ISOMER RATIOS IN PHOTONUCLEAR REACTIONS WITH
MULTIPLE NEUTRON EMISSION

O. M. Vodin'i O. A. Bezshyyko?, L. O. Golinka-Bezshyyko®, I. M. Kadenko?,
V. A. Kushnir', A. V. Kotenko?, O. V. Lubynets®, V. V. Mitrochenko',
S. M. Olejnik', S. A. Perezhogin', C. Vallerand®

! National Science Center ”Kharkiv Institute of Physics and Technology”, 61108 Kharkiv, Ukraine;
2 Taras Shevchenko National University of Kyiv, 01601, Kyiv, Ukraine;
3 Laboratoire de I’Acce’le’rateur Line’aire, 91898 Orsay, France (LAL)
(Received August 2, 2018)

The aim of this work is studying of gamma-quanta energy dependence of isomeric ratios in A(y,zn)"™9(A — zn)
reactions in energy range 35...100 M eV, i.e. beyond Great Dipole Resonance (GDR) region. Experimental data were
taken from international database EXFOR for a wide range of nuclear mases (55 < A < 181). Theoretical values of
isomeric ratios were obtained using TALYS-1.8 code. Several models of level densities with both enabled and disabled
pre-equilibrium mechanism were considered in our simulations. Obtained results let us to make conclusions about
different mechanisms of photonuclear reactions on certain nuclei, energy dependence of their relative contribution.

PACS: 25.20, 13.60.H

1. INTRODUCTION

Nuclear reactions with photons in the input channel
have some advantages which are used for investiga-
tion of general physical dependencies and some spe-
cial features of photonuclear reactions. First of all,
gamma-quanta do not contribute large angular mo-
mentum to the nuclei, and excitation energy of nuclei
does not include binding energy of the incident par-
ticle. Characteristics of photonuclear reactions are
well studied in the energy region of giant dipole res-
onance and at energies higher than pion production
threshold. Energies between GDR and threshold of
pion production (30...100 MeV) are studied not so
well from both experimental and theoretical point of
view. It is related with small values of cross sections
in this energy region, lack of gamma-quanta sources
with fine energy regulation and some historical rea-
sons [1].

There are two main models of nuclear reactions
mechanisms: compound nucleus model and direct
reaction model. The main idea of compound nu-
clei model is that energy of incident particle is uni-
formly distributed between all the nucleons, and nu-
cleon emission is considered as evaporation process.
This model is also called statistical model. There
is another mechanism considering particle emission
before statistical equilibrium is established. The nu-
cleon can be knocked out with the incident particle;
this process is called direct reaction. It is clear that
increasing of number of interactions in the nucleus
(increasing ofreaction time) leads to reduction of the
connection between input and output channels and
increasing the contribution of statistical processes.

There are several program codes for nuclear reac-
tions description. One of them is TALYS [1], which
has open source. It can be used for evaluation of
cross sections, isomeric ratios and other characteris-
tics of nuclear reactions with neutrons, protons, pho-
tons, deuterons, 3H, 3 He and a-particles in the input
channel.

In the TALYS code modern model approaches
for description of direct reactions, pre-equilibrium
processes, reactions with compound nuclei produc-
tion and fission processes are implemented. Reaction
mechanisms are considered in wide ranges of incident
particle energies (107! MeV < E < 1000 GeV) and
target nuclei masses (5 < A < 339). An important
advantage of TALYS code is automatic use of model
parameters and estimated nuclear data from RIPL-3
[2] library[4].

TALYS provides 6 model approaches (LD1-LD6)
for level density evaluation: 3 phenomenological
models and 3 level density sets derived from micro-
scopic models.

LD1: Constant temperature + Fermi gas model.
In this model introduced by Gilbert and Cameron
[3], the excitation energy range is divided into a low
energy part from Ey up to a matching energy Ey,
where the so-called constant temperature law applies
and a high energy part above , where the Fermi gas
model applies. Hence, for the total level density we
have

ptOt(Ew) = p?t(EI)v
ptOt(Ex) = P%gt(Ez%

LD2: Back-shifted Fermi gas model In the Back-
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shifted Fermi gas Model (BFM) [4], the pairing en-
ergy is treated as an adjustable parameter and the
Fermi gas expression is used all the way down to Ej.

LD3:  Generalised superfluid model (GSM).
Model takes superconductive pairing correlations into
account according to the Bardeen-Cooper-Schrieffer
theory. The phenomenological version of the model
[7, 8] is characterized by a phase transition from a su-
perfluid behavior at low energy, where pairing corre-
lations strongly influence the level density, to a high
energy region which is described by the Fermi gas
model. The GSM thus resembles the constant tem-
perature model to the extent that it distinguishes
between a low energy and a high energy region, al-
though for the GSM this distinction follows naturally
from the theory and does not depend on specific dis-
crete levels that determine a matching energy. In-
stead, the model automatically provides a constant
temperature-like behavior at low energies.

LD4: Microscopic level densities (Skyrme force)
from Goriely’s tables Using this model allows to
read tables of microscopic level densities from RIPL
database. These table were computed by S. Goriely
on the basis of Hartree-Fock calculations for excita-
tion energies up to 150 MeV and for spin values up
to I = 30.

LD5: Microscopic level densities (Skyrme force)
from Hilaire’s combinatorial tables The combinato-
rial model includes a detailed microscopic calcula-
tion of the intrinsic state density and collective en-
hancement. The only phenomenological aspect of the
model is a simple damping function for the transition
from spherical to deformed.

LD6: Microscopic level densities (temperature de-
pendent HFB, Gogny force) from Hilaire’s combina-
torial tables.

We consider reactions both with enabled and dis-
abled pre-equilibrium mechanism. Pre-equilibrium
mechanism of nuclear reactions is an intermediate
type between direct reaction and reaction via com-
pound nuclei. Pre-equilibrium emission takes place
after the first stage of the reaction but long before
statistical equilibrium of the compound nucleus is
attained. The pre-equilibrium contribution becomes
only sizable for incident energies several MeV higher
than the excitation energy of the last discrete level of
the target nucleus.

2. EXPERIMENTAL METHOD

The product nuclei of photonuclear reaction can
be both in ground and metastable (also called iso-
meric) state. Photonuclear reaction is characterized
with isomeric ratio. In case of monochromatic inci-
dent particles flow the isomeric ratio can be deter-
mined as cross sections ratio o,,(E)/o4(E), where
Og(m)(E) is the ground (isomeric) nuclei state pro-
duction cross section. Also isomeric ratio can be de-
fined as oy (F)/oL(E), i.e. the ratio between cross
sections of states with high and low spin.

If the incident particles spectrum is substantially
different from monoenergetic (especially in experi-

ments with bremsstrahlung ~-quants) the isomeric
ratio of yields is used:

Yo

Y,

d(Emar) = (1)
where Y,y is the ground (isomeric) state yield for
the maximum bremsstrahlung energy E,,q..

The reaction yield is determined as

Emaax
Yig = Nt/ Om,g(EYW(E, Epag)dE,  (2)

B

where:
N, is the number of target nuclei;
FEar — maximum energy of incident particles;
Om,g(E) — ground (isomeric) nuclei state production
cross section;
W(E, Epmaz) — energy spectrum of incident particles;
E[? — threshold energy of ground (isomeric) state
nuclei production.

Energy spectrum depends on «-quantum produc-
tion cross section. It is clear, because W(E,, Enaz)
is energy distribution of particles:

dN
diE 9 (3)

where N is the number of y-quanta emitted from
bremsstrahlung target. The number of y-quanta
emitted from bremsstrahlung target into solid angle
df) is

W(E’y7 Emax) =

n do
dN = NOSdeQ

(4)
where:
Ny is the number of electrons interacting with
bremsstrahlung target;
n —number of bremsstrahlung target nuclei with cross
section S.

The expression for the flux of y-quanta with en-
ergies in the range (E,...E, + dE,) emitted into the
solid angle df) can be written in the following form:

n d2o

AW (Ey, Emaa) = S dQdE,

No— ———dQY. (5)

Integrating (5) over the solid angle we have

n d%c
N,
Enaz) / 'S dQdE,

Assuming the target to be thin (twice thinner
than radiation length of material [7]), we use the
bremsstrahlung energy spectrum calculated in work
[8]. The cross section of bremsstrahlung ~-quanta
production is called Shiff spectrum [9]:

W(E, ds. (6)

dQ ~ 27 1370 mc2 E7

E§ + E? (Eo + E)T

S0 TE g M(0) — =l (7)
2 25

where:
FE is the total energy of the scattered electron;
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Z — atom number of target material;
rg — classical electron radius;

1 mc*E., 2
M(0) ( 2E0E) i
In Shiff’s approximation d?¢/dUdE.,, is assumed
not to have angle dependence, and y-qaunta emission
is limited with solid angle Q4. Then energy spec-
trum W(E,, Epay) is proportional to d?c/dQUE,
with proportional coefficient Ny(n/s)Qp.

Considering (3)-(6) we obtain the expression for
isomeric ratio:

Z2/3
1112°

3. ANALYSIS

Published data of isomeric ratios is represented in
a variety of forms: Y,,/Yy, Y0,/ (Yy + Yi), Yu /Y1,
Om/0g, Om/(0g + 0m), ou/or. To simplify com-
parison isomeric ratios of different authors are re-
calculated and represented in Table in Yy /Y7, form.
In the first column of Table there is a photonuclear
reaction, its threshold (Eyp), spin and parity of tar-
get, ground and isomeric nuclei (¢, g and m respec-
tively). In the second column there is maximum en-
ergy of bremsstrahlung photons. In the third col-
umn there is an experimental value of isomeric ra-
tio D = Yy /Yr. The fourth column contains ref-
erence to the experimental data represented in the
third column; in the 5-th and 6-th column there are
theoretically predicted values of isomeric ratio sep-
arated with slashes (from 1-st (LD1) to 6-th (LD6)
level density model, both with enabled and disabled
pre-equilibrium mechanism).

Comparison isomeric ratios of different authors

Theoretical value of D

disabled pre-equilibrium

enabled pre-equilibrium

0.45/0.50/0.50/0.55/0.56,/0.64

0.46/0.53,/0.53/0.60/0.64/0.73

0.48/0.53/0.53/0.59/0.59/0.67

0.58/0.65,/0.64/0.74/0.75/0.83

1.76/1.89/1.91/2.38,/2.41/2.06

2.10/2.22/2.16/2.75/2.76/2.32

0.04/0.05/0.05,/0.06,/0.06/0.08
0.06,/0.07/0.07/0.09/0.10/0.13

0.06/0.06,/0.06/0.08/0.08,/0.11
0.06/0.07/0.07/0.10/0.11/0.15
0.06/0.07/0.07/0.10/0.11/0.16

0.05,/0.06/0.05/0.08,/0.08,/0.10
0.09/0.01/0.09/0.13/0.13/0.17

0.08,/0.08/0.08/0.11/0.11/0.14
0.10/0.11/0.10/0.14/0.15/0.19
0.12/0.13/0.12/0.16/0.17/0.22

2.00/2.17/2.22/2.54/2.30/3.15

2.48/2.65/2.60/3.05/2.76/3.67

2
Vi S ou(By) gidE,
D(Emaw) = 7 = Et::“” 2o . (8)
L fEtLh O'L(E»y)defy
Reaction Frmaz, D Ref.
MeV
B Mn(y,3n)%>Mn | 49 0.41£0.02 | [10]
Ey, = 31.2 MeV
t: 5/27 100 0.7740.06 | [11]
g 67
m: 27
8851 (v, 3n)%° Sr 65 1.8340.22 | [12]
Ey, = 31.3 MeV
t: 0T
g 9/2%
m: 1/27
Y (v, 3n)%¢Y 45 0.199+0.026 | [13]
Eu, = 32.6 MeV 55 | 0.23540.014
% 1/27
g 47 50 0.2240.04 | [14]
m: 8F 60 0.25+0.03
70 0.26+0.03

9 Mo(v,3n)° Mo 70 0.6240.06 | [15]
Eu, = 30.4 MeV
t: 0T
g 9/2%
m: 1/27
197 Ag(, 3n)1%* Ag 33 0.88+0.14 | [16]
Ey, = 27.5 MeV 34.5 1.04+0.1 [17]
t: 1/27 36.5 1.2640.05
g 5t 38.5 1.3940.08
m: 2% 50 2.33+£0.22 | [20]

0.34/0.35,/0.35/0.42/0.47/0.37
0.38/0.40,/0.40/0.49/0.55,/0.43
0.43/0.45,0.45/0.57/0.64,/0.49
0.47/0.50,/0.50/0.64/0.72/0.54
0.57/0.63,/0.64,/0.86/0.97/0.70

0.35/0.36,/0.35/0.43,/0.49/0.38
0.39/0.41,/0.41/0.50,/0.57/0.44
0.45/0.47/0.47/0.59/0.67/0.51
0.49/0.52/0.52/0.67/0.76,/0.57
0.68/0.73/0.72/0.99/1.11/0.81
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Reaction FEmaz, D Ref. Theoretical value of D
MeV disabled pre-equilibrium enabled pre-equilibrium
13 1n(y,3n) 0 In 32 0.314£0.07 | [17] | 0.41/0.44/0.43/0.43/0.52/0.47 | 0.42/0.44/0.43/0.43/0.52/0.48
Ey, = 27.1 MeV 34 0.44+0.07 | [18] | 0.41/0.44/0.43/0.44/0.55/0.51 | 0.42/0.44/0.43/0.44/0.55/0.51
t: 9/2% 36 0.62+0.06 0.42/0.45/0.44/0.46/0.58/0.54 | 0.43/0.45/0.44/0.46/0.58,/0.54
g 7r 38.5 0.54+0.04 0.43/0.47/0.46/0.49/0.61/0.57 | 0.44/0.47/0.46/0.49/0.61/0.57
m: 2+ 41.5 0.52+40.05 0.46/0.49/0.48/0.52/0.64/0.60 | 0.46/0.49/0.48/0.52/0.65/0.60
43 0.7540.03 | [21] | 0.46/0.50/0.49/0.54/0.66/0.61 | 0.47/0.50/0.49/0.54/0.66/0.61
121 6b(vy, 3n) 18 Sb 38 0.1440.04 | [22] | 0.05/0.06/0.05/0.07/0.08/0.09 | 0.06/0.07/0.06/0.08/0.09/0.10
Ey, =258 MeV 43 0.1540.01 0.07/0.07/0.07/0.09/0.11/0.12 | 0.08/0.09/0.08/0.11/0.13/0.14
t: 5/2F
g 1T
m: 8
HMOCe(y,3n)3"Ce 30 0.09£0.01 | [23] | 0.09/0.10/0.09/0.11/0.11/0.08 | 0.10/0.10/0.09/0.11/0.11/0.09
Eu, = 26.4 MeV 70 0.941.0 [15] | 00.50/0.56/0.52/0.71/0.80/0.75 | 0.73/0.80/0.70/0.98/1.08/1.01
t: 0T
g 3/2%
m: 11/27
MANA(y,3n)" Nd | 70 0.5540.08 | [15] | 0.57/0.57/0.55/0.65/0.68/0.74 | 0.79/0.79/0.70/0.88/0.93/0.98
Ey, = 23.7 MeV
t: 0T
g 3/2%
m: 11/2°
185 Ho(vy,3n)"%2Ho | 45 | 0.58740.041 | [24] | 0.69/0.71/0.68/0.60/1.07/0.77 | 0.76/0.77/0.73/0.67/1.17/0.85
Eu = 23.1 MeV 50 | 0.62440.044 0.67/0.71/0.68/0.60/1.07/0.77 | 0.78/0.79/0.75/0.69/1.20/0.88
t: 7/27 55 | 0.65240.045 0.69/0.71/0.68/0.61/1.07/0.78 | 0.80/0.81/0.76/0.71/1.23/0.89
g 1t 60 | 0.63740.045 0.69/0.71/0.68/0.60/1.07/0.77 | 0.81/0.81/0.76/0.71/1.23/0.89
m: 6~ 65 | 0.66840.046 0.69/0.71/0.68/0.61/1.07/0.77 | 0.82/0.83/0.78/0.72/1.26/0.92
43 1.7940.04 | [21] | 0.69/0.70/0.67/0.60/1.06/0.77 | 0.75/0.76/0.72/0.66/1.15/0.85
BlTa(y,3n) ™ Ta 32 3.040.6 [25] | 0.93/0.91/0.92/0.89/0.69/0.87 | 0.92/0.9/0.91/0.87/0.68/0.86
Ey, = 22.1 MeV 55 1.964+0.36 | [26] | 0.80/0.75/0.77/0.73/0.54/0.71 | 0.70/0.68/0.7/0.64/0.48/0.63
4 7/27
g 1T
m: 7
8V (v,4n)%Y 60 0.7640.08 | [27] | 1.77/1.86/1.90/2.49/3.76/3.36 | 1.84/1.92/1.96/2.57/3.83/3.43
By = 422 MeV 70 0.8540.09 1.96/2.09/2.16/2.91/4.60/4.09 | 2.13/2.24/2.30/3.11/4.80/4.27
t: 1/27
g 1/27
m: 9/2%F
9B Nb(y,4n)3 Nb 45 4.0940.99 | [28] | 7.47/7.85/7.66/8.23/7.92/6.73 | 7.45/7.83/7.65/8.19/7.90/6.69
Eup = 38.8 MeV 50 5.1740.69 7.91/8.30/8.18/8.98/8.87/8.08 | 7.86/8.24/8.14/8.87/8.84/7.94
t: 9/2% 55 5.9640.6 8.15/8.56/8.47/9.40/9.76/9.13 | 8.08/8.47/8.40/9.23/9.70/8.88
g 9/2" 60 6.6+0.9 8.24/8.65/8.58/9.57/10.4/9.73 | 8.17/8.55/8.5/9.38/10.33/9.42
m: 1/27 70 7.6740.52 8.30/8.72/8.67/9.61/11.1/10.2 | 8.26/8.62/8.58/9.43/11.0/9.82
60 6.640.9 [29] | 8.24/8.65/8.58/9.57/10.4/9.73 | 8.17/8.55/8.5/9.38/10.33/9.42
103 Rh(y,4n)* Rh 65 1.4340.2 [30] | 1.54/1.66/1.76/2.32/2.18/1.88 | 1.73/1.83/1.93/2.54/2.37/2.04

Ey, = 34.TMeV
t: 1/27
g 1/27
m: 9/2+
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Theoretical value of D

disabled pre-equilibrium

enabled pre-equilibrium

1.32/1.46/1.46/2.00/2.22/1.68

1.65/1.77/1.72/2.38/2.64/2.01

0.61/0.65,/0.63/0.69/0.82/0.77
0.71/0.75,/0.73/0.83/0.96,/0.88
0.71/0.75/0.74/0.83/0.96,/0.88
0.71/0.75,/0.74/0.84,/0.97/0.89

0.61/0.65,/0.63/0.69/0.82/0.77
0.72/0.75,/0.73/0.82/0.94/0.87
0.72/0.75/0.74/0.83,/0.95/0.88
0.73/0.76,/0.74/0.83,/0.95/0.89

0.13/0.14/0.13/0.18/0.23/0.11

0.15/0.14/0.14/0.18/0.24/0.11

Reaction FEmaz, D Ref.
MeV
109 Ag (v, 5n)'* Ag 84 1.8840.08 | [19]
Ei, = 44 MeV
t: 1/27
g 5"
m: 27
15 In(y, 5n)0In 56 0.440.04 | [19]
Ey, = 43.4 MeV 75 | 0.67+0.13
t: 9/2% 79 | 0.83+0.08
g 7t 84 1.024:0.02
m: 27
121.8p(, 5n) 10 Sb 53 0,1440.01 | [22]
Ey, = 43.1 MeV
t: 5/2F
g 3T
m: 8~
15 In(y, 7n) % In 84 0.940.25 | [19]
Eu, = 61.9 MeV
t: 9/2%
g 7"
m: 27

1.53/1.61/1.58,/1.65/2.00/1.72

1.54/1.61/1.58/1.65/2.00/1.71

On Figs.1-18 we presented theoretical values of iso-
meric ratios (solid line corresponds to disabled pre-
equilibrium mechanism, dotted line - to enabled) and
experimental data (black triangles and red squares).
We can see that close to the threshold, theoretical
values of isomeric ratios calculated with and with-
out taking into account pre-equilibrium processes are
very close that means that near the threshold sta-
tistical processes dominate. Generally, at energies
far from threshold, enabled pre-equilibrium mecha-
nism gives results which better agree with experimen-
tal data (except of ®8Sr(v,3n)%Sr, 89Y (v,4n)8%Y,
103 Rh(y,4n)* Rh, 4 Nd(v,3n)"* ! Nd).

For some reactions we observe a good agreement
between theoretical and experimental data:

— P Mn(v,3n)?Mn is well described with 1-st
level density model at 49 MeV and with 4-th, 5-th
and 6-th level density models at 100 MeV;

5SMn(y,3n)°’Mn

>_4 -LD1
N =LD2
> Ziba
ke =LD5
g At
« 0.8 WEXP2|
[] ——
g .
o
K4

0.6\ ——

0.4

L L
40 60 80 100
Energy, MeV
Fig.1. Mn(v,3n)*2Mn. EXP1[10], EXP2[11]
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— 888r(y,3n)%Sr is well-described with LDI1,
LD2, LD3 without pre-equilibrium mechanism;

88Sr(y,3n)*°sr

- -l D1
=3 i
2 zie
=2 B T
j - AEXP
5 2.5 P

E N

3 e T =

-_ ¢ ! -

2| o~

S

=
ul

L L L L

Energ)Z,OMeV
Fig.2. ®8Sr(v,3n)%Sr. EXP [12]

— 103RA(y,4n)" Rh is well-described with LD1
and LD2 without pre-equilibrium mechanism;

193Rh(y,4n) Rh

N
wu

N

Isomer ratio Y, /Y

=
o

iy

40 50 60 70
Energy, MeV

Fig.3. Y3 Rh(v,4n)* Rh. EXP [30]




— 199 4g(y,5n)194 Ag is well-described with LD4
and LD2 with pre-equilibrium mechanism;

109Ag (y' 5n)104Ag

Isomer ratio Y, /Y

.-
o
-
—

L

113|n(v‘3n)110|n

80

Energy, MeV
Fig.4. 199 Ag(v,5n)1% Ag. EXP [19]

— for 13In(v,3n)19%n the difference between
theoretical models is of one order with statistical er-
ror of experimental data, and all theoretical models
are in good agreement with experiment;

o
)

Isomer ratio Y /Y
o
o

o
™

0.2

L L

30 35 40

Fig.5. "31In(vy,3n)"%In. EXP [21]
— 1218b(y,5n)110Sb is well-described with LD2

45
Energy, MeV

and LD3;
1215 (y,5n)*°sh

.
tI() 3| = :EE%
> U.o— -
o e
© - D6
= AEXP
go.2l-

[=]
]

0.1

1215h(y,3n)"*sh

Energy, MeV

Fig.6. 1218b(y, 5n)'16Sb. EXP [22]

— 1218b(~, 3n)18Sh is well-described with LD5
and LD6 with enabled pre-equilibrium mechanism;

WYL

o

s

o
I

Isomer ratio Y,

Fig.7. 121Sb(v,3n)18Sb . EXP [22]

— 10C¢(y,3n)137Ce is well-described with LD1
at 30 MeV; and 70 MeV statistical error of experi-
mental data covers all theoretical models;

45
Energy, MeV

“°Ce(y,3n)”7Ce

- o
= =i
> -5
) =
g 1.5 =B
= AEXPL
o} WEXP2
£ R =
2 | o == =

0.5

(=]

80
Energy, MeV

Fig.8. 149Ce(v,3n)®"Ce. EXP1 [23], EXP2 [15]

—

LD1, LD2, LD3 and LD4;
144Nd(y,3n)“Nd
= [ -
>_I —
o
8
5
£
o
£20.5

il L
0 20 50

Fig.9. " Nd(y,3n)"4'Nd. EXP [15]

80
Energy, MeV

MANd(vy,3n) " Nd is well-described with

— 15Ho0(v,3n)1%2Ho: experimental data (ex-
cept of [21]) are well-described with LD4.

o
o

Isomer ratio Y /Y
[

%5H0(y,3n)***Ho
e
L] ~iD3
—ib4
Zios
51— =LD6
AEXP1
REXP2

= —

=

0

Energy, MeV

Fig.10. ' Ho(v,3n)1%2Ho. EXP1 [24], EXP2 [21]

There are reactions with significant differences be-
tween experimental data and theoretical predictions:

— 89Y(7,4n)®%Y and 8V (v, 3n)3¢Y. In one case
all theoretical models give overestimated values; and

in the other case, in opposite, underestimated.

It

should be noted that for 3°Y (v, 3n)%0Y experimental
data measured by different groups at different exper-
iments are consistent among themselves;

Isomer ratio Y /Y

Y(y 4y

N

70
Energy, MeV

Fig.11. 3°Y (v, 4n)®Y. EXP [27]
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Fig.12. Y (v,3n)%Y. EXP1 [13], EXP2 [1}]
— BNb(y,4n)¥ Nb: all theoretical models over-
estimate isomeric ratios, but it should be noted that
LD1 describes well the behavior of isomeric ratio en-
ergy dependence;

%Nh(y,4n)**Nb

Isomer ratio Y /Y,

P+

I I L

40 50 60

70
Energy, MeV

Fig.13. %3 Nb(v,4n)3°Nb. EXP1 [28], EXP2 [29]

— 9 Mo(y,3n)* ! Mo: all theoretical models give
overvalued results;

*Mo(y,3n)*Mo

Isomer ratio Y, /Y

40 50 60 70
Energy, MeV

Fig.14. “*Mo(v,3n)°*Mo. EXP [15]

-— 197 Ag(y,3n)1%4 Ag: all theoretical models un-
derestimate isomeric ratios. It should be noted that
experimental data measured by different groups at
different experiments are consistent among them-
selves;

107 104

| Ag(y.3n) ~Ag

5 =i
= r B
o =LD5
2 2 =LD6
: e
aES n
8 N

=
>
.

0 Energy, MeV
Fig.15. 197 Ag(v,3n)'%*Ag. EXP1 [16,17], EXP2
[20]

— U5In(y, )% In: all theoretical models give
overvalued results;
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Fig.16. *5In(vy, )% In. EXP [19]

— YU5Tn(y,5n)10n: all theoretical models give
values of one order with experimental data, but they
do not predict the behavior of isomeric ratios energy
dependence;
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Fig.17. *5In(v,5n)1%In. EXP [19]
—  B1Tq(v,3n)!8Ta: at 30 MeV theoretical
models underestimate isomeric ratio, and at 55 MeV,
in opposite, theory gives overvalued results.
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Fig.18. ¥ Ta(v,3n)'™Ta. EXP1 [25], EXP2 [26]
4. CONCLUSIONS

In this work isomeric ratios of photonuclear reac-
tions, measured by different research groups were col-
lected, systemized and compared to theoretical pre-
dictions. For some reactions theoretical values are in
good agreement with experiment, for some of them
we observe significant difference. As a general conclu-
sion from the analysis of the results obtained, we can
assume that a shortage of experimental data signif-
icantly limits the possibilities of choice between dif-
ferent theoretical models and approaches. Overview
provided in this work will facilitate search of the most
reliable data, the work on estimation of available data
and planning of new data obtaining.
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MN30MEPHBIE OTHOIIIEHUA B ®OTOSIJIEPHBIX PEAKIIUAX
C MHOXKECTBEHHOU SMUCCUEN HEMTPOHOB

A. H. Bodun, 0. A. Beawetixo, JI. A. loaunxa-Besweliko, H. H. Kadenxo, B. A. Kywnup,
A. B. Komenxo, A. B. JIlypurnemu, B. B. Mumpouenxo, C. H. Onetinuk, C. A. Ilepesicoeun,
C. Vallerand

Ilenpio paboThl ABAAETCA H3ydYeHHe 3aBUCHMOCTH M30MEPHBIX OTHOIeHui B peakmuax A(y,zn)™9(A — xn)
OT HEPTUM TaMMa-KBaHTOB B auanas3one 35...100 MsB, 1. e. 3a npenesamMu 061aCTH THTAHTCKOTO JTUTIOIHHOTO
pesonanca (LJIP). dxcrepuMeHTaNbHbIE JaHHbIE ObLIN B3ATHI U3 MEKAyHAPoaHoi 6a3nl nanubix EXFOR, ais
HIMPOKOrO CIEKTPa saepHbix mace (55 < A < 181). Teopernueckue 3HaU€HNUsT U30MEPHBIX COOTHOIIEHUH 110-
JmydeHbl ¢ ucnosb3zoBanneM Koma TALYS-1,8. B nammx cuMmynsitusx ObLIH PACCMOTPEHBI HECKOIBKO MOeTeit
ILUTOTHOCTH YPOBHEH C y9€TOM MPEIPABHOBECHBIX MEXaHU3MOB. [lomyyeHHbIe PE3YAbTATHI IO3BOIAIOT CAEIATh
BBIBOJBI O PA3JUYHBIX MEXaHU3MAX (DOTOSIIEPHBIX PEAKIWI HA HEKOTOPBIX sIAPaX W 00 WX OTHOCUTEIHHOM
BKJIQJI€ B 3aBUCHMOCTH OT YHEPTUM Y-KBAHTOB.

I3OMEPHI BI/THOIIIEHHS V ®OTOSIJEPHUX PEAKIIISIX 3 MHOXKMHHOIO
EMICIEIO HEMTPOHIB

O. M. Bodin, O. A. Beawetixo, JI. O. I'oainxa- Beawetixo, I. M. Kadenxo, B. A. Kywnip,
A. B. Komenxo, O. B. JIypunemu, B. B. Mimpouenxo, C. M. Oaitinux, C. A. Ilepescozun,
C. Vallerand

Metorw pofoTH € BUBYEHHS 3aJI€2KHOCTI i30MepHWUX BimHOmeHb y peakmiax A(y,zn)™9(A — axn) Bix eneprii
raMMa-KBaHTIB y miamazoni 35...100 MeB, To6To 3a me:kamu 00/1aCTi TiraHTCHKOTO TUIIOJIBHOTO PE3OHAHCY
(TIP). Excnepumentanbhi nani Oymu B3aTi 3 MikuHapomuoi 6asu manux EXFOR mms mmpokoro cmekTpa
anepuux Mac (55 < A < 181). Teopernuni 3HaYeHHa 130MEPHUX CHIBBIIHONIEHL OTPUMAaH] 3 BUKOPUCTAHHSIM
oy TALYS-1,8. ¥V Hamux cuMysasIigx Oy po3TAsiHyTI KiJbKa MOIeJel MiJIbHOCT PiBHIB 3 ypaxXyBaHHIM
nepenpiBHOBaXKHUX MexaHi3MiB. OTpuMani pe3ynabTaTi J03BOIAIOTH 3pOOUTH BUCHOBKHY PO Pi3Hi MeXaHizMu
doTOsSIIEPHAX PeaKINil Ha JAedKUX sIIpax i Mpo IX BiAHOCHUI BKIAI y 3a€KHOCTI BiJ eHepril y-KBaHTIB.
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