of 197Au was investi-

gated systematically in the wide E0 range of E0 = 300–1100
MeV using the thick-target thick-catcher method with the aid
of intensive chemical separations.  Reported in this paper are
the absolute reaction yields of the 58 fission products in the
mass range of 42 ≤ A ≤ 131.  The charge and mass yield distri-
butions, and total fission yields were deduced and compared
with the literature data including those of proton-induced reac-
tions.  In a separate paper,24 the recoil properties of the 29
product nuclei in the mass range of 24 ≤ A ≤ 131 are reported
and discussed together with the previous photospallation
results and also the literature data on the proton-induced reac-
tions.

2.  Experimental

Irradiations by electron-free bremsstrahlung beams with E0

= 300–1100 MeV in steps of 100 MeV or less were carried out
using the 1.3 GeV electron synchrotron of the High Energy
Accelerator Research Organization (KEK) at Tanashi.  The
target consisted of a stack of 40–50 sets of a Au foil (99.99%)
of 90 mg/cm2 in thickness and 2.5 × 2.5 cm2 in size sand-
wiched by one pair of Mylar foil of 7.0 mg/cm2 in thickness
and 2.5 × 2.5 cm2 in size, which collected the recoil nuclei in
the forward or backward directions with respect to the beam
axis.  The stack was vacuum-encapsulated in a polyethylene
bag together with additional 40–50 Mylar foils (280–350
mg/cm2) on the downstream side of the beam, which served as
an activation blank.  Details of the irradiation were almost the
same as described in the previous papers.1,25,26 The photon
intensities evaluated from the monitor reaction of 27Al (γ, 2pn)
24Na (Refs. 27, 28) were 109–1010 equivalent quanta per second
(eq.q./s).  A typical irradiation period was 5 h.

After irradiation, about 10 selected Au foils and all of the
forward and backward catcher foils from one target pile were
collected separately and were assayed for radioactivities
nondestructively with high-purity Ge detectors each coupled
with a 4 k-channel pulse height analyzer.  The other 30–40 Au
foils were divided into three portions and subjected to chem-
ical separations of K, Fe, Ni, Zn, Ga, As, Rb, Sr, Y, Zr, Nb,
Mo, Ag, and Ba.  All of the chemical procedures applied in the
present work are described in a separate paper.29 Radioactivities
in the chemically separated samples were also assayed by γ-ray
spectrometry.  In order to obtain the recoil data of products
with low reaction yields, chemical separations of scandium and

barium were employed for the Mylar catchers in a separate
irradiation at E0 = 1000 MeV.  The identifications of radionu-
clides were made on the basis of their γ-ray energies and half-
lives.  The γ-ray intensities were obtained with the automatic
peak search program “SPECanal98”.30 The detector efficiency
was determined with calibrated 152Eu and 182Ta sources with
the same size as the samples.  The decay properties of interest
such as half-lives, γ-ray energies, and branching ratios 31–33 are
summarized in Table 1, together with formation types; I: inde-
pendent yield, C–: cumulative yield by β– decay, and C+:
cumulative yield by β+ decay and/or electron capture.  This
classification was made on the basis of charge distributions of
the product nuclei (See sect. 3. 2.), irradiation periods, and
times required for chemical separations.

3.  Results and Discussion

3.1. Yield Curves.  In the present work the radioactivities of
36 product nuclides in the mass range of A = 46–131 were
identified both in the forward and backward catcher foils.
They are denoted with a label “C” in Table 1. In the nonde-
structive Au target and/or the chemically separated samples,
the radioactivities of 50 nuclides in the mass range of A =
42–131 were identified as denoted with a label “T” in the same
table.  From the fractions of each nuclide which has recoiled
out of the Au target of the thickness W in unit of mg/cm2 into
the forward and backward catcher foils, expressed as F =
NF/(NF + NB + Ntarget) and B = NB/(NF + NB + Ntarget), N being the
number of atoms, respectively, the effective mean ranges, FW
and BW, in Au were obtained.  The mean ranges of 46Sc were
calculated by estimating the produced radioactivities in the tar-
get on the basis of our yield data at the same E0.6 It was found
that the effective mean ranges FW and BW are independent of
E0 at the studied E0.24 A quantity approximately equal to the
mean range of the recoil in the target material, 2W(F+B) in
unit of mg/cm2 of Au, was calculated for 28 nuclides in the
mass range of A = 46–131, and they are indicated in Figure 1
by open circles as a function of the product mass number A,
together with the eight values reported by Areskoug et al.23 at
E0 = 600 MeV by closed squares.  The present results agree
well with those by Areskoug et al.23 within the experimental
errors.  The 2W(F+B) values decrease almost linearly with an
increase of A, and no effects attributed to the formation types
(I, C+, C–) were found within the experimental uncertainties.
Then, a linear function of 2W(F+B) = (–0.067 ± 0.011) A +
(14.7 ± 1.1), as the first approximation, was obtained by the
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TABLE 1: Relevant Nuclear Data

Nuclide Half life Eγ(keV) b.r.(%) TYPE*3 Detec.*4 Nuclide Half life Eγ(keV) b.r.(%) TYPE Detec. Nuclide Half life Eγ(keV) b.r.(%) TYPE Detec.

Ba-131 11.50d 496.3 46.8 C+ T, C Tc-96 4.28d 849.9 97.6 I C Rb-81 4.576h 190.3 64.0 C+ T

Ba-129m 2.17h 182.3*1 47*1 C+ T, C Nb-96 23.35h 1091.3*2 48.5*2 I T, C Br-77 2.377d 520.7 22.4 C+ C

Ba-129 2.23h 214.3*1 9.9*1 C+ T Nb-95 34.98d 765.8 99.8 I T, C As-76 1.097d 559.1 45 I T

Ba-128 2.43d 273.4 14.5 C+ T, C Zr-95 64.02d 756.7 54.5 C- T, C Se-75 119.8d 264.7 58.5 C+ T, C

Ba-126 1.67h 233.6 20 C+ T Nb-92m 10.15d 934.5 99.1 I C As-74 17.77d 595.8 59.4 I T, C

Ag-113 5.37h 298.6 10 C- T Sr-92 2.71h 1383.9 90 C- T, C Ga-73 4.86h 297.3 79.8 C- T

Ag-112 3.130h 617.4 43 I T Sr-91 9.63h 749.8 23.6 C- T, C As-72 1.08d 834.0 79.5 I T

Ag-110m 249.8d 657.8 94.0 I T, C Y-90m 3.19h 202.5 97.3 I T, C Ga-72 14.10h 834.0 95.6 I T, C

Ag-106m 8.28d 717.3 28.9 I T Zr-89 3.267d 909.1 99.9 C+ T, C Zn-72 1.94d 144.7 82.9 C- T, C

Ag-105 41.29d 344.5 41.4 C+ T Zr-88 83.4d 392.9*2 97.3*2 C+ T, C As-71 2.720d 175.0 82 C+ T

Rh-105 1.473d 318.9 19.2 C- C Y-88 106.7d 898.0 93.7 I T, C Zn-71m 3.96h 386.3 93 C- T, C

Ru-105 4.44h 724.3 47.3 C- C Y-87m 13.37h 380.8 78.1 C+ T Zn-69m 13.76h 438.6 94.8 I T

Ag-104 1.15h 767.6 66 I T Y-87 3.33d 484.8 89.7 C+ T, C Ni-66 2.28d D1039.2 7.4 C- T

Ag-103 1.10h 118.7 31 C+ T Sr-87m 2.803h 388.5 82.1 I T Ni-65 2.517h 1481.8 23.6 C- T, C

Ru-103 39.26d 497.1 90.9 C- T, C Rb-86 18.63d 1077.0 8.64 I T, C Fe-59 44.50d 1099.3 56.5 C- T, C

Mo-99 2.748d D140.5 90.7 C- T, C Rb-84 32.77d 881.6 69.0 I T, C Mn-56 2.579h 846.8 98.9 C- C

Nb-98b 51.3min 787.4 93.4 I T Sr-83 1.350d 762.7 30 C+ T Sc-46 83.79d 889.3 100 I C

Ru-97 2.9d 215.7 85.6 C+ C Rb-83 86.2d 520.4 44.7 C+ T, C K-43 22.3h 617.5 79.2 C- T

Nb-97 1.20h 657.9 98.4 I T Rb-82m 6.472h 776.5 84.4 I T K-42 12.36h 1524.7 18.1 I T

Zr-97 16.91h 743.4 93.1 C- T, C Br-82 1.471d 698.4 28.5 I C

Nuclear data are from Ref. 31 except for *1 from Ref. 33 and *2 from Ref. 32.
*3: I: independent yield; C-: cumulative yield by β− decay; C+: cumulative yield by β+ decay and/or electron capture.
*4: Identification in Au target (T) or Mylar catcher (C).
D: γ-ray of the daughter in equilibrium.
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least squares fitting as shown by a dashed line in the figure.
The quality of this fitting is fairly good because all of the
2W(F+B) values can be well reproduced within 2 σ of the
experimental errors.  By using this relation the reaction yields
of the nuclides observed only in the target were obtained after
correcting their recoil losses, and the relative yields of the
nuclides found only in the catcher foils were normalized to the
absolute ones.  Thus the absolute yields of the 58 products in
the mass range of A = 42–131 were obtained, and they are
given in unit of µb per equivalent quanta (µb/eq.q.) in Table
A1 in Appendix.  The yield values in italics were obtained
from the radioactivities assayed in the catcher foil.  In general
the yield values increase steeply with an increase of E0 up to
600 MeV and increase gradually at higher E0, indicating the
resonance-type excitation function mainly attributed to the

(3,3) resonance.  It is noted that the saturation of the reaction
yield above 600 MeV is reasonably consistent with the E0-
independent recoil properties such as forward-to-backward
yield ratios and the kinetic energies of the residual nuclei.24

3.2. Charge Distribution.  In the present work, the charge
distribution YCD (Z) among the isobars of a certain product
mass number A, was assumed to be represented by the follow-
ing Gaussian function:

YCD (Z) = YCD (Zp) ·exp , (1)

where, YCD (Zp) is the maximum yield of the charge distribu-
tion, Zp being the most probable charge.  The width parameter
CZ was assumed to be constant, irrespectively of A, and Zp to
be a linear function of A, i.e., Zp = RA + S.  By assuming the
Unchanged Charge Distribution (UCD), the parameter R is
related to a charge-to-mass ratio of a fissioning nucleus as R =
79 / (197–νpre), νpre being the number of prefission neutrons.
The parameter S is a measure of the number of average post
fission neutrons νpost as S = 79νpost / (197–νpre).  The eq 1 was
fitted to the experimental yields by a least squares method.
For cumulative yields, a sum of the yields of a suitable number
of isobars was fitted.  The yields of the product nuclei in a
metastable state were excluded from the present analysis.  The
results of yield measurements of 46,47,48Sc and 56,57,58,60Co from
197Au target in the previous study6 were also included in the
present analysis.  The four free parameters YCD (Zp), CZ, R, and
S were determined at representative eleven energies of E0 =
1100, 1000, 900, 800, 700, 600, 500, 450, 400, 350, and 300
MeV.  As an example, the charge distributions obtained at E0 =
1100 MeV are shown in Figure 2 by solid curves for the repre-
sentative mass chains of A = 56, 72, 83, 88, 95, 97, 103, and
105, in which more than two yield data were obtained.  The
independent yields (I), the cumulative yields by β– decay (C–)
and by β+ decay and/or electron capture (C+) are shown by
open circles, closed triangles, and closed squares, respectively.

–(Z–Zp)2

CZ
{ }

Figure 1. Measured mean ranges 2W(F+B) in unit of mg/cm2 of Au
as a function of product mass number A.  The present results are
shown by open circles, and those by Areskoug et al.23 at E0 = 600
MeV are shown by closed squares.

Figure 2. Charge distributions for the mass chains of (a) 56, (b) 72, (c) 83, (d) 88, (e) 95, (f) 97, (g) 103, and (h) 105 at E0 = 1100 MeV. The inde-
pendent yields (I), the cumulative yields by β– decay (C–), and by β+ decay and/or electron capture (C+) are shown by open circles connected by a
solid curve, closed triangles connected by a dotted curve, and closed squares connected by a dashed curve, respectively.
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The cumulative yields calculated are shown by a dotted curve
for C– and by a dashed curve for C+ by integrating the inde-
pendent YCD (Zp) curve.  It seems that the results of these
fittings are fairly good and the present assumptions in eq 1 are
reasonable.

The full width at half maximum of the charge distribution
(FWHMCD) in charge unit (c.u.) instead of CZ and the parame-
ters R and S are shown as a function of E0 by open circles in
Figures 3a–3c, respectively, together with those reported by
Areskoug et al.23 at E0 = 600 MeV by closed squares.  The
FWHMCD (Figure 3a) shows E0-independence at the studied E0

within the quoted errors, and the weighted mean value of 2.2 ±
0.1 c.u. agrees well with that reported by Areskoug et al.23 at
E0 = 600 MeV.  On the other hand, the parameter R (Figure 3b)
increases slightly with an increase of E0 and becomes a
constant value of R = 0.424 ± 0.001 above 600 MeV, which
implies eleven-neutron emission before fission (νpre = 11) as
deduced from the UCD assumption.  The parameter S (Figure
3c) is also independent of E0 above 600 MeV and the weighted
mean value of 0.7 ± 0.1 implies the average two post neutrons
(νpost = 2).  The variations of the R and S values below 600
MeV may reflect a change in the excitation energy, though the
number of the measured isobars is small and the yield data are
accompanied with large errors at lower energies.  The R and S
values reported by Areskoug et al.23 at E0 = 600 MeV are
consistent with the present results within 2 σ of the experi-
mental uncertainties.

3.3. Mass Yield Distribution.  By using the charge distrib-
ution parameters YCD (Zp), CZ, R, and S determined above, the
total chain yields in unit of µb/eq.q. were evaluated for the
mass chains of A = 42, 43, 46–48, 56–60, 65, 66, 71–77,
82–84, 86–89, 91, 92, 95–97, 99, 103, 105, 112, 126, 128, 129,
and 131.  The total chain yields calculated at E0 = 1100, 900,
700, 500, and 300 MeV are shown in Figure 4 as a function of
the product mass number (A) by open circles, closed triangles,
open squares, closed inverse triangles, and open diamonds,
respectively.  The mass yield distributions seem to be symmet-
ric with a maximum around A = 90.  In the present work the
mass yield distribution, YMD (A), is assumed to be represented
by the following Gaussian function,

YMD (A) = YMD (Ap) ·exp , (2)

where, YMD (Ap) is the maximum of the mass distribution, Ap

being the most probable mass, and CA is the width parameter.

–(A–Ap)2

CA
{ }

Figure 4. Mass yield curves of the photofission of 197Au at E0 = 1100, 900, 700, 500, and 300 MeV.  See text for the details.

Figure 3. Charge distribution parameters (a) FWHMCD, (b) R, and (c)
S as a function of E0.  The present results are shown by open circles,
and those by Areskoug et al.23 at E0 = 600 MeV are shown by closed
squares.



The total chain yields, except for the data at A = 42, 47, 82,
and 96, which were largely deviated from the expected
Gaussian curve, were fitted by eq 2 as shown by the different
curves for each energy in Figure 4.  The shape of the mass
yield curves are almost the same above 500 MeV, though the
absolute yields increase slightly with an increase of E0.  The
mass yields at E0 = 300 MeV, however, are quite smaller and
the Ap value is somewhat higher than those at higher energies.

The relative mass yield curves reported by Komar et al.22 at
E0 = 1000 MeV and Areskoug et al.23 at E0 = 600 MeV are
applied to a comparison.  In order to investigate the consis-
tency of the mass yield curves obtained by the different
methods and at the different energies, the Ap value and the full
width at half maximum (FWHMMD) are shown as a function of
E0 in Figures 5a and 5b, respectively.  The Ap value decreases
with an increase of E0 from 97 ± 2 m.u. at E0 = 300 MeV to a
constant value of 92 ± 1 m.u. at E0 ≥ 600 MeV.  This constant
value at E0 ≥ 600 MeV is reasonable because the mass number
of the fissioning nucleus was estimated to be Af = 186 m.u.
(νpre = 11) from the charge distribution parameter R based on
the UCD assumption.  The Ap value reported by Areskoug et
al.23 at E0 = 600 MeV agrees well with the present result, but
that by Komar et al.22 at E0 = 1000 MeV is higher by 5 m.u.
because they assumed the mass number of the fissioning
nucleus to be Af = 194 m.u.  On the other hand, the FWHMMD

values are independent of E0 at the studied energies within the
experimental uncertainties, though a slightly increasing trend
appears at E0 < 600 MeV.  The weighted mean value of 39 ± 1
m.u. at E0 ≥ 600 MeV is equal to that measured by Komar et
al.22 by the coincident energy measurements of fragment pairs.
However the FWHMMD value reported by Areskoug et al.23 at
E0 = 600 MeV is lower by about 8 m.u. (FWHMMD = 30.9 ± 1.7
m.u.).  As mentioned above, the charge distribution parameters
FWHMCD, R, and S reported by Areskoug et al.23 at E0 = 600
MeV are consistent with those obtained in the present work
(See sect. 3. 2.).  The discrepancy of FWHMMD may be attrib-
uted to the smaller mass range analyzed by Areskoug et al.23

(72 ≤ A ≤ 111).  Also noted is that Areskoug et al.23 measured
the cumulative yield of 59Fe, but eliminated it from the analysis
because the value of 59Fe is anomalously higher than that
deduced from their mass yield curve obtained at A = 72–111.

In the present work the product mass range measured was
expanded widely to A = 42–131, and almost all of the total
chain yields fell on the Gaussian curve.  The anomaly of the
59Fe yield suggested by Areskoug et al.23 was not observed in
the present work.

The total fission yields in unit of mb/eq.q. determined above
from the mass yield curves are shown as a function of E0 by
open circles in Figure 6.  As mentioned in Introduction, the
total fission yields on 197Au in unit of mb/eq.q. have been
extensively measured with ionization chambers7 and solid-state
track detectors.8,10–16 These results are compared in Figure 6 by
the different symbols as shown in the inset of the figure.  The
results by the different authors are consistent with each other
in the range of a factor of 2 except for the result by Kiely et
al.16 at E0 = 580 MeV (an open diamond).  The total fission
yields increase steeply by about three orders of magnitude with
an increase of E0 from 100 MeV to 600 MeV and increase
slightly at energies higher than E0 = 600 MeV, indicating both
the quasi-deuteron mechanism and the (3,3) resonance are
main photoabsorption channels to induce fission process.  In
recent years the total fission cross sections have been inten-
sively measured by quasi-monochromatic photon beams of
energies up to 300 MeV,17–21 and the detailed structure of the
excitation function of the photofission of 197Au has become
clear.  Unfortunately these beams are too low in intensities at
present for our radiochemical studies.

The many radiochemical cross section measurements were
performed for the proton-induced fission of 197Au at the
various proton energies.34–44 Since almost all of the proton data
were obtained by a nondestructive γ-ray measurement of the
irradiated Au target, the number of nuclides measured are quite
small and insufficient for the same analysis as applied in the
present work.  Therefore, the ratios of the reported cross
sections of the proton reaction at Ep = 1000, 800, 600, 400,
300, and 200 MeV to the yields of the photon reaction at E0 =
1000 MeV were calculated for some representative products of
46Sc (I), 58Co (I), 59Fe (C–), 60Co (I), 74As (I), 75Se (C+), 82Br
(I), 83,84,86Rb (C+, I, I), 87,88Y (C+, I), 89,95Zr (C+, C–), 96Tc (I),
103Ru (C–), 105Ag (C+), and 131Ba (C+), based on our compila-
tion of the cross section data in References 34–44.  They are
shown as a function of the product mass number A in Figure 7,
all normalized to 1 at A = 103 (103Ru), because the cross
sections of the neutron rich isotope of 103Ru are independent of
Ep in the range of Ep = 200–1000 MeV.38,39,41,42,44 The ratios at
Ep = 300 and 400 MeV are almost unity (a dashed line), indi-
cating the same mass yield shape as the photofission at E0 =
1000 MeV.  This may be reasonably understood, because the
effective photons to induce fission process are mainly in the
(3,3) resonance with a peak energy around 300 MeV.  This fact
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Figure 5. Variations of (a) the most probable mass Ap and (b) the full
width at half maximum of the mass distribution FWHMMD as a func-
tion of E0.  The present results are shown by open circles, and those by
Komar et al.22 at E0 = 1000 MeV and by Areskoug et al.23 at E0 = 600
MeV are shown by closed triangles and closed squares, respectively.

Figure 6. Total photofission yields of 197Au in unit of mb per equiva-
lent quanta (mb/eq.q.) as a function of E0.  See text for the details.



may imply that the difference in the initial interactions of
photons and protons with nuclei does not affect the fissioning
process.  A few physical investigations of the mass yield
curve, which is based on the coincident energy measurements
of the fragment pairs, are also available at Ep = 1000 MeV.45,46

The FWHMMD values of 54.5 ± 0.6 m.u. reported by Kotov et
al.45 and 46.9 m.u. by Andronenko et al.46 are discrepant with
each other and both are higher than the present photon result of
39 ± 1 m.u. at E0 ≥ 600 MeV.  The intensive cross section
measurements in the proton-induced fission of 197Au are
strongly desired in order to determine charge and mass yield
distributions and to compare them further with the present
photofission results.

The contributions of the spallation process in the observed
yields were estimated by the CDMD formula4 using the para-
meter set reported in Reference 2.  The spallation yields were
estimated to be one order of magnitude higher than the
observed yields for the barium isotopes, for which the spalla-
tion contributions are deduced to be the largest.  The parameter
set in Reference 2 was determined based on the yield data of
the near-target isotopes produced in the (γ, 0–5pxn) reactions,
and might not be appreciable to such far-target isotopes as
those in the barium region.  An extensive yield measurements
of rare earth elements are under study in order to clarify the
difference in the charge and mass yield distributions between
fission and spallation in the region of barium and light rare-
earth isotopes.  Recently, the yields of light nuclei such as
7,10Be, 22,24Na and 28Mg from 197Au were measured.6 It was
found that they are more than one order of magnitude higher
than those extrapolated from the mass yield curve of fission,

indicating different reaction mechanism; fragmentation.  All of
the mass yield data in Figure 4 are well reproduced by the
Gaussian curves, indicating that the contributions of other
reaction processes such as spallation and fragmentation are
negligible within the experimental uncertainties.

It is interesting to compare the charge and mass yield distri-
butions obtained in the present study with those calculated by a
Monte-Carlo intranuclear cascade-evaporation code for
photonuclear reactions.  Previously, the cross sections and/or
reaction yields of the photopion and photospallation reactions
and the kinetic energies of the photospallation products were
systematically compared with the Photon-Induced Intranuclear
Cascade Analysis (PICA) code,47,48 and various important
information related to the nuclear structure and reaction mech-
anism was pointed out;5,25,26,49–53 especially a requirement of
nuclear medium effect in heavy nuclei with At ≥ 100 in the
PICA model was emphasized.  Very recently, several modifi-
cations have been performed for the original PICA code and
the fission process will be included in the calculation by Sato.54

A comparison with the advanced PICA calculation54 will be
reported elsewhere, together with the same yield measure-
ments of the photofission of 209Bi, which are under study in our
group.55

It was found that the charge distribution parameters (CZ, R,
and S) and the mass yield distribution parameters (Ap and CA)
as well as the recoil properties discussed in the separate paper24

are all independent of E0 above 600 MeV.  It is concluded that
the photofission process of 197Au attains to the limiting
behavior above 600 MeV as found in our previous studies of
photospallation1–3 and simple photopion reactions.5,25,26 The
measurements at E0 < 300 MeV are strongly desired, because
the different contributions of the giant dipole resonance, the
quasi-deuteron mechanism, and the (3,3) resonance are
included, and the change in the fission characters with E0 is
expected.  A measurement at E0 = 65 MeV, where only the
giant dipole resonance and the quasi-deuteron mechanism
contribute, was performed by using the 300 MeV electron
linac of the Laboratory of Nuclear Science (LNS) of Tohoku
University.  The preliminary result of the symmetric mass
yield distribution with Ap = 99 ± 1 and FWHMMD = 20 ± 1
m.u., which is quite different from the present results at E0 ≥
300 MeV, was obtained.  The results will be reported else-
where.
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TABLE A1: Yields of 58 Fission Products from 197Au in Unit of µb per Equivalent Quanta (µb/eq.q.)

I: independent yield; C-: cumulative yield by β− decay; C+: cumulative yield by β+ decay and/or electron capture.
Yield values in italics were obtained from the activities in the catcher foils.

E0 (MeV) 131Ba (C+) 131Ba (C+) 129mBa (C+) 129mBa (C+) 129Ba (C+)

1100 6.79 ± 0.73 1.57 ± 0.11 4.70 ± 0.52

1000 6.5 ± 0.4 4.4 ± 1.1 2.1 ± 0.5 1.5 ± 0.5 3.9 ± 2.3

950

900

800

700 1.01 ± 0.18 2.31 ± 0.84

650

550

500

450 1.62 ± 0.63 0.413 ± 0.090 0.591 ± 0.387

400

350

300

128Ba (C+) 128Ba (C+) 126Ba (C+) 113Ag (C-)

5.37 ± 0.49 0.981 ± 0.164 7.20 ± 0.76

9.7 ± 1.6 6.4 ± 2.1 2.7 ± 0.8

9.48 ± 0.53

8.59 ± 0.61

7.73 ± 1.71 1.36 ± 0.65 7.19 ± 0.36

5.82 ± 0.45

4.96 ± 1.04

6.37 ± 0.34

3.82 ± 0.86

Figure 7. Ratios of the cross sections of the proton reactions at Ep =
1000, 800, 600, 400, 300, and 200 MeV to the yields of the photon
reaction at E0 = 1000 MeV as a function of product mass number A,
normalized to 1 at A = 103 (103Ru).  See text for the details.

Appendix
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TABLE A1: (Continued)

TABLE A1: (Continued)

TABLE A1: (Continued)

TABLE A1: (Continued)

E0 (MeV) 103Ru (C-) 103Ru (C-) 99Mo (C-) 99Mo (C-) 98bNb (I)

1100 61.3 ± 2.3 62 ± 3 50.4 ± 2.3 60 ± 2 11 ± 2

1000 64.5 ± 2.8 64 ± 3 54 ± 2 11.5 ± 1.0

950 58.6 ± 2.6 59 ± 3 57 ± 2 62 ± 3

900 65.8 ± 2.5 65 ± 3 61 ± 2

800 60.2 ± 3.0 57 ± 2 48 ± 3 61 ± 3

700 60.0 ± 2.5 57 ± 3 51 ± 3 9.0 ± 0.7

650 53.3 ± 2.6 54 ± 3 53 ± 3

550 48.7 ± 7.5 54 ± 4 49 ± 3 9.6 ± 1.0

500 42.4 ± 2.6 39 ± 2 40.0 ± 2.6 39 ± 2 14 ± 3

450

400 31.8 ± 1.7 32 ± 2 26.0 ± 1.8 32 ± 2

350 26.3 ± 2.0 24 ± 2 39 ± 8 29 ± 2

300 17.8 ± 2.2 18 ± 7 12 ± 2 22 ± 2

97Ru (C+) 97Nb (I) 97Zr (C-) 97Zr (C-)

9.6 ± 0.6 29 ± 2 9.06 ± 0.62 9.1 ± 0.6

9.8 ± 0.7 33.4 ± 1.5 8.5 ± 0.7 10 ± 1

8.9 ± 2.1 9.6 ± 0.7 10 ± 2

8.8 ± 0.6 9.0 ± 1.1 9.6 ± 0.6

9.6 ± 0.7 11.1 ± 0.7 9.5 ± 0.5

8.0 ± 0.6 30 ± 2 8.5 ± 0.5

10.6 ± 0.7 8.7 ± 0.5

26 ± 2 7.9 ± 1.3

22 ± 3 6.45 ± 0.53 6.7 ± 0.7

30 ± 20 4.87 ± 0.34 5.3 ± 0.6

5.3 ± 0.5 4.9 ± 0.9

5.07 ± 0.97 4.6 ± 1.0

E0 (MeV) 92Sr (C-) 92Sr (C-) 91Sr (C-) 91Sr (C-) 90mY (I)

1100 7.9 ± 0.6 8.4 ± 0.5 16.3 ± 1.2 18 ± 3 56.4 ± 3.0

1000 9.7 ± 1.0 19 ± 2 46.6 ± 1.2

950 11 ± 2 26 ± 4 48.0 ± 2.0

900 11 ± 1 24 ± 2 48.7 ± 1.2

800 7.5 ± 0.4 8.1 ± 0.6 15.9 ± 1.0 21 ± 2 43.1 ± 1.6

700 9.0 ± 0.6 18 ± 2 41.6 ± 1.2

650 6.2 ± 0.5 8.7 ± 0.7 15.2 ± 1.0 16 ± 2 39.3 ± 1.5

550 9.6 ± 1.3 32.5 ± 1.0

500 5.0 ± 0.5 7.0 ± 0.8 10.2 ± 1.0 13 ± 2 33.5 ± 2.4

450

400 3.8 ± 0.3 5.1 ± 0.5 9.72 ± 0.60 12 ± 2 27.0 ± 2.7

350 2.7 ± 0.6 5.4 ± 0.8 7.65 ± 0.93 9.8 ± 2.5 16.0 ± 0.6

300 2.9 ± 0.2 3.6 ± 0.8 7.92 ± 1.46 10.0 ± 0.6

90mY (I) 89Zr (C+) 89Zr (C+) 88Zr (C+)

55 ± 2 29.2 ± 1.9 29 ± 2 14.9 ± 1.0

54 ± 3 26 ± 3 26 ± 2 11 ± 2

50 ± 2 20 ± 3 22 ± 3 9.3 ± 2.0

56 ± 2 26 ± 2 25 ± 1 15 ± 2

49 ± 2 21.5 ± 1.5 22 ± 2 4.80 ± 1.33

46 ± 2 19 ± 1

43 ± 2 17.2 ± 1.3 15 ± 3

36 ± 2 13 ± 2

31 ± 2 11.3 ± 1.0 11 ± 2 4.99 ± 0.70

23 ± 1 4.72 ± 0.64 7.3 ± 1.3 1.94 ± 0.71

17 ± 1 6.6 ± 1.1 6.7 ± 2.5

13 ± 1 4.49 ± 1.26

E0 (MeV) 88Zr (C+) 88Y (I) 88Y (I) 87mY (C+) 87Y (C+)

1100 13 ± 1 48.8 ± 3.6 39 ± 4 43.0 ± 2.4 46.1 ± 2.6

1000 13 ± 2 46.8 ± 2.2 34.1 ± 0.9 39.0 ± 1.4

950 33.4 ± 2.1 36.4 ± 3.0

900 13 ± 1 42.9 ± 1.7 44 ± 3 32.9 ± 0.7 39.4 ± 1.2

800 7.2 ± 0.9 36.2 ± 2.4 37 ± 4 27.1 ± 1.0 36.0 ± 3.0

700 8.8 ± 1.0 35.3 ± 1.5 33 ± 3 21.2 ± 0.7 30.2 ± 1.1

650 6.4 ± 2.1 28.3 ± 2.3 34 ± 5 21.8 ± 1.0 26.6 ± 1.9

550 30.3 ± 2.2 15.0 ± 0.6 18.5 ± 0.9

500 31.1 ± 3.1 28 ± 3 18.0 ± 1.4 19.1 ± 1.5

450

400 19.6 ± 2.9 19 ± 2 10.9 ± 1.2 12.8 ± 1.4

350 5.41 ± 0.35 6.83 ± 0.59

300 3.11 ± 2.20 3.11 ± 0.38 3.93 ± 0.79

87Y (C+) 87mSr (C+) 86Rb (I) 86Rb (I)

41 ± 2 3.53 ± 0.30 56.7 ± 5.6 68 ± 8

38 ± 2 55.6 ± 6.7 58 ± 10

40 ± 3 75.8 ± 23.4 72 ± 28

40 ± 2 67.2 ± 7.5 79 ± 8

38 ± 2 3.17 ± 0.23 48 ± 5 73 ± 10

31 ± 2 66 ± 9 66 ± 9

26 ± 2 3.15 ± 0.22 57 ± 8

23 ± 2 46.3 ± 12.7 79 ± 22

16 ± 2 1.40 ± 0.18 23.8 ± 6.2 42 ± 11

12 ± 1 1.05 ± 0.14 28.4 ± 7.7 32 ± 11

6.9 ± 1.3 62 ± 21

0.729 ± 0.273 36.6 ± 21.8

E0 (MeV) 96Tc (I) 96Nb (I) 96Nb (I) 95Nb (I) 95Nb (I)

1100 8.7 ± 0.9 29 ± 2 28 ± 2 40 ± 4 52 ± 3

1000 9.9 ± 1.1 30.1 ± 1.3 28 ± 2 48.1 ± 2.0 60 ± 4

950 7.7 ± 1.3 25 ± 4 50 ± 6

900 8.8 ± 0.7 26 ± 2 54 ± 3

800 9.1 ± 0.9 24 ± 2 51 ± 3

700 5.6 ± 0.8 20 ± 1 24 ± 2 40 ± 3 44 ± 3

650 5.3 ± 1.2 21 ± 2 41 ± 3

550 13 ± 4 22 ± 2 24 ± 4 40 ± 3 50 ± 7

500 5.4 ± 1.2 22 ± 3 17 ± 2 25 ± 14 38 ± 3

450

400 2.5 ± 1.2 20 ± 10 14 ± 2 24 ± 3

350 7.5 ± 1.2 25 ± 3

300 7.7 ± 1.7

95Zr (C-) 95Zr (C-) 92mNb (I) 92mNb (I)

47.0 ± 2.3 40 ± 2 2.3 ± 0.6

36 ± 4 42 ± 3 3.90 ± 0.41 4.4 ± 0.6

40 ± 7 38 ± 7 6.0 ± 1.1

43 ± 3 46 ± 3 3.9 ± 0.6

42.3 ± 2.8 38 ± 3 3.4 ± 0.8

37 ± 3 4.5 ± 2.1 2.4 ± 0.7

29.9 ± 2.7 33 ± 4 3.4 ± 1.1

36 ± 5 4.6 ± 1.8

29.2 ± 1.7 26 ± 4 2.5 ± 1.1

20.0 ± 1.6 22 ± 4

16 ± 6 22 ± 5

13.2 ± 6.4

TABLE A1: (Continued)

E0 (MeV) 112Ag (I) 110mAg (I) 110mAg (I) 106mAg (I) 105Ag (C+)

1100 7.91 ± 0.80 9.62 ± 0.89 9.2 ± 1.2 3.41 ± 0.51 6.90 ± 0.79

1000 13 ± 5 3.24 ± 0.59

950

900 11.8 ± 0.5 11.1 ± 1.2 7.9 ± 3.6 6.04 ± 0.67 8.66 ± 0.99

800 12.0 ± 0.5 10.1 ± 1.3 11 ± 4 5.72 ± 0.91 8.23 ± 1.25

700 8.73 ± 0.29 7.88 ± 0.83 13 ± 4 3.01 ± 0.42 7.04 ± 0.66

650 10.3 ± 2.1 4.07 ± 0.68 10.0 ± 2.9

550 11.1 ± 2.1 5.86 ± 1.25 5.08 ± 1.32

500 7.33 ± 0.32 8.80 ± 0.92 2.37 ± 0.32 4.58 ± 0.31

450 4.23 ± 0.28 5.07 ± 0.84 1.54 ± 0.69 3.46 ± 0.46

400 6.43 ± 0.26 6.38 ± 0.85 1.56 ± 0.39

350

300 5.55 ± 0.93 9.71 ± 6.71

105Rh (C-) 105Ru (C-) 104Ag (I) 103Ag (C+)

60 ± 5 22 ± 2 1.85 ± 0.20 0.905 ± 0.125

65 ± 4 19 ± 2 0.769 ± 0.192

66 ± 8 19 ± 2

73 ± 5 24 ± 2 2.03 ± 0.13 0.815 ± 0.089

64 ± 4 21 ± 2 1.90 ± 0.12 0.871 ± 0.071

68 ± 4 23 ± 2 1.34 ± 0.10 0.511 ± 0.082

58 ± 5 19 ± 1

66 ± 9 18 ± 2 0.891 ± 0.138

43 ± 6 16 ± 1 0.778 ± 0.087 0.189 ± 0.127

32 ± 4 12 ± 1 0.580 ± 0.070 0.295 ± 0.134

36 ± 5 11 ± 1

35 ± 9 8.0 ± 1.2 0.279 ± 0.144
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