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DELAYED PHOTONEUTRONS
IN THE PIK REACTOR

M. S. Onegin UDC 621.039.51

The effect of photoneutrons on the kinetics of the PIK reactor is analyzed and the effective photoneutron fraction
and value are calculated. The contribution of various nuclear precursors of high-energy delayed Y rays — fission
products — to photoneutron production is determined. The nucleus 014 makes the main contribution to
photoneutron production at long times after the PIK reactor stops operating. The intensity of the effective
neutron source (based on photoneutrons) as a function of the time after the reactor stops is determined.

The PIK high-flux reactor, intended for scientific research, is now under construction at the St. Petersburg Institute for
Nuclear Physics. Its design includes a reflector [1] with volume approximately 8.5 m’ heavy water, surrounding a compact core.
High-energy y-rays generated in the core can result in fission of deuterium in the reflector with a free neutron being formed:

Y+D —>n+p. (1)

The cross section of the (1) reaction as a function of the y-ray energy is presented in Fig. 1 [2]. At the maximum with y-ray
energy 4.6 MeV, the cross section of the (1) reaction is about 2.5 mb. The comparatively small cross section of the (1) reaction
is largely compensated by the large volume of heavy water contained in the tank. In the reactor, the y rays form when nuclei
in the fuel undergo fission as well as in the process of neutron capture by the nuclei of the structural materials, fuel, moder-
ator, reflector, and others elements. The ¥ rays formed as a result of fission are considered to be delayed if they are emitted
51078 sec or more after the fission event [3].

The objective of the present work is to determine the control parameters of the PIK reactor kinetics taking account
of delayed photoneutrons as well as to calculate the effective intensity of the source of photoneutrons when the core is refu-
eled a long time (more than several days) after the reactor is stopped.

The effect of the photoneutrons is minimal when the reactor operates at nominal power, since their flux in the reflec-
tor is much lower than the flux of prompt neutrons from the fission of uranium nuclei. When the reactor is stopped only
delayed neutrons are generated in the core. Their flux is much lower than that of the prompt neutrons, and then the delayed
photoneutrons can affect the kinetics of the neutron flux. It could be important to take account of the photoneutrons when
measuring the reactivity of the control rods of the safety and control system of the reactor by dropping the rods and measur-
ing the asymptotic period of the reactor [3]. The photoneutrons contribute to the total fraction of the delayed neutrons f, in
units of which the reactivity of all control rods of the safety and control system of the reactor is measured.

The decay constant of the intensity of the delayed 7y rays — sources of photoneutrons — is much smaller than that of
the sources of delayed neutrons. The fission products contain nuclei which are sources of high-energy 7y rays with half-life
greater than 1 day. The v rays generated by these nuclei are sources of photoneutrons long after the reactor stops. If the PIK
reactor operates in a cycle with partial refuelings, the photoneutrons can play the role of an external source when the reactor
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Fig. 1. Cross sections for photoneutron production on deuterium ( ) and

Be (= = -) nuclei versus the y-ray energy.

is started up after a shutdown. Such operating experience with a photoneutron source has been gained on the VVR-M reac-
tor, which has been operating in St. Petersburg Institute of Nuclear Physics since 1959 [4]. Here a beryllium reflector serves
as the neutron source. The neutron-production cross sections for the interaction of y-rays with deuterium and “Be are com-
pared in Fig. 1. Although the threshold of the reaction 9Be(\(, n + 2a) is 1.67 MeV, less than the threshold of the reaction
D(y, n), the deuteron splitting cross section increases more rapidly than that of neutron-production on “Be. Since the nomi-
nal power of the PIK reactor (100 MW) is much higher than the VVR-M power (about 16 MW), one can draw a preliminary
conclusion that a photoneutron source in a reflector can in principle be used as an external source to startup the PIK reactor.
However, the difference between PIK and VVR-M is that in startup loads spent fuel assemblies constitute only part of the
core in the startup loads. The intensity of an external neutron source for PIK startup is estimated as 10 sec™!. If the intensi-
ty of the photoneutron source is comparable to this value, an external neutron source need not be used.

All radioactive nuclei were considered — fission products whose decay spectrum contains 7y rays with energy above
2.225 MeV (threshold of the (1) reaction) and lifetime longer than 1 sec — to determine the fraction of photoneutrons per fis-
sion neutron. The total fraction Bp of photoneutrons per fast fission neutron was determined. Aside from the photoneutron
fraction, the photoneutron intensity also plays an important role. Since photoneutrons are formed in the reflector, which is
separated from the core by a steel case, their value as compared with that of neutrons produced in the core is much less than 1.
The value of photoneutrons was determined for a definite efficiency of the photoneutron source and two different configura-
tions of the core load.

Calculations of the Delayed-Photoneutron Yield. When 235U - the main fuel used in the PIK reactor — undergoes
fission, fission products with a wide range of atomic masses are formed. As a rule, the nuclei produced as a result of fission
are radioactive, since they have an excess of neutrons. Ordinarily, their B decay is accompanied by Y emission. The spectra
of the yrays accompanying [ decay are collected in the ENSDF nuclear data library [5]. All nuclei with nonzero yield of 25y
and half-life greater than 1 sec and possessing y-ray lines with energy above 2.225 MeV in the decay spectrum were taken
from this library. The total yield of nuclei was taken from the ENDF/B VII library [6]. The MCNP-4C code was used to cal-
culate the probability that a photoneutron is formed in the reactor’s reflector for each radioactive nucleus. For this, the trans-
port of y rays in the volume of the reactor was simulated. The total load of a core containing 18 fuel assemblies was exam-
ined. The source of the y rays was distributed over the core volume in a way so that the probability of its creation in a definite
fuel assembly was precalculated in accordance with the fraction of the fuel assembly under scrutiny in the total energy release
in the reactor. The distribution of the sources over the volume of a fuel assembly was assumed to be uniform in the transverse
sectional plane and proportional to the cosine over the height. The cross section for radiative capture of a y ray by deuterium
was taken from the ENDF/B VII library. The photoneutron yield B;, per fission neutron for the ith nucleus was determined
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TABLE 1. Maximum Computed Yield of Photoneutrons from Radioactive Nuclei — Fission Products

Isotope Fission yield, % Lifetime, sec I, %(E > 2.225 MeV) s 1074 B, 107
86ge 1.3652 15.3 64.6 1.50 0.0544
86py 1.5949 55 42.266 3.05 0.0845
8By 2.035 55.65 52.586 4.57 0.2014
88p; 1.78 16.29 46.509 4.99 0.1699
88y 3.552 10 224 36.265 1.09 0.0578
89Ky 4.511 189 17.781 3.41 0.1126
89Rb 4.715 909 14.679 2.03 0.0578
9ORb 4.499 158 37.00 5.37 0.3678

0mpy, 1.242 258 47.8706 3.56 0.0870
9Ky 3.351 8.57 23.25 2.30 0.0738
91Rb 5.577 584 48.665 3.84 0.4284
92Rb 4.815 4.492 26.53 5.98 0.3145
93Rb 3.551 5.84 38.1 3.52 0.1961
9Sgr 5.27 239 25.5661 2.85 0.1582
Sy 6.376 618 16.465 3.07 0.1324
My 4.8895 3.75 41.8 3.83 0.3217
136, 1.3389 17.5 42.12 2.52 0.0585
136y 2.643 83.4 33.743 1.86 0.0683
137 3.068 24.5 10.9138 3.89 0.0536
138~ 6.708 2004.6 8.8848 2.03 0.0500
1427 4 5.8486 5466 41.1338 2.02 0.2000

from the relation [3;7 =Yl iy /9, where Y' is the yield of the ith nucleus per fission event; / !is the fraction of v rays with ener-
gy greater than 2.225 MeV in the spectrum per decay event; V is the total neutron yield per fission (taken to be 2.43 in the
calculation); yi is the probability of a deuteron undergoing fission in the reflector per high-energy 7y ray with spectrum taken
from the ENSDF library. The photoneutron yield with fraction greater than 5107 is presented in Table 1. The total list of
isotopes with the computed yield is presented in [7]. The sum of all yields Bp is 3.91.107 photoneutrons per fission neutron.
We recall that this is the yield of photoneutrons from fission-product nuclei whose life time is longer than 1 sec. Some nuclei
have a shorter life time and were not taken into account here.
The spectrum of the delayed 7y rays has the following form to a first approximation [8]:

84e1(E) = Yge(E)Vfey = T4exp(-L.1E), 2)
where g4.(E) is the number of delayed photons with energy E per fission per 1 MeV 7y-ray energy. It follows from relation (2)
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that V:Yiel = 6.73 delayed y-rays are emitted for each fission event. The fraction of y rays with energy higher than 2.225 MeV in
the spectrum calculated according to relation (2) is fY =(.1081. The calculation shows that the probability of the formation of a
photoneutron for a y ray with such a spectrum and energy greater than 2.225 MeV in a PIK reactor is ytOt =0.176-107°.

Then the total photoneutron yield per fission neutron can be calculated according to the relation

tot,,Y
o= Vaelfy (3)

\Y

In a calculation using relation (3), BptOt =5.27-107. Thus, the total photoneutron yield is 1.35 times higher than the pho-
toneutron yield from radioactive nuclei with lifetime longer than 1 sec — Bp =3.91-107.

The experimental data on the yield of the delayed photoneutrons from heavy water for a 25y sample were obtained
from ORNL (USA) [3]. The intensity of the photoneutrons was studied as a function of time. The decay curves obtained were
analyzed in an eight-group approximation. The periods of the photoneutron groups ranged from 2.5 sec to several days.
The experimental fraction of the photneutrons per fission neutron for nine temporal groups (including the group with half-
life 12.8 days) is presented in the monograph [3]. The total experimental fraction of photoneutrons is Bf =100.75-107 per
fission neutron, which is much greater than the computed value B;,Ot = 5.27-107. This is due to the fact that the fuel in the
PIK reactor us located in steel shells, the core is filled with water, and the heavy-water reflector is additional separated from
the core by a steel vessel. Thus, the ratio rpj = B;Ot/ Bf = (.052 characterizes the factor by which the photoneutron yield in
a PIK reactor is less than in the idealized case, where the fissile fuel is directly surrounded by heavy water.

Photoneutron Value in the Reflector. Additional calculations were performed to calculate the value g of a pho-
toneutron. The MCNP-5 program [9] makes it possible to include photoneutron production in the simulation of neutron and
Y-ray transport in a reactor. The corresponding libraries were attached when simulating the propagation of delayed y rays out
of the core. In the simulation procedure, on entering the reflector y rays with energy above the threshold value can be cap-
tured by deuterium with a neutron being formed. The value of these neutrons will be much lower than that of neutrons in the
core; nonetheless, some of these neutrons will enter the core and give rise to fission of the fuel nuclei. Some of the neutrons
generated during fission will once again give rise to nuclear fission of the fuel, and so on until all secondary neutrons are
absorbed, since the multiplication coefficient of the reactor during refueling is less than one. The power released in the fuel
per delayed 7y ray formed in the core can be calculated from the relation

Y 8kesr

P, =g, —°l
TR = kg )V

g ¢, Ey). )

Here £ = 201.7 MeV is the energy released in the core as a result of the fission of a 235U nucleus; v is the average number
of photoneutrons produced in the reflector per delayed yray; V is the total yield of neutrons per fission. The function Cy(r, EY)
in Eq. (4) is the source of y-rays with spectrum described by Eq. (2); the y rays are distributed over the core with spatial den-
sity proportional to the density of fuel fission with rate 1 y ray per 1 sec.

The photoneutron value was calculated for two incomplete loads of the PIK reactor core. The outer layer of fuel
assemblies, adjoining the reflector, was completely filled in the first load and the inner layer was filled in the second load.
The multiplication coefficient can be changed by moving the central control rods (screens), made of hafnium and placed at
the center of the core in a light-water trap. The photoneutron value was calculated from the relation (4) for two cartograms.
The cartograms used represent two limiting cases of loads arising during refueling of the core. The photoneutron value reach-
es its maximum value when the outer layer is filled and its minimum value when some fuel assemblies are missing. For inter-
mediate filling of the outer layer of fuel assemblies, the photoneutron value falls within these limits. The photoneutron value g
averaged over the position of the screens with the core loaded is 0.30 + 0.02 for the outer arrangement of fuel assemblies and
0.16 + 0.02 for the inner arrangement. Thus, aside from the smallness of the photoneutron fraction 3, the value of such neu-
trons in the reflectors is likewise less than 1.
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Neutron Kinetics Taking Account of the Photoneutrons. In the framework of the point model of neutron kinetics
taking account of the photoneutrons [8], the amplitude function p(f), characterizing the time dependence of the neutron flux
(reactor power), satisfies the system of equations

. p-B
p=r—pt Y Ci+ D AC)s
i ;

A
. B W By
Ci:—liCﬁ%p; C;=-A,C;+y? A_”p. )

Here y” h = grpik- The quantity y” "is numerically equal to 1.57- 1072 for a core load with the outer fuel-assembly layer filled.
The index i in Eq. (5) refers to six groups of delayed neutrons, while the index j denotes nine groups of delayed photoneu-
trons. The delayed-photoneutron fraction [.’)f and the decay constants Xj correspond to the experimental values [3]. The total
fraction of the delayed neutrons was determined from the relation

6 9
K haK
Befr = Zﬁeff,i + ZYP Bj ) (6)
i=1 j=1

where Blgfﬂi and 2, are the effective fraction and the decay constant for size temporal groups of delayed neutrons [3] taking
6
account of their value. The total fraction of delayed neutrons 2 B,K for the fission of the 233U nucleus by thermal neutrons
i=1
is 0.00675 delayed neutrons per fission neutron [3]. The effective fraction of delayed neutrons differs by a factor of €;, where
g = Beff,i/ B; is the value of the delayed fission neutrons with respect to the prompt fission neutrons. For the PIK reactor
€= 1.11 [10], so that the total effective delayed-neutron fraction

6
D BE:: =(0.767£0.019) 1072
i=1

The sum of the additional terms due to photoneutrons in Eq. (6) is ~1.6:107.
The general solution of system of equations (5) has the form

i=7

j=9
p) = Zpi expmit+2pj expo t,
i=1 j=1

where the exponents ©; jare the roots of a characteristic equation [3]. The largest root of the equation is determined by the
sign of the reactivity and is positive, if the reactor’s reactivity is positive (correspondingly, it is negative of the reactivity is
negative). All other roots o, ; are always negative. When the reactor is stopped, a large negative reactivity p = —Ak g/ ko
is introduced into it. In this event, approximate expressions can be obtained for the roots ®; and o; and the coefficients p;

and P of system of equations (5) [3]:

Betr,i, j Betr,i, j
pi=—2—1 = | l———— | @)
DL Begr + Ak PERI Begr + Ak
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Fig. 2. Amplitude function versus the time neglecting (

) and taking
account of photoneutrons (— — -).

Here the index i refers to the delayed neutrons and the index j to the delayed photoneutrons. The derivation of relations (7) also
assumed that prior to being stopped the reactor operated at constant power for more than several days.

A plot of the function p(f) taking account of and neglecting the delayed the delayed photoneutrons is presented in
Fig. 2. Here p, is the amplitude function before the negative reactivity is introduced. The value of Ak g was assumed to be
9B, It is seen in Fig. 2 that the presence of a photoneutron source in the reflector has the effect that after the reactor stops
an almost constant source of neutrons with intensity approximately 107 times the level before stoppage appears.

Determination of the Effective Intensity of a Photoneutron Source. For a long period of time after the reactor is
stopped (longer than 1 day), the intensity of the effective source of photoneutrons can be determined by a relation where the
summation is performed over nuclei of long-lived sources of high-energy v rays:

L= > NOMLYE. ®)

Analysis of all possible precursor nuclei shows that 140 a makes the main contribution to the sum in this case [7].
When calculating the accumulation 140La nuclei the fact that its precursor — the nucleus 19Ba — has a much longer half-life
12.7527 days must be taken into account. The lifetime of 140¢g (63.7 sec) can be neglected. The total yields of the nuclei
"*9Ba and '**La are, respectively, Y1405, = 0.062145 and Y49, = 0.062197 (the individual yield is Y{30, = 5.2156:107).
After a reactor has operated for time 7 at power P the number of 1%0La and '*°Ba nuclei produced in the core can be calcu-
lated from the relations

P Yo
N140La(T) =—_—La [1 —exp (—7&140L3T)] +
€p 1401 o
P Yig
+———Ba [CXP (—7&140L3T) —exp (—7b140BaT)];

£ A -
F Mo, — Mo,

P Yo
N14OB (T)=— Ba
a €r 7L140Ba

[1 —exp(-A 14oBaT)]-
The concentration of '*°La nuclei after time  has elapsed after the reactor has stopped is calculated from the relation
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Fig. 3. Effective intensity of a photpneutron source versus time.

A

140
B
N (T) = N140L3(T) exp (- 140LaT) + N140Ba(T) m exp (- 140BaT) —exp (A 140LaT) .
a a

The time dependence of the effective intensity of the photoneutron source is displayed in Fig.3. Even 1 month after
the reactor stopped the effective intensity of the photoneutron source is ~5 -10'" neutrons in 1 sec, which is 100 times greater
than required for starting up a reactor. The intensity of the external source becomes less than 10® neutrons in 1 sec approxi-
mately 5 months after the reactor stops. Thus, a PIK reactor with partial fuel burnup can be started up without using an exter-
nal neutron source; an internal source of neutrons in a reflector, which are generated by delayed 7y rays, can be used. It should
be noted that the computational results presented in Fig. 3 were obtained for the condition that prior to being stopped the reac-
tor has operated for 30 days at power 100 MW. The fuel burned up remains in the core. If only a part of the fuel remains in
the core, then relation (8) must be used to calculate intensity of the effective photoneutron source taking account of the 140La
mass in the core and the photoneutron value for the configuration considered.

In summary, our investigations have shown that although the computed fraction of photoneutrons in the PIK reactor
tot
P

toneutrons dominate in the reactor 500 sec after stoppage. Their intensity decays much more slowly than that of the delayed

is only B, = 5.27-107 with respect to the total number of secondary neutrons produced during fission, the delayed pho-
neutrons. The effective source of photoneutrons in the PIK reactor, provided that the burned-up fuel remains in the reactor,
has a higher intensity (>10_8 sec_l) even several months after the reactor has stopped. Consequently, an additional source of
neutrons for re-startup of the reactor need not be used in this case.

I thank K. A. Konoplev, who initiated interest in this problem, and A. N. Erykalov and A. S. Zhakharov for helpful
discussions.
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