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Abstract—Systematic discrepancies between the results of various experiments devoted to determining
cross sections for total and partial photoneutron reactions are analyzed by using objective criteria of
reliability of data in terms of the transitional photoneutron-multiplicity function Fi = σ(γ, in)/σ(γ, xn),
whose values for i = 1, 2, 3, . . . cannot exceed by definition 1.00, 0.50, 0.33, . . . , respectively. It was
found that the majority of experimental data on the cross sections obtained for (γ, n), (γ, 2n), and (γ, 3n)
reactions with the aid of methods of photoneutron multiplicity sorting do not meet objective criteria (in
particular, F2 > 0.50 for a vast body of data). New data on the cross sections for partial reactions on
181Ta and 208Pb nuclei were obtained within a new experimental–theoretical method that was proposed
for the evaluation of cross sections for partial reactions and in which the experimental neutron yield cross
section σexpt(γ, xn) = σ(γ, n) + 2σ(γ, 2n) + 3σ(γ, 3n) + . . ., which is free from problems associated with
determining neutron multiplicities, is used simultaneously with the functions F theor

i calculated within a
combined model of photonuclear reactions.

DOI: 10.1134/S1063778813110148

1. INTRODUCTION

The present study is aimed at exploring in detail
the reasons for known systematic discrepancies be-
tween the results of various experiments devoted to
determining the cross sections for (γ, n), (γ, 2n), and
(γ, 3n) partial photoneutron reactions in the region of
giant-dipole-resonance (GDR) energies with the aid
of various methods for neutron multiplicity sorting.

The majority of experiments devoted to determin-
ing cross sections for partial photoneutron reactions
were performed by using quasimonoenergetic annihi-
lation photons at the Lawrence Livermore National
Laboratory (Livermore, USA) and at the Centre
d’Etudes Nucléaires de Saclay (Saclay, France).
In either laboratory, use was made of methods for
neutron multiplicity sorting that are based on the
assumption that there is a direct relation between
this multiplicity and the mean kinetic energy of the
neutrons. On the basis of the results obtained by
analyzing the partial photoneutron reaction cross
sections for nuclei studied in the two laboratories, it
was found [1–3] that there are significant systematic

1)Skobeltsyn Institute of Nuclear Physics, Moscow State
University, Moscow, 119991 Russia.

2)Faculty of Physics, Moscow State University, Moscow,
119991 Russia.

*E-mail: Varlamov@depni.sinp.msu.ru

discrepancies between the results of various experi-
ments. The neutron yield cross sections,

σ(γ, xn) ≈ σ(γ, n) + 2σ(γ, 2n) (1)

+ 3σ(γ, 3n) + . . . ,

which are independent of neutron multiplicity sorting
problems, proved to have quite consistent values, but
the Livermore and Saclay data on the cross sec-
tions for (γ, n) and (γ, 2n) partial reactions exhib-
ited substantial discrepancies of up to 60% [2, 3].
More specifically, the (γ, 2n) cross sections in the
Livermore experiment are obviously overestimated,
while its (γ, n) cross sections are underestimated,
but the reverse is observed in the Saclay experiment.
Thus, the Livermore-to-Saclay ratios are substan-
tially greater than unity for the (γ, 2n) cross sections
(about 1.2) and substantially less than unity for the
(γ, n) cross sections (about 0.8).

A number of dedicated studies aimed at revealing
the reasons for these discrepancies and at developing
methods for taking them into account. In [1–3], these
problems were considered most comprehensively and
consistently. The above systematic discrepancies be-
tween data on cross sections for partial photoneutron
reactions were interpreted there as a consequence of
errors in the method used in Saclay to sort neutrons
in multiplicity, and a mutual correction of the data
from the two laboratories was proposed as a method
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for putting together these discrepancies. This method
relies on an appropriate recalculation of the Saclay
data in such a way that they become closer to the
Livermore data.

However, the question of how one should correct
data that come from only one of the two laboratories
and which are much more copious than those from
both laboratories remains open within this approach.
This situation requires that the approach intended
for evaluating cross sections for partial photoneutron
reactions be maximally free from problems of exper-
imental methods for neutron multiplicity sorting. As
an alternative method for determining cross sections
for partial reactions, one could consider the use of
an induced activity, in which case it is the final-state
nucleus rather than emitted neutrons that serves as
an identifier of a specific reaction. Unfortunately,
this method cannot be used always because of some
serious limitations.

A method that evaluates cross sections for par-
tial reactions by employing both experimental and
theoretical means (experimental–theoretical method
below) was proposed in [4, 5]. Within this method,
the contributions of the partial reactions in question
to the experimental cross section in (1) for the
total yield of neutrons is determined with the aid
of the transitional multiplicity functions F theor

i =
σtheor(γ, in)/σtheor(γ, xn) calculated within a mod-
ern photonuclear-reaction model [6, 7]. It was
also shown [4, 5, 8–10] that the transitional mul-

tiplicity functions F
expt
i obtained from experimen-

tal data provide criteria for a simple, clear, and
efficient analysis of the reliability of experimental
data on cross sections for partial reactions. It
was found that, for a large number of nuclei (90Zr,
112,114,116,117,118,119,120,122,124Sn, 159Tb, and 197Au),
the experimental data obtained for the (γ, n), (γ, 2n),
and (γ, 3n) cross sections with the aid of methods
for photoneutron multiplicity sorting do not meet
the above objective criteria. For these nuclei, we
evaluated the cross sections for partial photoneutron
reactions on the basis of our experimental–theoretical
approach, and the relations between them comply
with the model concepts [6, 7].

The present study is devoted to exploring in detail,
on the basis of objective criteria, the reliability of
experimental data on the cross sections for partial
photoneutron reactions on 181Ta and 208Pb nuclei and
to evaluating reaction cross sections that are inde-
pendent of problems of neutron multiplicity sorting.

2. OBJECTIVE CRITERIA
OF THE RELIABILITY OF DATA ON CROSS
SECTIONS FOR PARTIAL PHOTONEUTRON

REACTIONS IN TERMS
OF THE TRANSITIONAL MULTIPLICITY

FUNCTIONS Fi

We have indicated above that, in order to get rid
of the dependence of the cross sections for partial
photoneutron reactions on the flaws in the experi-
mental methods for neutron multiplicity sorting, our
group proposed in [4, 5] the experimental–theoretical
approach to evaluating these cross sections. Within
this approach, one employs, as input experimental
information, only data on the reaction cross section
σexpt(γ, xn) (1), which is independent of the neutron
multiplicity, and separates reactions characterized by
different neutron multiplicities with the aid of the
transitional multiplicity functions

F theor
i = σtheor(γ, in)/σtheor(γ, xn) (2)

= σtheor(γ, in)/[σ(γ, n) + 2σ(γ, 2n) + . . .

+ 3σ(γ, 3n) + . . .]theor,

which are calculated within a modern photonuclear-
reaction model [6, 7].

The functions F theor
1,2,3 obtained on the basis of model

calculations exhibit a concrete behavior that is physi-
cally clear, and a comparison of this behavior with the
behavior of the functions

F
expt
i = σexpt(γ, in)/σexpt(γ, xn) (3)

= σexpt(γ, in)/[σ(γ, n) + 2σ(γ, 2n) + . . .

+ 3σ(γ, 3n) + . . .]expt,

obtained on the basis of experimental data makes
it possible to draw conclusions on the reliability of
experimental data.

In Fig. 1, the functions F theor
i are contrasted

against the functions (F expt
i )S and (F expt

i )L obtained
for, respectively, the Saclay [11] and Livermore [12]
data for the 181Ta nucleus. It is noteworthy that F1

and F3 are of no particular interest—the former by
virtue of its triviality and the latter because of a small
amount of data on (γ, 3n) cross sections—but that
F2 makes it possible to analyze straightforwardly and
efficiently the reliability of experimental data on the
cross sections for three partial photoneutron reac-
tions simultaneously. The most important property of
the function F2 is that, according to the definition in
Eqs. (2) and (3), it cannot exceed 0.50 in magnitude
under any conditions: its value above this absolute
limit would mean a physically incorrect determination
of cross sections for respective partial reactions.
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Fig. 1. Transitional functions F expt
i obtained for (closed boxes) Saclay [11] and (closed triangles) Livermore [12] experimental

data for the 181Ta nucleus along with (solid curve) the results of the calculations from [4, 5] for F theor
i : (a) F1, (b) F2, and (c) F3.

The main special features of a physically justifiable
behavior of the functions F1,2,3 are the following:

(i) The function F1 is equal to unity in the energy
region extending up to the threshold B2n for the
respective (γ, 2n) reaction, whereupon it decreases
in accordance with the competition of the increasing
(γ, 2n) cross section and the decreasing (γ, n) cross

section, tending to zero, in just the same way as
σ(γ, n).

(ii) The function F2 is equal to zero in the energy
region extending up to the threshold B2n, whereupon
it increases in accordance with the competition of
the decreasing (γ, n) cross section and the increas-
ing (γ, 2n) cross section, approaching the absolute
limit of const = 0.50 from below without reaching
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Fig. 2. As in Fig. 1, but for the 208Pb nucleus. The displayed closed boxes and closed triangles represent, respectively,
Saclay [13] and Livermore [14] experimental data.

it anywhere; at energies in excess of the threshold
B3n for the respective (γ, 3n) reaction, this func-
tion decreases in accordance with the contribution of
3σ(γ, 3n).

(iii) The function F3 is equal to zero in the energy
region extending up to the the threshold B3n, where-
upon it increases in accordance with the competition
of the decreasing (γ, n) and (γ, 2n) cross sections and
the increasing cross section σ(γ, 3n).

Figure 1 clearly demonstrates that the Saclay and
Livermore data [(F expt

i )S and (F expt
i )L, respectively]

for 181Ta differ substantially not only from each other
but also from theoretical data (F theor

i ).

The deviation of (F expt
1,2 )S from F theor

1,2 indicates
that, in the energy region below the threshold B3n
for the respective (γ, 3n) reaction, the cross sec-
tion σ(γ, n) is overestimated, while the cross section

σ(γ, 2n) is underestimated in relation to the respec-
tive theoretical cross sections, even though the func-
tions (F expt

1,2 )S fall within the region of physically jus-
tifiable values. In the region of energies above B3n,
(F expt

2 )S exceeds substantially F theor
2 , while (F expt

3 )S
proves to be in the region of physically incorrect
negative values, whence we conclude that the cross
section σ(γ, 3n) is unjustifiably underestimated.

The deviation of (F expt
i )L from F theor

i is more sig-
nificant. At energies in the vicinity of 17.5 MeV,
(F expt

1 )L decreases sharply to zero (which suggests
that there are no neutrons of multiplicity equal to
unity at high energies); accordingly, (F expt

2 )L = 0.50
at energies in the range between about 17.5 and
20.5 MeV. At high energies, (F expt

2 )L features phys-
ically incorrect (above 0.50) values of about 0.57,
0.56, 0.55, and 0.73. The behavior of the functions
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Fig. 3. Evaluated (closed circles with error bars) and experimental (closed boxes for Saclay data [11] and closed triangles for
Livermore data [12]) cross sections for total and partial photoneutron reactions on 181Ta nuclei: (a) σ(γ, xn), (b) σ(γ, sn), (c)
σ(γ, n), (d) σ(γ, 2n), and (e) σ(γ, 3n).

(F expt
1,2 )L suggests that the cross section σ(γ, n) is

underestimated, while the cross section σ(γ, 2n) is
overestimated.

Figure 2 shows similar data for the 208Pb nu-
cleus [13, 14]. One can clearly see that the functions
(F expt

1,2 )L deviate strongly from the functions F theor
1,2 ,

and the character of these deviations indicates that
the (γ, n) cross section is underestimated, featur-
ing physically incorrect negative values. The (γ, 2n)
cross section is overestimated, leading to physically
unjustifiable values of (F expt

2 )L > 0.50 in the energy
range between about 17 and 23 MeV. At the same
time, the proximity of (F expt

1,2 )S and F theor
1,2 suggests

that, in the region of energies extending up to B3n,
the cross sections σ(γ, n) and σ(γ, 2n) were deter-

mined in Saclay quite reliably. This is not so for

the cross section σ(γ, 3n) since (F expt
3 )S and F theor

3

differ sizably, (F expt
3 )S being very close to the ab-

solute upper boundary (0.33) nearly over the entire
energy range studied experimentally (from about 26
to 37 MeV).

Figures 1 and 2 clearly show that the experi-
mental cross sections for the (γ, n), (γ, 2n), and
(γ, 3n) partial reactions on 181Ta and 208Pb nu-
clei, as well as the respective reactions on 90Zr,
112,114,116,117,118,119,120,122,124Sn, 159Tb, and 197Au
nuclei, which were studied previously in [4, 5, 8–10],
do not meet the proposed objective reliability criteria.
In view of this, the problem of deriving (evaluating)
cross sections for partial reactions under conditions

PHYSICS OF ATOMIC NUCLEI Vol. 76 No. 11 2013
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Table 1. Basic features [center of gravity, Ec.g., and integrated (up to E int = 35.0 MeV) cross section σint] of evaluated
cross sections for total and partial photoneutron reactions on 181Ta nuclei along with Saclay and Livermore experimental
data

Reaction
Ec.g., MeV σint, MeV mb Ec.g., MeV σint, MeV mb Ec.g., MeV σint, MeV mb

Evaluated data Saclay data [11] Livermore data [12]

(γ, xn) 16.7 (1)∗ 4078.2 (9.3)∗ 16.7 (1) 4078.2 (9.3) 16.2 (10) 3068.3 (63.1)

(γ, sn) 15.8 (1) 3021.9 (36.1) 15.8 (1) 3124.3 (30.8) 15.3 (1) 2199.7 (46.3)

(γ, n) 13.9 (1) 1956.3 (31.0) 14.0 (7) 2189.5 (21.5) 13.3 (8) 1315.7 (20.7)

(γ, 2n) 18.4 (1) 958.3 (17.4) 18.3 (1) 797.4 (20.0) 18.3 (1) 887.0 (41.7)

(γ, 3n) 28.4 (1) 107.3 (6.3) 28.5 (3) 137.4 (100)
∗ Cross section used as an input for evaluations and obtained on the basis of Saclay experimental data [11].

free from difficulties in determining the multiplicity of
neutrons comes to be of paramount importance.

3. NEW APPROACH FOR THE EVALUATION
OF CROSS SECTIONS FOR PARTIAL

PHOTONEUTRON REACTIONS
As was indicated in the Introduction, a new

method for evaluating the cross sections for partial
photoneutron reactions was proposed in [4, 5] in
order to sidestep problems associated with exper-
imentally determining neutron multiplicities. The
experimental–theoretical method in question relies
on employing experimental information only about
the neutron yield cross section (1), which is indepen-
dent of problems of neutron multiplicity sorting. The
contributions of partial reactions to the cross section
for the total reaction in question are determined
with the aid of the transition multiplicity functions
F theor

i = σtheor(γ, in)/σtheor(γ, xn) calculated within
a combined preequilibrium model of photonuclear
reactions [6, 7]—specifically, the preequilibrium ex-
citon model relying on the use of Fermi gas nuclear-
level densities and taking into account nuclear-
deformation effects and the isospin splitting of the

Table 2. Ratios of the integrated cross sections σint for
total and partial reactions on 181Ta nuclei according to
calculations performed up to the energy of E int = 25 MeV
on the basis of evaluated data and on the basis of Saclay
and Livermore experimental data

Reaction σint
eval/σint

S [11] σint
eval/σint

L [12]

(γ, xn) 1 1.24 (3813.8/3068.3)

(γ, sn) 0.96 (2867.3/2998.4) 1.30 (2867.3/2199.7)

(γ, n) 0.88 (1922.4/2189.5) 1.46 (1922.4/1315.7)

(γ, 2n) 1.16 (929.1/797.9) 1.05 (929.1/887.0)

respective giant dipole resonance. The evaluated
reaction cross sections are obtained according to the
relation

σeval(γ, in) = F theor
i σexpt(γ, xn). (4)

The competition of the evaluated cross sections for
partial reactions complies with the concepts of the
modern model of photonuclear reactions, while their
sum agrees with the experimental cross section in (1).

3.1. Photodisintegration of 181Ta Nuclei

In Fig. 3, the cross sections evaluated in the way
outlined above for partial reactions on 181Ta nuclei are
compared with experimental data from [11, 12]. In
Fig. 3a, the experimental cross section (1) obtained
according to the Saclay data [11] for the neutron yield
reaction 181Ta(γ, xn) and used as an input for eval-
uations is presented as an evaluated cross section.
Figure 3b gives additionally the total photoneutron
reaction cross sections

σ(γ, sn) = σ(γ, n) + σ(γ, 2n) + σ(γ, 3n) + . . . (5)

obtained by summing evaluated cross section for par-
tial reactions. In Table 1, we present basic features of
all cross sections in Fig. 3 according to calculations
for energy regions extending up to 35 MeV.

A comparison of experimental and evaluated cross
sections for both total and partial reactions is of con-
siderable interest from the point of view of the problem
of reliability of data. Table 2 gives the respective ratios
of integrated cross sections according to calculations
performed up to an energy of Eint = 25 MeV.

The following conclusions can be drawn from
these ratios:

(i) For the (γ, n) cross section, the Saclay da-
ta [11] prove to be overestimated by 12%, while the
Livermore data [12] are underestimated by 46%. This

PHYSICS OF ATOMIC NUCLEI Vol. 76 No. 11 2013
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corresponds to the behavior of the function (F expt
1 )S

(see Fig. 1a).
(ii) For the (γ, 2n) cross section, the Saclay da-

ta [11] prove to be underestimated by 16%, and this
corresponds to the behavior of the function (F expt

2 )S
(see Fig. 1b).

(iii) For the same reaction, the Livermore da-
ta [12] also prove to be underestimated (by 5%),
which, at first glance, does not comply with the be-
havior (see Fig. 1b) of the function (F expt

2 )L (over al-
most the whole energy region studied experimentally,
this function have values close to the absolute upper
boundary of 0.50).

The observed underestimation of the cross section
σ(γ, 2n) calls for a dedicated analysis along with an
analysis of the behavior of the function (F expt

2 )L [12].
Since the relations

σ(γ, sn) = σ(γ, xn) − σ(γ, 2n), (6)

σ(γ, n) = σ(γ, sn) − σ(γ, 2n), (7)

hold for the reactions from Table 2 in the energy
region being considered, it is of particular interest to
trace the variations in the integrated cross section
ratio σint

eval/σ
int
L [12] under study in response to the

transitions (γ, xn) → (γ, sn) → (γ, n), upon which
the fraction of the (γ, n) cross section grows—
2σ(γ, 2n) is added to it in σ(γ, xn), σ(γ, 2n) is added
in σ(γ, sn), and nothing is added in σ(γ, n) (the
respective fraction is 100%).

Its obvious that, if the ratios of the cross sections
for partial reactions in experimental and evaluated
data were close, the ratios σint

eval/σ
int
L would also be

close for all of the reactions considered here. How-
ever, the data in Table 2 clearly show that the greater
the fraction of the cross section for the (γ, n) partial
reaction in the cross section for the total reaction,
the higher the degree to which the latter is under-
estimated (1.24 → 1.30 → 1.46). Upon the subse-
quent transition (γ, n) → (γ, 2n) to the cross section
σ(γ, 2n), in which the fraction of the cross section
σ(γ, n) is naturally equal to zero, the ratio σint

eval/σ
int
L

decreases sharply to 1.05: an experimentally observed
underestimation of the cross section σ(γ, 2n) appears
to be nearly one-tenth as great as the underestimation
of the cross section σ(γ, n). This means that the
physically incorrect behavior of the function (F expt

2 )L
(see Fig. 1b) is due to a very large (46%) underesti-
mation of the number of multilicity-1 neutrons in the
(γ, xn) cross section [denominator of the ratio in (3)]
rather than to unjustifiably associating extra neutrons
of multiplicity 2 with the (γ, 2n) reaction [numerator
in the ratio in (3)]—moreover, there is small (5%)

deficit of such neutrons. The reasons for this are not
clear, but it is the very large, physically unjustifiable,
underestimation of the cross section for the reaction
181Ta(γ, n)180Ta [12] (this underestimation was also
highlighted in discussing Fig. 2a) that is responsible
for a substantial (by 25%) underestimation that was
found in the case of the cross section for the reaction
181Ta(γ, xn) and which is clearly seen in Fig. 3a.

The data in Table 1 show that, in accordance with
the behavior of the function (F expt

3 )S (see Fig. 1c),
there are sizable discrepancies between the evaluated
and experimental (γ, 3n) cross sections.

Since the discrepancies between the evaluated and
experimental (that is, those that were obtained by
means of neutron multiplicity sorting) cross sections
for the respective reactions on 181Ta nuclei are quite
sizable, it is of particular interest to compare those
cross sections with the results of alternative experi-
ments in which a specific reaction is identified without
determining neutron multiplicities. As was indicated
in the Introduction, such an identification can be per-
formed by the final-state nucleus within the induced-
activity method. Unfortunately, there are rather many
cases in which this method is unapplicable since the
radioactive decay of the final-state nucleus should
have features appropriate for performing respective
measurements, but, in the case of the 181Ta nucleus,
it is possible to perform the alternative experiments in
question.

The required investigations of this type were per-
formed in [15] at the racetrack microtron of the Insti-
tute of Nuclear Physics (Moscow State University) at
maximum electron energy of 67.7 MeV (this is a new
generation electron accelerator). A high quality of
the electron beam employed, the use of a high-purity
germanium detector in order to record photons, and
the application of updated software to processing the
experimental energy spectra of photons made it pos-
sible to perform a high-precision comparative inves-
tigation of partial reactions leading to the production
of one [in the reaction 181Ta(γ, n)180Ta] to seven [in
the reaction 181Ta(γ, 7n)174Ta] neutrons. The quality
of those experiments was so high that it permitted
observing and quantitatively studying processes in
which final nuclei of various reactions arose not only
in the ground state but also in isomeric states—for
example, the isotopes 178g,mTa originating from the
reaction 181Ta(γ, 3n)178Ta.

In Table 3, the results of the experiment reported
in [15] and performed by the induced-activity method
are compared with the results of the experiments
under discussion, which were performed with the aid
of the method of sorting photoneutrons in multi-
plicity in Saclay [11] and in Livermore [12], as well
as against our data evaluated on the basis of the

PHYSICS OF ATOMIC NUCLEI Vol. 76 No. 11 2013
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Table 3. Results of experiments performed for the 181Ta nucleus with the aid of induced-activity and neutron-sorting (in
multiplicity) methods along with data evaluated for the respective (γ, 2n) and (γ, n) reactions

Cross-
section and
yield ratios

Experiment Evaluation

Saclay [11] Livermore [12] Induced activity [15] Our present study

σ(γ, 2n)/σ(γ, n) 0.36 (797.4/2189.5) 0.67 (887.0/1315.7) 0.49 (958.3/1956.3)

Y (γ, 2n)/Y (γ, n) 0.24 0.42 0.34 ± 0.07 0.33∗

σ(γ, 3n)/σ(γ, n) 0.063 (137.4/2189.5) 0.055 (107.3/1956.3)

Y (γ, 3n)/Y (γ, n) 0.02 0.023–0.025∗∗ 0.018∗

∗ Yield ratios evaluated in our study for the respective reactions on the basis of their cross sections.
∗∗ Total yield of the reaction 181Ta(γ, 3n)178Ta leading to the production of the final nucleus in the ground state and in the isomeric
state.

new experimental–theoretical approach. The data
from [15] are presented for the ratios of the (γ, 2n) and
(γ, n) yields defined as the convolution of the (γ, 2n)
and (γ, n) cross sections with the respective photon
spectra. The data given in Table 3 on the relative
yields of the (γ, 2n) and (γ, n) partial reactions, as
well as on the relative yields of the the (γ, 3n) and
(γ, n) partial reactions, make it possible to draw the
following conclusions:

(i) The yield ratio (0.33) obtained on the basis
of evaluated data for the (γ, n) and (γ, 2n) partial
reactions on 181Ta nuclei agrees well with the ratio
(0.34) deduced from the results of the experiment
reported in [15] and performed by the induced-activity
method—that is, a method free from the flaws in
experimental methods of photoneutron multiplicity
sorting.

(ii) The yield ratio Y (γ, 2n)/Y (γ, n) obtained on
the basis of Saclay data (0.24) is substantially smaller
than the experimental and evaluated results (0.34
and 0.33, respectively); this indicates that the Saclay
data on the yield of the reaction 181Ta(γ, 2n)179Ta
are substantially underestimated, while the data on
the cross section for the reaction 181Ta(γ, n)180Ta are
overestimated.

(iii) The yield ratio Y (γ, 2n)/Y (γ, n) obtained on
the basis of the Livermore data (0.42) is substan-
tially greater than the experimental and evaluated
results (0.34 and 0.33, respectively), the evaluated
and experimental cross sections for the reaction
181Ta(γ, 2n)179Ta being relatively close (within 6%—
see Table 3); this indicates that the experimental
cross section for the reaction 181Ta(γ, n)180Ta is
substantially underrated (by 25%), which is also
reflected in the underestimation of the 181Ta(γ, xn)
total neutron yield.

(iv) The yield ratio Y (γ, 3n)/Y (γ, n) deduced from
the Saclay data proves to be close both to the evalu-
ated result and to data from the experiment performed
by the induced-activity method, and this is indicative
of quite a satisfactory separation of multiplicity-2 and
multiplicity-3 neutrons in the cross section for the
reaction 181Ta(γ, 3n)178Ta in the experiment reported
in [11]. The results there are unsatisfactory only in the
energy range between about 22 and 24 MeV, where
the experimental cross section contains physically
incorrect negative values.

It is noteworthy that the evaluated data on the
cross section for the reaction 181Ta(γ, 2n)179Ta also
comply with the results deduced previously in [1, 2]
from a simultaneous analysis of Saclay [11] and Liv-
ermore [12] data on the photodisintegration of 181Ta
nuclei and with the results obtained by studying the
(e, xn), (e, n), and (e, 2n) reactions on these nuclei, in
which case the (e, xn) cross section was determined
by counting the number of emitted neutrons, while
the (e, n) cross section was measured by the induced-
activity method. After the respective normalization of
the experimental cross sections σ(e, xn) and σ(e, n),
the cross section for the reaction 181Ta(e, 2n) was
obtained by using the obvious relation

σ(e, 2n) =
1
2
(σ(e, xn) − σ(e, n)). (8)

It was found that, although a comparison of data on
the absolute values of the cross sections σ(e, 2n) and
σ(γ, 2n) was impossible, the Livermore data [12] on
the cross section σ(γ, 2n) are quite consistent with
the results of the independent alternative experiment,
while the respective Saclay data from [11] prove to be
substantially underestimated.

Thus, the investigations performed for the 181Ta
nucleus suggest the following:
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Table 4. Integrated cross sections according to evaluated data on the total and partial photoneutron reactions on 208Pb
nuclei along with Livermore and Saclay experimental data

E int = B2n = 14.1 MeV E int = B3n = 23.2 MeV E int = 40.0 MeV

(γ, xn)

Evaluation∗ 1811.1 (15.4) 3820.8 (41.6) 4592.9 (55.0)

Saclay [13] 1811.1 (15.4) 3820.8 (41.6) 4592.9 (55.0)

Livermore [14] 1432.9 (11.8) 3186.7 (47.5) 3581.6 (74.9)

(γ, sn)

Evaluation 1791.8 (11.1) 3270.9 (16.4) 3663.1 (25.8)

Saclay [13] 1811.1 (11.3) 3299.4 (29.3) 3587.8 (32.5)

Livermore [14] 1431.0 (12.1) 2508.2 (36.9) 2671.8 (55.0)

(γ, n)

Evaluation 1791.4 (11.2) 2699.6 (13.2) 2774.7 (13.2)

Saclay [13] 1810.7 (12.0) 2817.1 (41.6) 2875.6 (55.9)

Livermore [14] 1432.3 (9.2) 1922.0 (57.9) 1960.5 (89.6)

(γ, 2n)

Evaluation 571.2 (7.7) 714.5 (10.8)

Saclay [13] 530.0 (18.2) 615.7 (33.0)

Livermore [14] 670.9 (32.0) 860.9 (49.3)

(γ, 3n)

Evaluation 165.5 (13.9)

Saclay [13] 197.2 (13.8)

Livermore [14]
∗ Saclay experimental data [13] used as inputs for evaluations.

(i) The cross section obtained for the reaction
181Ta(γ, n)180Ta in the Saclay experiment [11] is sub-
stantially overestimated (by 12%), while the respec-
tive cross section for the reaction 181Ta(γ, 2n)179Ta is
substantially underestimated (by 16%) with respect
to the evaluated data; therefore, neither is reliable.

(ii) The cross section obtained for the reaction
181Ta(γ, n)180Ta in the Livermore experiment [12] is
substantially underestimated (by 46%), while the re-
spective cross section for the reaction
181Ta(γ, 2n)179Ta is also somewhat underestimated
(by 5%) with respect to the evaluated data; therefore,
neither is reliable.

Our investigations give sufficient grounds to con-
clude that the evaluated cross sections for the (γ, n),
(γ, 2n), and (γ, 3n) reactions on 181Ta nuclei are not
consistent with the results of the experiments that
employed the method of neutron multiplicity sorting
[11, 12], but that they agree with the results of var-
ious experiments [2, 15] that employed the induced-
activity method.

3.2. Photodisintegration of the 208Pb Nucleus

The results obtained for the 181Ta nucleus aggra-
vate substantially the problem of reliability of experi-
mental data. These results suggest that, in contrast
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Fig. 4. As in Fig. 3, but for the 208Pb nucleus. The closed boxes and triangles represent, respectively, the Saclay [13] and
Livermore [14] experimental data.

to many cases studied previously in [4, 5, 8–10],
a physically unjustifiable behavior of the multiplicity
function obtained on the basis of the Livermore data
(F2 � 0.50) is due to a very strong (46%) under-
estimation of the number of multiplicity-1 neutrons
rather than to an overestimation of the number of
multiplicity-2 neutrons (moreover, there is a modest
underestimation of 5% here).

The behavior of the functions F1,2 (see Figs. 2a
and 2b) indicate that data on the photodisintegration
of 208Pb nuclei aggravate still further the problem of
studying the reliability of neutron multiplicity sorting
since these data do not fit in the the picture that
combines the cases that were studied previously—the

overestimation (underestimation) of the cross sec-
tions σ(γ, n) and the underestimation (overestima-
tion) of the cross sections σ(γ, 2n) in the Saclay
(Livermore) experiments.

Figures 4c and 4d and Table 4 give a clear idea of
how well the Saclay experimental cross sections [13]
agree with the evaluated data on the respective (γ, n)
and (γ, 2n) reactions and of how strongly the Liver-
more experimental cross sections [14] deviate from
these evaluated data. In accordance with the behavior
of the function F3 (see Fig. 2c), the evaluated (γ, 3n)
cross section is substantially smaller than the Saclay
experimental cross section [13].
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4. POSSIBLE REASONS FOR THE
DISTORTION OF INFORMATION ABOUT

CROSS SECTIONS FOR PARTIAL
PHOTONEUTRON REACTIONS

IN EXPERIMENTS THAT EMPLOY THE
SORTING OF NEUTRONS IN MULTIPLICITY

The results obtained by studying cross sections
for partial photoneutron reactions on 90Zr, 115In,
112,114,116,117,118,119,120,122,124Sn, 159Tb, 181Ta, 197Au
and 208Pb nuclei are indicative of the following:

(i) For all nuclei with the exception of 208Pb, the
cross sections measured for the (γ, n) and (γ, 2n)
reactions in the Saclay experiments are, respectively,
overestimated and underestimated, which complies
with the behavior of the functions F1,2,3. For 208Pb,
a reliable relationship of the cross sections for partial
reactions is observed.

(ii) For all nuclei with the exception of 181Ta, the
cross sections measured for the (γ, 2n) and (γ, n) re-
actions in the Livermore experiments prove to be, re-
spectively, overestimated and underestimated, which
complies with the behavior of the respective functions
F1,2,3. For 181Ta, a modest (5%) underestimation of
the (γ, 2n) cross section and a very strong (46%) un-
derestimation of the (γ, n) cross section are observed
simultaneously.

Both in the Saclay and in the Livermore exper-
iments, the multiplicity of neutrons was determined
from their kinetic energy on the basis of the assump-
tion that both of neutrons in the 2n channel have
energies smaller that one neutron in the 1n channel,
but the number of low-energy neutrons proved to be
underestimated in the Saclay experiment and, on the
contrary, overestimated in the Livermore experiment.
Such discrepancies ought to be associated with a
means for detecting neutrons of different energies.

In the Saclay experiment, use was made of a large
liquid scintillator enriched in gadolinium. Since the
production of two neutrons in (γ, 2n) reactions occurs
within a characteristic short nuclear time, there is the
possibility in the case on an insufficient time resolu-
tion of the setup used that weak signals overlap each
other, which must obviously lead to underrating the
contribution of the 2n channel.

The Livermore experiments relied on the ring-ratio
method (concentric counter rings in a paraffin moder-
ator): low-energy neutrons originating from a (γ, 2n)
reaction must have time to be moderated to the ther-
mal energy of capture by a BF3 counter on their
path to the inner ring, while high-energy neutrons
originating from the reaction (γ, n) must traverse this
ring and undergo moderation on their path to the
outer ring. Since, however, it is not mandatory that
the path of a fast neutron is rectilinear, such a neutron
could return to the inner ring upon traveling along a

curvilinear trajectory, and this would obviously lead to
overestimating the contribution of the 2n channel.

An individual character of the discrepancies be-
ing discussed [4, 5, 8–10] suggests that the neu-
tron multiplicity is determined differently at different
neutron energies. Investigations performed for the
181Ta nucleus in [15] revealed that, in the photodis-
integration of this nucleus at the photon energy of
25 MeV, the first neutron from the respective (γ, 2n)
reaction has a mean energy of about 4 MeV, while
the second neutron has an energy of about 1.4 MeV.
At a similar hierarchy of the energies of the first
and second neutrons from the respective (γ, 3n) re-
action, the energy of the second neutron proves to
be substantially higher than the energy of the third
neutron. In addition, it should be noted that the
same nucleus is formed in the (γ, n) reaction after
the emission of a single neutron and in the (γ, 2n)
and (γ, 3n) reactions after the emission of the first
neutron. Moreover, the same nucleus is produced in
the (γ, np) reaction, whose role was not considered in
the experiments being discussed. Thus, we have seen
that in determining the multiplicity of a neutron, the
relation between this multiplicity and the measured
kinetic energy of the neutron being considered may
be substantially more intricate than that which was
assumed in performing the experiments under discus-
sion.

5. CONCLUSIONS

Our objective-criterion-based investigation of
the reliability of experimental data obtained in the
Saclay and Livermore experiments for cross sections
describing partial photoneutron reactions on 90Zr,
115In, 112,114,116,117,118,119,120,122,124Sn, 159Tb, 181Ta,
197Au, and 208Pb nuclei has led to the following
conclusions:

(i) Systematic discrepancies between data ob-
tained by using different methods for neutron mul-
tiplicity sorting are associated with special features
of the methods used to measure the kinetic energy of
neutrons.

(ii) The main reason behind the aforementioned
discrepancies between the results of the different ex-
periments surveyed above is seated in the intricate
relationship between the multiplicity of neutrons and
their measured kinetic energy. In view of this, the
degree of the discrepancies being discussed become
dependent on individual features of the spectra of
neutrons from the reactions under study.

(iii) Almost all of the cases of experimental neutron
multiplicity sorting that were studied above show that
this sorting was physically incorrect. Therefore, the
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data obtained in this way for partial-photoneutron-
reaction cross sections should be revisited and rean-
alyzed.

(iv) The proposed experimental–theoretical
method for evaluating cross sections for partial re-
actions on the basis of simultaneously employing
the (γ, xn) neutron yield cross section and relations
of the combined photoneutron-reaction model gives
results that disagree with data deduced with aid of
photoneutron sorting in multiplicity but agree with
data obtained by the induced activity method.

(v) A reliable experimental determination of cross
sections for partial photonuclear reactions requires
employing alternative direct methods for identifying
these reactions—first of all, methods for detecting
emitted neutrons in the coincidence mode and the
method of induced activity of a final-state nucleus.
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