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We treat generic physical features of the production of neutrons from the high-atomic-number
materials irradiated by the electron beam provided by the linear electron accelerator. The bremsstrah-
lung of incident electrons inducing the photonuclear reactions is considered. The experimental data
on photonuclear reactions are utilized to describe neutrons generating caused by the γ-radiation
absorption. The generally received theoretical approaches are applied to explore the photoneutrons
energy distribution. The produced neutrons are primarily statistical, yet the direct neutrons share is
noteworthy as well. The dependence of the neutron spectrum, mean neutron energy, and total neutron
yield on the energy and current of the electron beam and on the characteristics of irradiated samples
is investigated. The analysis is plainly carried out in the framework of the quantum electrodynamics
and photonuclear physics, without having any recourse to the ®numerical Monte-Carlo simulations¯.
Our ˇndings prove mainly to conform satisfactorily to the experimental measurements, so far as those
are available for now.

ˆ¸¸²¥¤ÊÕÉ¸Ö μ¸´μ¢´Ò¥ Ë¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¶·μÍ¥¸¸  ¶μ²ÊÎ¥´¨Ö ´¥°É·μ´μ¢ ¶μ¸·¥¤-
¸É¢μ³ μ¡²ÊÎ¥´¨Ö ¶μÉμ±μ³ Ô²¥±É·μ´μ¢ ³ É¥·¨ ²μ¢ ¸ ¡μ²ÓÏ¨³¨  Éμ³´Ò³¨ ´μ³¥· ³¨. � ¸¸³μÉ·¥´μ
Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´μ¢, ±μÉμ·μ¥ ¶·μ¨§¢μ¤¨É ËμÉμÖ¤¥·´Ò¥ ·¥ ±Í¨¨. �±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨°, ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö μ¶¨¸ ´¨Ö
¢ÒÌμ¤  ´¥°É·μ´μ¢ ¶·¨ ¶μ£²μÐ¥´¨¨ γ-¨§²ÊÎ¥´¨Ö Ö¤· ³¨. � ¸¶·¥¤¥²¥´¨¥ ËμÉμ´¥°É·μ´μ¢ ¶μ Ô´¥·-
£¨Ö³ ¨¸¸²¥¤Ê¥É¸Ö ´  μ¸´μ¢¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²¥°. �¥°É·μ´Ò, ¸É É¨¸É¨Î¥¸±¨
· ¸¶·¥¤¥²¥´´Ò¥ ¶μ Ô´¥·£¨¨, ¸μ¸É ¢²ÖÕÉ μ¸´μ¢´ÊÕ Î ¸ÉÓ ¢¸¥Ì ¶μ²ÊÎ ¥³ÒÌ ´¥°É·μ´μ¢, ¤μ²Ö ¶·Ö-
³ÒÌ ´¥°É·μ´μ¢ É ±¦¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ · ¸Î¥É Ì. ‘¶¥±É· ´¥°É·μ´μ¢, ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¨ ¶μ²´Ò°
¢ÒÌμ¤ ´¥°É·μ´μ¢ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ¨ Éμ±  Ô²¥±É·μ´μ¢ ¨ μÉ Ì · ±É¥·¨¸É¨±
μ¡²ÊÎ ¥³ÒÌ μ¡· §Íμ¢. ˆ¸¸²¥¤μ¢ ´¨¥ ¢Ò¶μ²´¥´μ ¡¥§ μ¡· Ð¥´¨Ö ± ®Î¨¸²¥´´μ³Ê ³μ¤¥²¨·μ¢ ´¨Õ
Œμ´É¥-Š ·²μ¯. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨§³¥·¥´¨°.

PACS: 29.25.Dz; 28.20.Gd

INTRODUCTION

Nowadays, the e-linac-based neutron sources ˇnd applications in a variety
of ˇelds of science, technology, medicine, etc. These facilities are inherently
compact, economical, reliable, easy to handle, less hazardous in nature, and most
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suitable for applications such as neutron capture and ˇssion cross-section studies,
radioisotope production and basic neutron-scattering experiments for material-
science studies, etc. [1]. For recent years, the special interest was focused on the
investigations with fast, nonmoderated neutrons.

The primary generic performances of considered sources are the total neu-
tron 	ux and neutron energy distribution, treated in the work presented. Being of
general value by itself, the knowledge of neutron spectrum is essential in treating
the nuclear reactions (n, n′γ), (n, γ), (n, xn), (n, fission), as their cross-sections
substantially depend on neutron energy, and the thresholds of these reactions
actually constitute � 1 MeV. Study of these processes in medium is needful to
design and construct the fusion reactors, hybrid reactors, transmutation assemblies
and, especially, the Accelerator Driven Systems harnessing the energy of nuclear
reactions in an uranium bulk. The recent investigations concerning the Reactor
Accelerator Coupling Experiments and the Coupling of Subcritical Assembly with
neutron sources [2] prove that the e-linac-based neutron sources can serve as a
practicable alternative to the spallation neutron sources. Although the process of
conversion of an electron beam via bremsstrahlung and photoneutron production
is not very efˇcient in neutron generating as compared to the spallation neutron
process, however, the reliability, low cost, compactness and ease of operation
make the e-linac-driven neutron sources as a viable alternative. Beyond all ques-
tions, these promising explorations require the neutron spectrum to be acquired,
that is what our work is aimed at.

Of course, besides the neutron spectra, other aspects are to be considered in
planning and performing actual experiments at certain facilities: pulse repetition,
pulse length, number of neutrons per burst, heat deposition in radiator and its
cooling, radiation safety, etc., which can vary from measurement to measurement.
These aspects, though extremely important, call for special treatment, and are
beyond the scope of the study presented.

First, we consider in Sec. 1 the absorption of the bremsstrahlung induced by
an initial electron beam, which causes the photoneutron production. In Secs. 2 and
3, we analyze the photoneutron production by absorbing γ rays with the energy
Eγ within the giant resonance range, Sec. 2, and with Eγ beyond that energy area,
Sec. 3. In the last Sec. 4, we discuss the outcome of computations and correlate
our ˇndings with the results of other investigations available for now.

1. THE PHOTONEUTRON PRODUCTION
BY THE BREMSSTRAHLUNG FLUX

At e-linac-driven neutron sources, neutrons are produced through the pho-
tonuclear reactions caused by the bremsstrahlung of electrons interacting with
high-Z nuclei of an irradiated sample.
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Fig. 1. The scheme of neutron yield by an
electron beam

An electron beam, with a given
electron energy Ee and current den-
sity Je(t) [A/cm2] (generally speak-
ing, time-dependent), travels through
an irradiated sample (see Fig. 1), that
is prepared of a proper heavy ele-
ment AS(ZS , NS), such as W, U, Pb,
Ta, etc. The bremsstrahlung is thereby
induced with the current density

JSγ(Eγ) =
Nγ(Eγ)

s · cm2 · MeV
, (1.1)

expressed in terms of the photon num-
ber Nγ(Eγ) with the energy Eγ=|k|=
k, per 1 cm2, 1 s, 1 MeV. In turn,
that γ-ray 	ux, interacting with nuclei
AS(NS , ZS) of the sample (see Fig. 1),
induces the photonuclear reactions

γ + AS(ZS , NS) =⇒ A′
S(ZS , NS − 1) + n, (1.2)

γ + AS(ZS , NS) =⇒ A′
S(ZS − 1, NS − 1) + n + p, (1.3)

γ + AS(ZS , NS) =⇒ A′
S(ZS , NS − 2) + 2n, (1.4)

. . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

γ + AS(ZS , NS) =⇒ ˇssion fragments + νγnF ˇssion neutrons, (1.5)

where νγnF stands for multiplicity of the neutrons accompanying the photo-
ˇssion. Hereinafter, the index S designates the sort of material of irradiated
sample, S = U, Ta, Pb, . . . In the ordinary way, all the evaluations we make in
the work are of the lowest α-order, and we abandon contributions from all the
high α-order processes. The direct nuclear reactions induced by electrons are left
out as well. The direct production of neutrons by electrons is about two orders
of magnitude smaller than the neutron production by high-energy photons.

Certainly, the processes (1.2)Ä(1.5) can only be realized, when the energy
Eγ of γ radiation is greater than the neutron binding energy Bn and the ˇs-
sion threshold energy BF of a considered nucleus AS(ZS , NS), Eγ > Bn, BF .
Actually, these processes will successfully run provided Eγ is of the order of,
and comes over the energy EGR of giant resonance in the photonuclear reac-
tions on respective nuclei, Eγ � EGR(Z, N) ∼ 10−17 MeV. As a matter of
course, an electron must have got the energy Ee > Eγ in order to give birth
to the bremsstrahlung with the required energy Eγ . Thus, only the processes
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involving the electron and photon energies

Eγ , Ee � EGR (1.6)

are to be taken into consideration and explored, which is the key point of our
treatment. Next, we limit the current study by the condition

Ee � 100 MeV (1.7)

as well. From the very ˇrst, it is to emphasize that we perform our calcula-
tions plainly in the framework of the quantum electrodynamics and photonuclear
physics, without any resort to the widely to-day utilized ®numerical Monte-Carlo
simulation¯. The relations (1.6), (1.7) govern all the presented calculations, spec-
ifying the energy area where our consideration holds true. Thus, we are not
in need of entire description of the electronÄphoton cascade setup in an irradi-
ated sample, as the particles participating therein would mostly have got energies
beyond the key restriction (1.6) (see [3]). Then, upon carrying out the straight-
forward calculation, we obtain the bremsstrahlung 	ux at a distance y from the
initial edge of sample,

JSγ(k, Ee, ZS, ρS , t; y) =

= Je(t)NS

y∫
0

dx
dσSb(k, Ee(x, E))

dk
exp

(
− y − x

lS(ZS ,NS , ρS , k)

)
. (1.8)

Here
dσSb(k, Ee(x, E))

dk
stands for the cross-section of bremsstrahlung of an elec-

tron with the energy Ee(x, E) at a distance x from the starting edge of sample,
see [4Ä8]. The exponent in Eq. (1.8) describes the γ-	ux decrease in passing a
distance (y−x), see Fig. 1. The γ-ray absorption lengths, lS(k), are found, for in-
stance, in [4Ä6,9]. For a given electron initial energy Ee(0) = E, the dependence
Ee(x, E) was obtained in [3] in terms of the irradiated sample characteristics. In
expression (1.8), the number NS of scattering atoms of converter in 1 cm3 is

NS =
ρS · 6.022 · 1023

AS
, (1.9)

where ρS is the density of sample material, and AS is its atomic weight.
As plain evaluation proves, the quantity JSγ(k, Ee, ZS, ρS , t; y) (1.8) ˇrstly

increases with y growth, gets its maximum at ymax(Ee), and then falls down,
tending to zero. In Fig. 2, we display k dependence of the γ 	ux (1.8) at the
distances ymax at which JSγ(k, Ee, ZS , ρS , t; y) gets its maximum for a given
initial electron energy Ee = Ee(0).

Our purpose is to explore the energy and angular distribution of the neutron
	ux caused by the reactions (1.2)Ä(1.5). We calculate a number of neutrons,
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Fig. 2. The dashed curves represent the k-dependence of the γ 	ux (1.8) JUγ(k; y) at
y = ymax (cm), where this quantity JUγ(k; y) gets its maximum for different initial
energies Ee (MeV); the initial electron current density Je = 1 mA/cm2. The values
of ymax and Ee are plotted along the corresponding curves. The solid curves represent
k-dependence of the uranium photoabsorption cross-sections. The curves tagged by γ1n,
γ2n, γF stand for the σUγ1n(k), σUγ2n(k), σUγF (k) cross-sections, respectively

emitted within a solid angle dΩ = sin θ dθ dϕ, with a given energy ε, produced
per a unit of time, from a homogeneous sample of the longitudinal size RS (see
Fig. 1), irradiated by the γ 	ux (1.8), that, in turn, is produced by the primary
electron beam with the initial energy Ee(0) and current density Je. For the
sample transverse area equal to 1 cm2, this distribution proves to be written as
follows:

ΦS(ε, θ, Ee(0), Je, RS ; t) =
d2nS(ε, θ, Ee(0), Je, RS ; t)

dε dΩ
=

= NS

RS∫
0

dy

∞∫
0

dk JSγ(k, Ee, ZS , ρS , t; y)×

×
( ∑

j=1,2,...

jσSγjn(k)
d2nSγjn(k, ε, θ)

dε dΩ
+σSγF (k)νSγnF (k)

d2nSγF (k, ε, θ)
dε dΩ

)
,

(1.10)
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in terms of the cross-sections

σSγ1n(k) + σSγnp, σSγ2n(k), . . . , σSγF (k) (1.11)

of the photoabsorption reactions (1.2)Ä(1.5), and in terms of the distribution of
the neutrons produced in each of these reactions,

d2nSγ1n(k, ε, θ)
dε dΩ

,
d2nSγ2n(k, ε, θ)

dε dΩ
, . . .

d2nSγF (k, ε, θ)
dε dΩ

. (1.12)

In the expression (1.10), the sum runs over the number of emitted photoneutrons
j, which is apparently restricted by the ordinary condition k = Eγ > BSjn, BSF,
the threshold energies of the photonuclear reactions (1.2)Ä(1.5). The neutron
emission angle θ is reckoned from the γ-	ux direction that coincides with the
direction of primary electron beam, as a matter of fact. Further, in Sec. 4, we
shall mostly deal with the quantity (1.10) integrated over the total 4π solid angle,

YS(ε, Ee, Je, RS ; t) =
dnS(ε, Ee, Je, ; t)

dε
=

∫
dΩ Φ(ε, θ, Ee(0), Je, RS ; t),

(1.13)
that is the energy distribution of neutrons emitted in 4π solid angle per a unit of
energy, per a unit of time.

The quantities (1.12) are normalized so that∫
dε

∫
dΩ

d2nSγ1n,Sγ2n,SγF (k, ε, θ)
dε dΩ

= 1. (1.14)

They differ evidently from one another. The distributions (1.10), (1.13) depend
on the sum of the products of each cross-section (1.11) and each respective
distribution (1.12), unlike the total neutron yield

YS(Ee, Je, RS ; t) =
∫

dε

∫
dΩ Φ(ε, θ, Ee(0), Je, RS ; t), (1.15)

determined just by the sum

σSγ1n(k) + σSγnp(k) + 2σSγ2n(k) + . . . + νSγnF σSγF (k), (1.16)

immediately measured in experiments. The mean energy of neutrons is ordinarily
deˇned through YS(ε, Ee, Je, RS ; t), YS(Ee, Je, RS ; t),

ε̄S(Ee, Je, RS) =
∫

ε dε
YS(ε, Ee, Je, RS ; t)
YS(Ee, Je, RS ; t)

. (1.17)

For the further discussion we also deˇne the yield of neutrons with the
energies ε greater than a given energy εmin,

ỸS(εmin, Ee, Je, RS ; t) =

∞∫
εmin

dε YS(ε, Ee, Je, RS ; t). (1.18)
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The photoabsorption cross-sections (1.11) were thoroughly measured in var-
ious experiments, and the reliable theoretical approaches were elaborated to de-
scribe the photoneutron distributions (1.12). It is instructive to split the total
calculated quantity (1.10) into two parts,

ΦS(ε, θ, Ee(0), Je, RS ; t) = ΦS k<k̄(ε, θ, Ee(0), Je, RS ; t)+
+ ΦS k<k̄(ε, θ, Ee(0), Je, RS ; t). (1.19)

The ˇrst one, ΦS k<k̄ , is the contribution to the total distribution ΦS (1.10) from
the integration over the absorbed photon energy k � k̄, k̄ ∼ 20 MeV. The second
one, ΦS k>k̄, is due to the integration over the large absorbed photon energy,
k � k̄. These two contributions call for rather different treatments, which is
explicated in the next sections.

2. THE GIANT-RESONANCE PHOTONEUTRONS

In this section, we treat the primary part, ΦS k<k̄, of the general expres-
sion (1.10), that results from integration over the photon energy k � k̄,
k̄ ∼ 20 MeV,

ΦS k<k̄(ε, θ, Ee(0), Je, RS ; t) = Je(t)N 2
S

RS∫
0

dx

k̄∫
0

dk
dσSb(k, Ee(x, E))

dk
×

×
[
1 − exp

(
x − RS

lS(k)

)]
lS(k)×

×
( ∑

j=1,2,...

jσSγjn(k)
d2nSγjn(k, ε, θ)

dε dΩ
+σSγF (k) νSγnF (k)

d2nSγF (k, ε, θ)
dε dΩ

)
.

(2.1)

The absorption of photons with energies Eγ � 20 MeV by heavy nuclei
results in the giant resonance (GR) nuclear excitation. As the energy of an
absorbed photon Eγ � 20 MeV < B3n, i.e., the energy of the three neutrons
emission threshold, the sum over j in ΦS k<k̄ (2.1) contains only two terms with
j = 1, 2.

In our calculations, we utilize the respective experimentally measured cross-
sections (1.11) of the photoabsorption by uranium [10], by tantalum [11], and by
lead [12] nuclei. For example, the cross-sections σUγ1n(k), σUγ2n(k), σUγF (k)
are displayed in Fig. 2, along with the γ 	ux (1.8) to induce nuclear excitations.
As understood at once, the main contribution to neutron production comes from
the area of GR, i.e., from the Eγ area, where these photoabsorption cross-sections
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and the γ 	ux Jγ (1.8) overlap best of all. Now we are to acquire the photoneutron
distributions (1.12) associated with each photoabsorption reaction. A lot of ex-
periments on the energy and angular distribution of the GR photoneutrons proves
that γ rays mostly produce the statistical neutrons, though there exists a small,
yet discernible, fraction χ(k) of nonstatistical, ®direct¯ neutrons as well (see, for
instance, [13]), which shows up to be substantial at high photoneutrons energies,
ε � 3 MeV. As is generally received for the reactions with Eγ ∼ EGR [14], a
nucleus remaining after direct neutron emission would never emit an additional
neutron, yet the remainder of excitation energy is released as γ rays. Thus, in the
GR energy area, no nonstatistical, fast neutrons are produced in the process (1.4).

The spectrum of statistical neutrons in the processes (1.2), (1.3), where a
single neutron is emitted, can best be described by the Weisskopf statistical
model [10,14Ä17],

dnst
γ1n(ε, k, Z, N)

dε
= ε exp

[
2
√

a(Z, N − 1)(k − B1n − ε)
]
×

× Θ(k − B1n − ε)Θ(ε − k + B2n)
1

Nγ1n(k)
, (2.2)

with the key suggestion that the second neutron would be always emitted whenever
its emission were energetically possible [10, 14Ä17]. Here ε = En − mn is the
neutron kinetic energy; B1n(Z, N), B2n(Z, N) are the thresholds of the reactions
(γ, 1n) and (γ, 2n), respectively, and a(Z, N − 1) stands for the nuclear level
density parameter. In the calculations what follow, we utilize the a(Z, N) values
that are given in [18]. The normalization factor Nγ1n(k) is determined by the
standard condition

∞∫
0

dε
dnst

γ1n(ε, k, Z, N)
dε

= 1. (2.3)

In our treatment, we pursue the common suggestion that the cross-section of
the inverse process σinv(ε), i.e., the cross-section of formation of a compound
nucleus by neutron capture in the residual nucleus, is constant within the treated
energy area [10, 14, 19, 20]. An optical model calculation could be made to
allow for the energy dependence of σinv(ε), see, for instance, [19,20], but in the
present treatment this would not felt to be justiˇed. As a matter of course, the
contribution from statistical, evaporation neutrons, with the energy spectrum (2.2),
to the distribution ΦS k<k̄ (2.1) is angular isotropic,

(
σSγn(k) + σSγnp(k)

)dnst
γ1n (ε, k,a(Z, N))

dε · 4π
(1 − χ(k)). (2.4)

As is known, the statistical model fails to account completely for the observed
photoneutrons energy and angular distribution [13]. The fraction χ(k) of the pre-
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equilibrium, resonant-direct neutrons increases with the photon-energy Eγ growth,
and one can infer from the ˇndings of [17] that the linear relationship

χ(Eγ) ≈ 0.05Θ(Eγ − B1n(Z, N) − 2.5)(Eγ − B1n(Z, N) − 2.5) (2.5)

holds to estimate the χ(Eγ) value within the GR photon-energy range. Yet, when
χ (2.5) comes over 0.25, the value χ = 0.25 will be set. All the energies are
here implied to be given in MeV. So, there are no nonstatistical neutrons at Eγ −
B1n(Z, N) < 2.5 MeV, and at Eγ ∼ EGR the evaporation neutrons constitute
about 0.75 of all the neutrons emitted. As was observed from [10, 15Ä17], the
direct neutron spectra from heavy nuclei have peaks appreciably lower than the
value of ε ≈ Eγ − B1n(Z, N). As one infers from [10, 15Ä17], the resulting
spectrum of nonstatistical, ®direct¯ photoneutrons can safely be assumed to be
constant between the values (Eγ−B1n(Z, N)) and D(Eγ−B1n(Z, N)) of energy
of a neutron, where D is a constant, D < 1. The direct neutron intensity is
assumed to be negligible at the smaller neutron energies. Consequently, we
choose to approximate the direct neutron spectrum by the expression

dnd
Sγn(ε, Eγ)

dε
=

1
1 −D

1∫
D

dη δ(ε − η(Eγ − B1n(Z, N))). (2.6)

Apparently, this �-shaped-function tends to δ(ε−Eγ +B1n(Z, N)) when D → 1,
and the standard normalization holds

∞∫
0

dε
dnd

Sγn(ε, Eγ)
dε

= 1. (2.7)

As was ascertained in [17], the value D = 0.4 is preferable to describe the
nonstatistical neutron production from deformed nuclei (alike U, W, Ta), whereas
D = 0.7 ought to be utilized in treating undeformed nuclei (alike Pb). Dependence
of the computed neutron distribution on the D value will be treated further
in Sec. 4.

As a dipole state is primarily excited by the γ-rays absorption, the angular
distribution of pre-equilibrium, resonant-direct neutrons proves to be of the form
1 + C(ε) sin2(θ) [13]. From the data presented in [17], one can derive the
plausible estimations: C(ε) = 0 at ε < e = 2.5 MeV, and

C(ε) =

⎧⎨
⎩

(ε − e)a
(b − e)

, ε < b

a, ε > b

⎫⎬
⎭ ,

with a = 0.2 MeV, b = 5 MeV for deformed nuclei, and a = 0.8 MeV, b =
7.5 MeV for undeformed ones. So, the properly normalized contribution to the
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neutron distribution (2.1) from direct neutrons results in the form

(
σSγn(k) + σSγnp(k)

)dnd
Sγn(ε, k)
dε4π

χ(k)
1 + C(ε) sin2 θ

1 + 2/3C(ε)
. (2.8)

The expressions (2.4) and (2.8) together present the contribution to the quantity
Φk<k̄ (2.1) from the single neutron emission after absorption of a photon with
the energy Eγ � 20 MeV.

As is indicated above, the photoneutron production in the process (1.4) is
described in the framework of the pure statistical approach. The energy distribu-
tion of the ®ˇrst¯ of two neutrons emitted in the reaction (1.4) is written likewise
Eq. (2.2):

dnst
γ2n(ε, k, Z, N)

dε
= ε exp

[
2
√

a(Z, N − 1)(k − B1n(Z, N) − ε)
]
×

× Θ(k − B2n(Z, N) − ε)
1

Nγ2n(k)
, (2.9)

normalized so that
∞∫
0

dε
dnst

γ2n(ε, k, Z, N)
dε

= 1. (2.10)

With allowance for the general treatment developed in [14, 16], the energy dis-
tribution of the ®second¯ neutron emitted in the reaction (1.4) is described as
follows:

dñst
γ2n(ε, k, Z, N)

dε
= ε

∞∫
0

dε′ ε′ exp
[
2
√

a(Z, N − 1)(k − B1n(Z, N) − ε′)
]
×

× exp
[
2
√

a(Z, N − 2)(k − B2n(Z, N) − ε − ε′)
]
Θ(k − B1n(Z, N) − ε′)×

× Θ(k − B2n(Z, N) − ε − ε′)
1

N ′
γ2n(k)

, (2.11)

and the normalization factor N ′
γ2n is determined accordingly to the condition

∞∫
0

dε
dñst

γ2n(ε, k, Z, N)
dε

= 1. (2.12)

Surely, the angular distribution of evaporation neutrons is purely isotropic. So,
at the absorbed photon energy Eγ � 20 MeV, the contribution to the distribu-
tion (2.1) from the process (1.4) is expressed through the sum of (2.9) and (2.11)
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as follows:

σSγ2n(k)
(

dnst
γ2n(ε, k, Z, N)

dε
+

dñst
γ2n(ε, k, Z, N)

dε

)
1
4π

. (2.13)

Given the absorbed photon energy k = Eγ � 20 MeV, the nuclear photoˇs-
sion (1.5) is accompanied by the angular isotropic emission of pure statistical
neutrons, see [10, 21, 22], so that their contribution to the expression (2.1) is
written as

σSγF (k)νSγF (k) fSγF (ε)
1
4π

, (2.14)

with the emitted neutrons multiplicity

νUγF (k) ≈ 0.158k/MeV + 1.5 (2.15)

for the 238U photoˇssion, which we shall utilize in what follows. The energy
distribution of these neutrons is generally received (see [21, 22]) to be described
by the function

fUγF (ε) =
2
√

ε√
πT 3

exp
(
− ε

T

)
, T =

4
3

MeV, (2.16)

so as the mean energy of emitted neutrons shows up to be ε̄ = 2 MeV.
Summarizing, the ˇndings (2.4), (2.8), (2.13), (2.14) determine the part

Φk<k̄ (2.1) of the total neutron distribution (1.10), (1.19).

3. THE NEUTRON PRODUCTION DUE TO HIGH-ENERGY
BREMSSTRAHLUNG ABSORPTION

In this section, we calculate the part Φk>k̄ of the total neutron distribu-
tion (1.10) determined by integration over the absorbed photon energy k̄ � k �
kmax, with k̄ ≈ 20 MeV, kmax ∼ 100 MeV. At energies above the giant res-
onance (GR), a γ quantum is primarily absorbed by the virtual quasi-deuteron,
and there are also the surface absorption and the absorption due to the nucleon
polarizability in nucleus [23].

Although the photo-absorption cross-sections (1.11) at these energies, k =
Eγ > 20 MeV, amount never more than ∼ 20 mb, the quantity Φk>k̄ proves to
be of value to describe the photoneutron spectrum, at high enough initial elec-
tron energy Ee ∼ 50−100 MeV, because of a large number of photoneutrons
accompanying the photoabsorption at these energies. At Eγ � 20 MeV, the total
photoˇssion probability of the ˇssionable nucleus 238U was found in [24, 25]
to be equal to one, so that there occurs no sum over j in the distribution



1670 BUNATIAN G.G.

Φk>k̄ (1.19), (1.10). The other way round, as was ascertained in [25Ä28],
the photoneutrons production from hardly-ˇssionable nuclei Pb, Ta, W is com-
pletely described by the sum in (1.10) over the produced neutron multiplicity
with 2 � j � 10. In [24Ä29], the photoneutron production at these energies is
described in terms of the total cross-sections of photon absorption at a given k,
σS(tot, k), and in terms of the mean multiplicity of direct (or fast) neutrons,
ν̄d(k), and of statistical neutrons, ν̄st(k), accompanying the photoabsorption.
Then, the corresponding contribution to the whole distribution (1.10) is written
in the form

ΦSk>k̄(ε, θ, Ee(0), Je, RS ; t) = Je(t)N 2
S

RS∫
0

dx×

×
kmax∫
k̄

dk
dσSb(k, Ee(x))

dk

[
1 − exp

(
x − RS

lS(k)

)]
lS(k)σS(tot, k)×

×
(

ν̄st
S (k)

d2nst
S (k, ε, θ)
dε dΩ

+ ν̄d
S(k)

d2nd
S(k, ε, θ)
dε dΩ

)
, (3.1)

where the index S = U, Ta, Pb designates the sort of material of the irra-
diated sample. Values of the cross-sections σS(tot, k) and of the mean multi-
plicity ν̄st

S (k), ν̄d
S(k), we utilize in what follows, are deduced from the ˇndings

of [24Ä29]. The total mean number of photoneutrons ν̄S(k) = ν̄st
S (k) + ν̄d

S(k)
rangers from 2 up to ∼ 10, with the absorbed photon energy varying within the
limits 20 � Eγ � 100 MeV. The multiplicity ν̄d

S(k) constitutes about 10Ä20%
to ν̄st

S (k).
Firstly, we compute the distribution (3.1) for nonˇssionable nuclei. For

each photon absorbed by Ta, Pb nuclei, there remains a residual excited nucleus
after fast particles have escaped from an initial nucleus. In the calculations what
follow, a type of the residual nucleus, as well as its excitation energy, are obtained
amenably to [25, 27Ä29] from the absorbed photon energy, and energies of the
particles that have escaped nucleus. Let Ē∗ be the average excitation energy of
the residual compound nucleus, i.e., the excited nucleus left after all fast processes
has taken place. For the treated Ta, Pb nuclei, the residual compound nuclei decay
by neutron evaporation, and, pursuant to [27,28], the expression holds:

Ē∗
S(k) = (B̄′

S + 2ϑ̄S(k))ν̄st
S (k) + B̄S/2, (3.2)

where the quantity 2ϑ̄S(k) = ε̄(k) corresponds to the mean kinetic energy of
evaporated neutrons, according to the standard statistical approach. In Eq. (3.2),
B̄S is the mean binding energy of the ˇnal residual nucleus in an evaporation



STUDY OF THE NEUTRON FLUX 1671

chain, whereas B̄′
S stands for the average binding energy of nuclei in the chain.

On the other hand, the average excitation energy Ē∗
S(k) (3.2) is generally received

(see, for instance, [14, 16, 27, 28]) to be related to the parameter ϑ̄S(k) through
the nuclear level density parameter a(Z, N),

Ē∗
S(k) = a(Z, N) ϑ̄2

S(k). (3.3)

Combining Eqs. (3.2) and (3.3), we obtain

ϑ̄S(k) =
ν̄st

S (k) +
√

ν̄st
S (k) + a(Z, N)

(
ν̄st

S (k) + B̄′
S + 0.5B̄S

)
a(Z, N)

. (3.4)

The quantities B̄′
S , B̄S are evaluated using the data presented in [30], and the

a(Z, N) values are taken from [18]. The statistical evaporation neutron distribu-
tion involved in ΦSk>k̄ (3.1) is commonly chosen in the form

d2nst
S (k, ε, θ)
dε dΩ

=
1
4π

√
ε√

πT 3(k)
exp

(
− ε

T (k)

)
, (3.5)

with the temperature parameter T determined by the condition

ε̄S(k) = 2ϑ̄S(k) =
∫

ε dε 4π
d2nst

S (k, ε, θ)
dε dΩ

=
3T (k)

2
. (3.6)

Apparently, the distribution (3.5) is properly normalized,∫
dε

∫
dΩ

d2nst
S (k, ε, θ)
dε dΩ

= 1. (3.7)

The direct photoneutron distribution in expression (3.1) is chosen, alike above in
Sec. 2, see Eqs. (2.6), (2.8), in the form

d2nd
S(k, ε, θ)
dε dΩ

=
dnd

S(k, ε)
dε 4π

1 + C(ε) sin2 θ

1 + (2/3)C(ε)
. (3.8)

In treating the neutron production ΦUk>k̄ (3.1) from uranium due to γ-rays
absorption with k = Eγ > 20 MeV, we put to use the total photoabsorption
cross-sections σU(tot, k) in (3.1) that were measured in [24, 26]. The statistical
neutrons distribution in (3.1) is written, just alike (2.14), in the form

d2nst
U(k, ε, θ)
dε dΩ

=
1
4π

fUγF (ε), (3.9)

with the function fUγF (ε) given by Eq. (2.16). The distribution of direct (fast)
neutrons accompanying uranium photoˇssion is given again in the form (3.8) with
S = U.
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Thus, for all the considered nuclei, both nonˇssionable, Ta, Pb, and ˇssion-
able, U, we have obtained the part ΦSk>k̄ (3.1) of the total neutron distribu-
tion (1.10).

At last, adding the calculated quantities ΦSk<k̄ and ΦSk>k̄, we obtain ac-
cording to Eq. (1.19) the required distributions (1.10), (1.15), (1.13) of neutrons
produced from a given sample, irradiated by an electron beam with a given energy
Ee and current density Je.

Recapitulating the consideration carried out, we realize that the treatment
of neutron distribution shows up to be substantially model-dependent. Though
the physical approaches that we pursue are believed to be well justiˇed, the
calculations carried out involve inescapable ambiguities, so that, strictly speaking,
the results we have obtained are to be considered as being semiquantitative, as
a matter of fact. Notwithstanding, as we shall become convinced in the next
section, our treatment is suitable to describe the observed neutron 	ux, all the
more that the experimental data available for now are understood to have got the
discernible uncertainties.

4. FINDINGS DISCUSSION

In this section, we present the outcome of our calculations and successively
compare our ˇndings with the experimental measurements of characteristics of
the neutron 	ux generated from U, Ta, and Pb samples. The results are displayed
in Figs. 3Ä7 and in Tables 1 and 2.

A real electron beam cannot be just monoenergetic, and, strictly speaking,
the electron energy distribution in a beam, ρe(E), ought to have been taken
into consideration, alike what was done in [3]. Yet so far as the width of the
distribution ρe(E) in all the actual cases is much smaller than the mean electron
energy Ē = Ee, it is natural that all the calculations are merely carried out with
the mean electron energy. Certainly, the ˇndings can be directly integrated over
a given energy distribution, when required.

The results further discussed are expressed through the average electron cur-
rent J̄e of a considered e-linac. Consequently, we obtain the average neutron
	ux Y . As the neutron yield is plainly proportional to the beam current, the
neutron 	ux within a pulse, Y pulse, is merely obtained with replacing the average
current J̄e by the current in a pulse, Jpulse

e , which results in Y pulse = Y/Δtνt,
where Δt is the pulse length and νt is the pulse repetition rate. For instance, the
further discussed GELINA neutron source operates with Δt = 1 ns, νt = 800 Hz,
Jpulse

e = 120 A, so that J̄e = 96 μA. Then, within a 1 ns pulse, the neutron
production of 4.3 · 1010 neutrons is achieved, when Y = 3.4 · 1013 n · s−1.

Surely, all the energy and the charge of the incident electron beam are to
be deposited within the irradiated sample. Consequently, an actual experimental
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setup is arranged so that the transverse size of electron beam would be smaller
than (or at least equal to) the irradiated sample transverse size. The center of
the beam spot on the sample surface is natural to coincide with the center of
the sample transverse area. Thus, the active neutron-creation volume turns out
actually to be a cylinder with a transverse area equal to the beam spot and with
a longitudinal size equal to the thickness RS of irradiated sample (see Fig. 1), no
matter how complicated a real sample construction would be. Let us recall that
saturation of the neutron yield sets in above the cylinder length RS ≈ 4−6 cm,
see [3]. Of course, we shall compare the results of measurements and evaluations
carried out at the equal RS values.

The total neutron 	ux and the spectrum of neutrons emitted from an irradiated
target are in	uenced by inelastic collisions in radiator material itself. Thus,
the neutron energy distribution we have been treating does not coincide with
the distribution of neutrons that escape radiator. The calculated spectrum can
stand for the spectrum of neutrons emitted from radiator only if it is suggested
that neutrons are not attenuated in passing through sample material after being
produced. Surely, the neutrons escape is desired to be as close to the production
as possible. As is realized, the neutrons escape from the cylindrical geometry
radiator is superior to the escape from other radiator constructions. Let the
longitudinal size of a radiator be ∼ 5 cm, as discussed above, and its transverse
area be about a few cm2, which typiˇes dimensions of radiators of the really
acting neutron sources. Then, the mean distance L̄ that a produced photoneutron
covers until leaving the radiator proves to be ∼ 2 cm. For the materials we
deal with, Ta, W, U, Pb, the cross-sections σINL(ε) of neutron inelastic collisions
constitute never more than ∼ 1−2 b, at the neutron energies really presented in
the photoneutron spectrum (see, for instance, [31]). The mean free path for the
inelastic scattering is estimated as

LINL ≈ (NS · σINL)−1 ≈ 10−12 cm, (4.1)

which shows up to be appreciably greater than L̄. That is why our ˇndings suite
for describing the emitted neutrons spectra. Clearly, above certain dimensions
of a radiator, the extra material serves as an absorber or moderator. Then, for
each one experimental set-up, the optimum dimensions of irradiated cylindrical
sample are to be evaluated with allowance for the neutron production and escape
probability.

In performing the computations further discussed, we utilized the required
values of physical quantities provided in the references cited in the previous
Secs. 1Ä3.

The dotted curve in Fig. 3 stands for the computed energy distribution (1.13)
of the neutrons produced from a thick 238U sample by an electron beam with the
initial energy Ee = 105 MeV and current J̄e = 96 μA, which are the standard
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Fig. 3. The spectra of neutrons generated by electron beams of different energies Ee

and currents J̄e from a thick U sample, RS � 5 cm. The thick and thin solid curves
stand for the neutron spectra at Ee = 100 MeV, J̄e = 100 μA, and at Ee = 55 MeV,
J̄e = 100 μA, respectively, which are derived from the data presented in [32Ä35] and
in [38], as discussed in the text. The dotted, dash-dotted, and dashed curves represent
our calculations at J̄e = 100 μA and Ee = 100 MeV, Ee = 55 MeV, Ee = 30 MeV,
respectively

performances of the GELINA facilities, as designated in Table 1 of [32]. Let us
mention that the respective computed total neutron yield Y (1.15) is in agreement
with one asserted in [32Ä35], as is seen in Table 1. Now we aim to correlate
the calculated neutron spectrum (the dotted curve in Fig. 3) with the ˇndings of
measurements presented in [32Ä35], which calls for the particular consideration
what follows. The measured neutron spectrum is presented in Fig. 4, b in [33]
(as well as in Fig. 5 in [34] and in Fig. 2 in [35]) in terms of neutron 	ux per
a unit of lethargy, at the θ = 90◦ angle with respect to electron beam direction,
and at the distance Lpath = 200 m from the neutron hot spot. Let us denote
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Table 1. The total yields Y and mean energies ε̄ of the neutrons generated by an
electron beam with the initial energy Ee (MeV) and average current J̄e (10 μA)
from irradiated U, Ta, Pb samples, as designated in the ˇrst row, with the thick-
ness RS (cm). ε̄S comp (MeV) and YS comp (1011 s−1) are the computed quantities,
whereas ε̄S exp (MeV) and YS exp (1011 s−1) are obtained from the experimental data,
when available

Sample 238U∗ 238U∗∗ 238U 181Ta∗∗∗ 181Ta∗∗∗∗ 181Ta natPb∗∗∗∗∗ natPb∗∗∗∗∗∗

RS � 5 � 5 5 ≈ 7 3.175 5 1.68 1.12

Ee 105 55 30 65 140 30 45 30

J̄e 10 10 10 0.09 1 1 100 100

ε̄comp 1.66 1.63 1.56 1.65 1.76 1.46 1.59 1.47

ε̄® exp ¯ 1.61 1.69 1.7 ∼ 1.8 1.7 1.40

Ycomp 310 180 78.5 1 17.2 3.5 560 195

Y® exp ¯ 340 189 1 18.2 540 190
ÅÅÅÅÅÅÅÅÅÅ

∗The ®exp¯ data from [32Ä35].
∗∗The ®exp¯ data from [38].
∗∗∗The ®exp¯ data from [40].
∗∗∗∗The ®exp¯ data from [39].
∗∗∗∗∗The ®exp¯ data from [42, 43].
∗∗∗∗∗∗The ®exp¯ data from [44, 45].

this measured spectrum by

ΦGELINA(ε) = ε
dnGELINA(ε, Lpath, θ, RU, Ee, J̄e)

dε
[s−1]. (4.2)

Inquiring into construction of the GELINA rotary target, one realizes that there is
an amount of heavy material between the detector and the neutron creation vol-
ume. That material amount varies with the angle of detector location, increasing
from the conceivable zero value at θ = 180◦ angle, i.e., in backward direction, up
to its maximum value at the θ = 0◦ angle, i.e., in forward direction. This heavy
material of the target scatters neutrons away from the track towards detector.
Upon close inquiring into the ˇndings presented in Fig. 3 in [32] and in Fig. 5
in [34], we understand that there appears about three-fold decrease of the primary
neutron 	ux at the θ = 90◦ angle. So, to allow for this attenuation, the aforesaid
spectrum (4.2) in [32,33] mast be multiplied by the factor Ct ≈ 3.

Two 10B ˇlters of 0.46 and 0.645 g/cm2, and one natU disc of 36.137 g/cm2

were placed at the 100 m station, upon neutrons passing the precollimation. The
modiˇcation of the primary neutron 	ux because of these ˇlters can be estimated
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with multiplying it by the factor

CBU(ε) = exp
[
(σBn tot(ε) · 1.105/10+

+ σUn tot(ε) · 36.137/238)6.0022 · 1023
]
, (4.3)

where the total cross-sections σBn tot(ε), σUn tot(ε) of neutron interaction with
uranium and boron are taken from [36,37].

The 4π neutron 	ux we are in need of is obtained from the 	ux described in
Fig. 4, b in [33] with multiplying that by the area of sphere

SL = 4πL2
path, (4.4)

with Lpath = 200 m.
A neutron 	ux per a unit of energy, dn/dε (s−1 ·MeV−1), is just obtained

with dividing a 	ux per a unit of lethargy, ε dn/dε (s−1), at neutron energy ε.
As is observed, the measurements discussed in [33,35] were performed with

J̄e = 70 μA instead of J̄e = 100 μA, so that the data presented in Fig. 4, b in [33]
should still be multiplied by the factor CJ = 100/70, when correlated with our
results presented by the dotted curve in Fig. 3.

Eventually, the measured distribution (4.2) corresponds to the neutron 4π
	ux per a unit of energy

YU exp(ε, Ee, J̄e, RU) =
dnU exp(ε, Ee, J̄e, RU)

dε
=

= ε
dnGELINA(ε, Lpath = 200 m, θ = 90◦, RU, Ee = 105 MeV, J̄e = 70 μA)

dε
×

× [ε−1 · SL · CJ · C−1
BU(ε) · Ct], (4.5)

generated from a thick uranium sample by the electron beam with Ee = 105 MeV,
J̄e = 100 μA. Just this spectrum (4.5), restored from the experimental observa-
tion (4.2), is displayed in Fig. 3 by the thick solid curve that should be correlated
with the dotted curve standing for the respective calculated neutron spectrum. As
is seen, the experimental and calculated spectra can be considered to be com-
patible satisfactorily with each other, especially keeping in mind the ambiguities
associated with the transformation (4.5) from the immediate experimental obser-
vation (4.2) to the primary neutron spectrum.

In Fig. 3, the dash-dotted curve stands for the computed energy distribu-
tion (1.13) of the neutrons generated from a thick uranium sample by an electron
beam with Ee = 55 MeV, J̄e = 100 μA. The spectrum of neutrons produced from
a thick uranium sample by an electron beam with Ee = 55 MeV, J̄e = 240 μA
was measured in [38]. In these measurements, the 2 cm thick B4C ˇlter and
the 3.6 cm thick W ˇlter were interposed in the neutron 	ux, upon it passing
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the collimator. Therefore, to be compared with our calculation, the spectrum
measured in [38] should be multiplied by the factor

exp ((ρWσWn tot(ε)3.6/184 + (4ρBσBn tot(ε)+

+ρCσCn tot(ε))2/52)6.022 · 1023
)
, (4.6)

where ρW, ρB, ρC are the tungsten, boron, and carbon densities, and the total
cross-sections of neutron interaction with W, B, C are taken from [36, 37]. In
addition, as the spectrum in [38] was measured with J̄e = 240 μA instead of
J̄e = 100 μA, it must be multiplied by the factor 100/240, when compared
with our calculation. Then, after these transformations, the measured in [38]
neutron spectrum gets displayed by the thin solid curve in Fig. 3. Comparing
this curve with the dash-dotted curve, we can judge to what extent our treatment
is of success in describing this experimentally observed spectrum. As is seen,
agreement between the calculated and measured spectra shows up to be rather
satisfactory at ε � 0.2 MeV. Of course, one must realize that the discussed
experimental data themselves cannot be thought to be quite unambiguous and
unsophisticated.

For the sake of generality, we also present in Fig. 3 the calculated spectrum
of neutrons generated from a thick uranium sample by an electron beam with the
smaller energy Ee = 30 MeV.

It is quite desirable and instructive to correlate the results of calculations
with the experimental measurements. Therefore, though our treatment is, strictly
speaking, valid for Ee � 100 MeV, we dare to consider the neutron production
from tantalum by the electron beam with Ee = 140 MeV, as the reliable mea-
surement of the neutron spectrum from Ta sample exists for now only at this
electron energy [39]. Derived from the data presented in [39], the solid curve in
Fig. 4 presents the energy distribution of the neutron 	ux (1.13) generated from
the 3.175 cm thick tantalum sample by the electron beam with Ee = 140 MeV,
J̄e = 10 μA. The dotted curve in Fig. 4 stands for our respective calculation.
As is seen, the agreement between these curves can be thought to be rather
satisfactory.

The three blobs in Fig. 4 ought to have conformed to the dash-dotted curve,
so far this curve stands for the neutron spectrum (1.13) calculated with the
sample and beam parameters, RTa � 5 cm, Ee = 65 MeV, J̄e = 10 μA, the
measurements in [40] were performed with. Yet, there is no wonder that they do
not, as the multiple-foil activation method, applied in [40], is hardly believed to
provide more than a crude estimation of the neutron spectrum.

The dashed curve in Fig. 4 is obtained with the same values RTa � 5 cm,
J̄e = 10 μA, yet with the smaller electron beam energy Ee = 30 MeV.

Let us recall that all the neutron distributions involve the discernible contri-
bution from the nonstatistical neutrons, governed by the value of the parameter D
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Fig. 4. The spectra of neutrons generated by electron beams of different energies Ee and
currents J̄e from tantalum samples of various thickness RTa. The solid curve describes
the neutron spectrum at Ee = 140 MeV, J̄e = 10 μA, RPb = 3.175 cm, which is derived
from the measurements of [39], as discussed in the text. The blobs correspond to the
data obtained in [40]. Our calculations according to Eq. (1.13) are presented by the dotted
curve for Ee = 140 MeV, J̄e = 10 μA, RTa = 3.175 cm, by the dash-dotted curve for
Ee = 65 MeV, J̄e = 10 μA, RTa = 5 cm, and by the dashed curve for Ee = 30 MeV,
J̄e = 10 μA, RTa = 5 cm. This computations are carried out with the parameter D = 0.4
in Eq. (2.6) rendering the energy distribution of nonstatistical neutrons

in Eq. (2.6). We dealt heretofore with deformed nuclei of uranium and tantalum,
and the value D = 0.4 was utilized. As understood from Eq. (2.6), increase of D
value results in augmentation of the direct neutron contribution to neutron 	ux.
It stands to reason to examine the in	uence of D value on neutron spectrum. For
that matter, we present in Fig. 5 the same neutron spectra as in Fig. 4, yet eval-
uated with D = 0.7, in order to emphasize the direct neutrons contribution. As
is seen, the evaluated spectra undergo thereby noteworthy modiˇcations, within
the neutron energy area 3 � ε � 7 MeV. It is to point out that the behavior
of the spectrum of neutrons generated from Ta sample at Ee = 30 MeV pre-
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Fig. 5. The same as in Fig. 4, yet for D = 0.7

sented in Fig. 5 is akin to the behavior of the respective spectrum ascertained
in [41].

It is also to the point to discuss brie	y the angular distribution of the neutron
	ux intensity, which is understood to be due to the nonstatistical, direct neutrons
contributions (2.6), (2.8), (3.8). To make the θ-dependence conspicuous, let us
draw into consideration the 	ux of neutrons with energies greater than a given
value εm, at a given angle θ,

dnS(θ, Ee, J̄e, RS ; t)
dΩ

=

∞∫
εm

dε Φ(ε, θ, Ee, J̄e, RS ; t), (4.7)

derived from Eq. (1.10). In the case of the considered tantalum sample, at εm =
3 MeV, the difference between the values of this quantity (4.7) at θ = π/2 and
θ = 0 constitutes about 15%, which typiˇes the θ dependence of a photoneutron
	ux produced from heavy nuclei.

In Fig. 6, the thick solid curve stands for the energy distribution (1.13) of
neutrons generated from the lead sample 1.68 cm thick by the electron beam with
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Fig. 6. The spectra of neutrons generated by electron beams with different energies Ee

and currents J̄e from lead samples of various thickness RPb. The solid curve stands for
the spectrum corresponding to Ee = 45 MeV, J̄e = 1 mA, RPb = 1.68 cm, asserted
in [42, 43]; the dotted curve presents our calculation with the same Ee, J̄e, RPb. The
dash-dotted and dashed curves display the computed neutron spectra at Ee = 100 MeV,
J̄e = 1 mA, RPb = 6 cm and at Ee = 30 MeV, J̄e = 1 mA, RPb = 1.12 cm, respectively

Ee = 45 MeV, J̄e = 1 mA, as was procured in [42, 43]. It is to emphasize
that, in this case, we deal not with pure experimental measurements, for lack
of those by now, yet with some numerical simulation. The outcome of our
respective computation is displayed by the dotted curve, that differs apparently
from the aforesaid solid curve. So, our ˇndings can scarcely be conformed to
the results of numerical simulations in [42,43], concerning the neutron spectrum
description.

The dashed curve in Fig. 6 displays the evaluated spectrum (1.13) of neutrons
generated from the 1.12 cm thick liquid lead sample by the electron beam with
Ee = 30 MeV, J̄e = 1 mA, which are announced to be the standard performances
of the neutron source ELBE, see [44Ä46]. Lacking by now in the respective ex-
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perimental data, it is natural to correlate our ˇndings with the results of respective
numerical simulations carried out in [44,45]. For that purpose, we have processed
our outcome, represented by the dashed curve in Fig. 6, and ˇgure it in the form
used in [44,45]. Consequently, Fig. 7 shows the energy distribution of the neutron
	ux at the measuring position Lpath = 3.9 m from the 1.12 cm thick liquid lead
radiator for Ee = 30 MeV, J̄e = 1 mA. The width of the energy bins in Fig. 7 is
equally distributed on the logarithmic scale. As is seen, either spectra displayed
in Fig. 7 turn out to be in rather satisfactory agreement, except for the neutron
energy ε � 2 MeV, where the results of our calculation appreciably exceed the
results of the numerical simulations in [44,45]. That is thought to be due to the
direct neutron contribution (2.6) for undeformed lead nucleus.
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Fig. 7. The neutron 	ux energy distribution at the measuring position L = 3.9 m from the
1.12 cm thick liquid lead radiator (for each neutron energy bin) with Ee = 30 MeV and
J̄e = 1 mA. The empty circles present the results of [44, 45], and the triangles stand for
our results

The discussions in general terms, concerning the feasible spectrum of neu-
trons produced at various sources, can be found in some other publications,
see, for instance, [1, 46Ä48]. The ˇndings of these investigations corroborate in
essence our calculations.
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As is known, the operation of a number of modern setups (see, i.e., [2]) is
associated with the nuclear reactions

n +238 U −→ γ + 239U∗, (4.8)

n +238 U −→ γ + n + 238U∗, (4.9)

n +238 U −→ 2n + 237U∗, (4.10)

n +238 U −→ 3n + 239U∗, (4.11)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n +238 U −→ ˇssion fragments + νnF ˇssion neutrons, (4.12)

induced by the neutron 	ux in a uranium bulk. The cross-sections of these reac-
tions essentially depend on the incident neutron energy. The ˇrst reaction (4.8)
runs successfully provided ε � 1 MeV [49]. The reaction (4.9) has actually got
the threshold about 0.1Ä0.2 MeV [31]. The effective threshold of the uranium
ˇssion by neutrons constitutes ≈ 1 MeV [49, 50]. The reaction (4.10) with two
neutrons in ˇnal state is really possible when ε � 4−5 MeV [51]. Surely, the
greater number of neutrons are produced, the greater the threshold of the re-
spective reaction is. In treating neutron interactions in uranium medium, we are
to realize what a share of the total neutron 	ux determines actually each of the
processes (4.8)Ä(4.12). The quantity Ỹ (εmin) (1.18) serves to meet this case.
Table 2 represents the calculated neutron 	ux with energies ε greater than a
certain energy εmin. As is seen, even at a large enough εmin, the neutron 	ux
Ỹ (εmin) is considerable. For instance, in the case considered in Table 2, one-half
of neutrons amount is enable to induce uranium ˇssion.

Table 2. The yields Ỹ (εmin) (1.18) of neutrons with energies greater than εmin (MeV),
generated by the electron beam with the initial energy Ee = 55 MeV and average
current J̄e = 100 μA from irradiated 238U thick sample

εmin

Energy ∼ 0 0.1 0.2 0.5 1.0 1.5 2 2.5 3 4 5 6 7 10

Ỹ (εmin) 180 176 168 138 96 68 50 37 28 16 9.1 5.3 3.3 1.1

For each considered electron beam and irradiated sample, the respective
average neutron energy ε̄S=U,Ta,Pb(Ee, J̄e, RS) (1.17), and the total neutron yield
YS=U,Ta,Pb(Ee, J̄e, RS ; t) (1.15) are presented in Table 1. The index ®exp¯ is
prescribed both to the actual experimental data and to the values obtained through
some numerical simulations, so far as the real measurements are absent for now.
It is to mention that increase of the mean neutron energy ε̄ is rather indiscernible
with Ee growth. As is seen from Table 1, in all the cases considered, the
calculated and experimental values of the spectrum-integrated quantities Y and



STUDY OF THE NEUTRON FLUX 1683

ε̄ are in a quantitative agreement even when the calculated spectra themselves
assort rather ill with the experimental ones. Surely, it is to keep in mind the
uncertainties inherent in the experimental spectra we correlate our calculations
with. It is to mention that the total neutron yield Y (1.15), as well as the mean
energy ε̄ (1.17), is just determined by the experimentally measured total photo-
absorption cross-sections (1.11), (1.16), whereas the theoretical description of the
photoneutron distributions (1.12), we put to use, is apparently model-dependent.
Thereby some ambiguities might slip into the outcome, however plausible the
underlying models were. Notwithstanding, our ˇndings are relevant to describe
the energy distribution of neutrons generated at the e-linac-based neutron sources,
which is especially of value in lack of the appropriate reliable experimental
measurements.

The neutron spectrum is of general scientiˇc interest in its own right, and in
certain applications it is essential to know its precise form. The generic ˇndings
of the presented study are intended to allow the optimal construction of the best-
suited e-linac-based setups for the given experimental and industrial requirements.
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