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The dependence of prompt neutron yield on fragment mass v(A) of photofission of actinide nuclei 2*?Th, 23°U and

23877 in the giant dipole resonance energy range has been parameterized. This allows us to describe the observed

changes of saw-tooth behavior of neutron yield from the light and heavy fragments using few energy and nucleon

composition dependent free parameters and to predict v(A) for Pu isotopes.

PACS: 24.75.+1, 25.85.-w, 25.85. Ec, 25.85. Ca

1. INTRODUCTION

Information about the dependence of prompt neu-
trons yield on fission fragments mass v(A) plays an
important role for both quantitative understanding of
the dynamics of the fission process and a number of
practical applications. Direct measurement of v(A)
is very difficult. Historically, the experimental data
v(A) and model descriptions exist for spontancous
fission of 244248, 252C f [1] and neutron fission of
2337 [2], 235U [3], 2" Np [4], 239 Pu [5].

However, new challenges associated with the de-
velopment of technologies for closed nuclear fuel cy-
cle, hybrid reactors, simulation of radiation shielding
of accelerators and nuclear material monitoring [6-9]
require data on multiplicity of prompt neutrons after
photofission of wide class of actinide nuclei for the
giant dipole resonance energy range, up to 30 MeV'.

The same data are also used to obtain the mass
and charge distribution of actinide nuclei fission prod-
ucts and to convert the secondary fragments (prod-
ucts) yields into the primary ones. Typically, to esti-
mate the number of neutrons v(A), emitted by corre-
sponding fission fragments of atomic mass A the phe-
nomenological Wahl method [10] is applied, which is
widely used till present for estimation of v¥(A) during
neutron- and gamma-induced fission [11, 12]. How-
ever, this method does not reflect the complex struc-
ture of sawtooth-like v(A) dependence due to nuclear
shells effect.

So far there is only information about the aver-
age number of neutrons emitted by two conjugated
fragments and there is no information on photofission

neutron emission curves. Primarily, this is due to ex-
perimental difficulties of time-span or direct neutron
measurements in photofission experiments. However,
in principle, neutron emission curves can be obtained
combining the measurement of fragments mass dis-
tribution and post-fission neutrons.

Calculations of v(A) for 23U photofission [13]
based on the parameters of asymmetric fragments
mass distribution and the average total neutron yield
(Vtor) provide only qualitative, approximate reflection

of saw-tooth behavior (see dash-dot line in Figs.2 and
4).

There is, however, another, more advanced
method to determine the neutron emission curves
v(A), based only on the mass distribution of fission
fragments and products using the so-called Terrell
technique [14]. This method was used to calculate
prompt neutron yields v(A) at photofission of 232Th,
50U and 28U [15, 16], based on technique [14, 17]
and data from the primary [18, 19] and secondary
[20, 21] mass distributions of photofission fragments.

The question is whether it is possible to identify
some of the basic laws using the results of calculations
depending on such parameters of actinides photofis-
sion as charge, mass, photon energy, shell charac-
teristics. According to the results, one can param-
eterize neutron yields depending on the mass of ac-
tinide photofission fragments and other parameters
that would reproduce the complex structure of saw-
tooth behavior and allow to predict the dependence
of v(A) for the photofission of a wide class of actinide
nuclei. This is the task of extreme interest.
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2. PARAMETRIZATION OF v(4) AND
RESULT OF CALCULATION

A recent analysis [22, 23] of experimental data on
neutron yields from fragments of thermal neutron fis-
sion of 233U, 235U, 239 Py and spontaneous fission of
2520 f showed that for a detailed account of ”saw-
tooth” particularity of dependence of fission neutron
yield on the mass the efficient tool is the value of
R(A), introduced by Wahl [24], which is defined as

Z/L,H(A)

R(A) = v(d)

(1)
where vy, g (A) - prompt neutron yield of light and
heavy fragment mass respectively, vr(A) - total neu-
tron yield, A - fragment mass and consists of several
segments to reflect the observed features, depending
on the complexity of the experimental behavior of
R(A). Therefore, the whole range of fragments mass
was divided for more then 2 x 4 segments (compare
with solid broken line in Fig.4.2.39 [25]).

We have known the experimental values of
vr u(A) and vp(A), where Ay is the heavy fragment
mass. Values vp(Ay), where Ay, is the light fragment
mass, are the reflected points to the values of v (A ).
"Experimental” values of R(A) (with errors) can be
determined using formula (1) from experimental val-
ues of vy, g(A), vp(Am) and vp(Ar).

Model function R(A) is chosen as a linear function
for each segment:

RE(A) = a; +b%(A— Apn), (2)

(3)
for light and heavy fragments, respectively, i - num-
ber of the segment, a’;, b%;, Apn - parameters,
Ay = Ay — Apn, Ay - mass of compound nucleus.

The total number of parameters can be signifi-
cantly reduced taking into account the boundary con-
ditions. Thus the phenomenological analysis of fis-
sion of 233U, 235U, 239Py and 252C'f showed that
the chosen parameterization and established regular-
ities allow to describe observed change of saw-tooth
behavior of neutron yield from light and heavy fis-
sion fragments [23]. Based on the established laws
the possible neutron emission curves for 237 Np(n, f)
fission were predicted.

To parameterize photo-neutron emission and
identify general prediction patterns we will act in
a similar way. For this we use the well-known re-
sults of v(A) calculation for the photofission of 232Th,
25 and 238U at bremsstrahlung boundary energies
of 12...30 MeV [15, 16].

However, prompt neutrons emission curves ob-
tained from the calculations in [15, 16] is not pre-
cise enough (Figs.2-4 here) to describe all the ob-
served features of R(A) functions built using these
data. So there is no sense to try to describe them ad-
equately using complicated function with more than
2 x 2 segments. Here, using the same methodology we
simulate the behavior of neutrons from photofission

RHZ.(A) =1- RLl(A — AHN)

of 232Th, 235U and 238U actinides depending on the
energy and nucleon composition in the giant dipole
resonance energy range.

Let us simplify this task and divide the mass inter-
val of light and heavy fragments for the function R(A)
into two segments. The number of unknown parame-
ters is also reduced while keeping the model efficiency.
As a result, we get the following picture (Fig.1).

0.5+

R(A)

0.0 5090 100 110 120 130 140 150

mass, a.m.u.

Fig.1. An example of R(A) function. The segments
I-1IT and III-1V correspond to our parameterization

Let us consider some features of R(A) function.
At the point of symmetric fission A9 = Ap/2;
R(Ag) = 0.5 and R(ALy) = 0.5 [23], where Apn
is determined from fitting.

Kink points A,,in, A1 and Ay are chosen from
physical considerations and experiment: A,,;, = 130
corresponds to the mass of nearly magic nucleus frag-
ment associated with spherical shells Z = 50 and
N = 82, where fission neutron yield is minimal. Then
maximum neutron fission yield for light fragments
will match point A;, which is symmetrical to A..in
relative to Ag, A1 = 240 — Amin.

The kink point A, corresponds to the average
fragment mass of light fragments, As = (Ap) =
AF — <AH>, where <AH> =138 [26—28]

The parameters a;, b; and Ay are determined by
calculating the function R(A) for 4 segments I..IV
(see Fig.1). The number of free parameters can be
reduced using the conditions

a; = R(ALN) = 0.5, (4)

ao :a1+(b1 —bg)(AQ—ALN). (5)

The dependence of b; slopes on excitation energy
is noticed on the figure for R(A), so to study this de-
pendence we have chosen b; = z; + yE,. Thus, we
need to determine Ay, b;, x; and y parameters for
several hundred ”experimental” points.

The value of Ay varies significantly with changes
of actinide mass, at least for neutron-induced actinide
fission (Fig.4) [23]. Therefore, we chose a similar pa-
rameterization

Apn = =80+ B(Ay) . (6)
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To take even-even and even-odd effect into account

we introduce the factor

1—c(-1)V.

As a result bi slopes will look as

bj = (zj +yE,)[1 — e(-1)"],
j=12, N=Ap—Zp.

We calculate the function R(A) for the photofis-
sion of actinides 232Th, 235U and 238U according to
(1)-(10) by fitting of 406 ”experimental” values of
R(A).

Using the least squares method 5 parameters were
defined to satisfactorily describe the characteristic
”saw-tooth” behavior of prompt neutrons from the
photofission of actinides with A = 232...238 a.m.u.

neutron yields

120 130

A, a.m.u.

110

neutron yields

130 140 150

14

Calculated parameters of R(A) function are:

Parameter Value Error
T 2.69 - 1072 0.62 - 1072
To 3.86-1072 0.69 - 102
y —0.108-1072 | 0.047-1072
c 0.215-1072 | 0.061 -102
B 1.45 0.04

The results of R(A) calculation are shown in
Figs. 2-4 (solid curve).

The curves for prompt neutrons yield vy, i (A) can
be calculated with help of formula (1).

The results of v gr(A) calculation are shown in
Figs. 2-4 (dashed curve). As can be seen from the fig-
ures the calculated values for prompt neutrons yield
are everywhere within the errors.

These observations allow to estimate the possible
values of fission neutrons yield from light and heavy
fragments with known total yields just through the
mass distributions of fission fragments using the mod-
ified Terrell method [14].
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Fig.2. Results of calculation of
v u(A) (dashed line) and R(A)

function (solid curve) of a) 23%*Th,
b) 235U and c¢) 238U photofission
with bremsstrahlung maximum energy
12 MeV. Dash-dot line - Brosa calcu-
lation [18]. Squares - vp(A), circles -
v u(A), up triangles - R(A)
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Fig.3. Results of calculation of
v u(A) (dash line) and R(A) function
(solid curve) of 35U photofission with
bremsstrahlung maximum energy of a)
15, b) 20 and ¢) 30 MeV. Squares -
vp(A), circles - vy, g(A), up triangles -
R(A)
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Fig.4. Results of calculation of

vr u(A) (dash line) and R(A) function
(solid curve) of 33U photofission with
bremsstrahlung mazimum energy of a)
15, b) 20 and c¢) 30 MeV. Dash-dot
line - Brosa calculation [13]. Squares
-vr(A), circles - vy, g (A), up triangles
- R(A)

15



With  R(A)  function  parameterization,
which fairly well reproduces the characteris-
tic features of its behavior, we can calcu-
late the expected values of prompt neutrons
yield for other actinides, such as 23°Pu or
240 Py, Calculation results are shown in Fig.5.
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Fig.5. The result of R(A) functions calculation

for 232Th, 25U, 238U photofission (solid curve),
and predictions for 2*°Pu and 2*°Pu photofission
(dotted line) at the bremsstrahlung mazimum energy
12 MeV

3. CONCLUSIONS

Thus, to determine the photofission yield for these
actinides we need to know the value vp(A), which
is determined by the general empirical formula, for
example [27], or with its experimental values, calcu-
lated on the basis of the mass distributions of fis-
sion products [30]. This technique allows fast and
efficient calculation of photofission yield for not very
heavy nuclei in the excitation energy range up to 2n
threshold, avoiding cumbersome calculations by Ter-
rell method [14].
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ITAPAMETPU3AIINS BEIXOJOB MI'HOBEHHBIX HEMTPOHOB 13 OCKOJIKOB

®OTOAEJIEHNSI AKTUHUJIOB JIJIsI OBJIACTU SHEPTUII TUTAHTCKOT O
AUITOJIBHOT O PESOHAHCA

A.U. Jendvea, O. A. Ilapaae, B. T. Macarox, ’ FO. B. Kubxaxo |, H. U. Pomaniok

Brimosiena napaMeTpusaiys 3aBUCUMOCTH BBIXOIOB MIHOBEHHBIX HEATPOHOB OT MAcChl OCKONKOB V(A) do-
TOIEJICHHsT AKTHHUIHEIX s1aep 22T h, 23U u 238U na o6nacTu 3nepruii FHraNTCKOrO THIOILHOTO PE3OHALCA.
DTO MO3BOJISIET OMUCATH HAOJIOIAEMbIE U3MEHEHNS THI000PA3HOTO MOBEIEHNS BhIX0IA HEHTPOHOB U3 JIETKOTO
U TSIZKEJI0r0 OCKOJIKOB HEOOJIBIIMM YHCI0M CBOOOIHBIX IIAPAMETPOB B 3aBUCAMOCTH OT 3HEPIUU U HYKJIOHHOTO
cocrasa ¥ npenckasarh v(A) maa msoronos Pu.

ITAPAMETPU3AIIIS BUXO/IB MUTTEBUX HEMTPOHIB 3 YJIAMKIB
OOTOITIOAIJIY AKTUHIAIB JAJIAd OBJIACTI EHEPTIN T'NTAHTCBKOT'O
ANITOJIBHOI'O PESOHAHCY

O.I. JIendea, O. O. Hapaae, B. T. Macawx, | FO. B. Kibkano |, M. I. Pomaniox

Bukonana mapaMeTpusaliis 3a7e;KHOCTI BUXOJIB MUTTEBUX HEHTPOHIB Bix Macu ynaMkis v(A) dboromoziny
axTuHiTHEX anep 232Th, 23°U i 238U nna obmacti eHepriit TiraHTCHKOTO UIIOILHOTO pe3onancy. e 103Bose
OTUCATH CIOCTEPEXKYBAHI 3MIHN TUJIKOMOMIOHOT MOBEIIHKY BUXOIB HEMTPOHIB 3 JIETKOTO i BAXKKOTO YIAMKIB
HEBEJIMKUM YHMCJIOM BiJIbHUX MapaMeTpPiB y 3aJ€KHOCTI BiJl eHeprii Ta HYKJOHHOTO CKJIAJLY, & TAKOX Iepe-
Gaunry v(A) ana isoronis Pu.
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