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The results of photoproduction of isomeric pairs from the (y,xn) and (y,pxn) reactions on nuclei from Zr up to Ta
at the bremsstrahlung end-point energy range 30...100 MeV are systematized. Measurements were performed at the
electron beam of the LUE-40 linac RDC “Accelerator” NSC KIPT using the activation method and off-line y-ray
spectrometric technique. The theoretical isomeric ratios IR for the nuclei-products of studied reactions were calcu-
lated using the cross-sections o(E) from the TALYS1.95 code for six different level density models. The data from
the international databases were additionally used to compare experimental results and theoretical predictions. The
obtained results let us make conclusions about trends of values and energy dependence of IR in studied photonuclear
reactions. Further directions of experimental research in the RDC “Accelerator” NSC KIPT are discussed.

PACS: 25.20.-x, 27.40.+z, 13.60.H

INTRODUCTION

Photonuclear reactions are accompanied by the
emission of a nucleon or a group of nucleons from a
compound nucleus. This leads to an excited state of the
final nucleus, the discharge of excitation energy which
occurs in a time of 10%2...10"" s. However, in some
cases, at low energy of the excitation level and a high
degree of forbidden transition, long-lived excited states
of atomic nuclei occur. Such states are called isomeric
or metastable, and their half-lives can vary from nano-
seconds to many years [1].

There are nuclei with two unstable states, metastable
(m) and ground (g) states. This gives a possibility to
determine the population of the metastable state of a
given nucleus relative to its ground state, or obtained
isomeric ratio IR. This value is defined as the ratio of
the cross-sections for the nucleus formation in the meta-
stable state to the ground state [2 - 4]. Also in literature,
the value of the isomeric ratio is given as the ratio of the
cross-sections for the nucleus formation in the high spin
state and low spin state. In experiments with brems-
strahlung flux, the isomeric ratio IR of the nuclei-
products of the studying reaction is measured [4 - 6] as
the ratio of flux-averaged cross-sections or reaction
yields. This quantity depends on the spin of the target
nucleus and the intake angular momentum determined
by the mass and the energy of projectile particles.

The study of the isomeric ratios using photonuclear
reactions has the advantage that the gamma quantum
introduces a small angular momentum and does not
change the nucleon composition of the compound nu-
cleus. The data on the isomeric ratios of the reaction
products make it possible to investigate questions relat-
ed to nuclear reactions and nuclear structure: the spin
dependence of the nuclear level density, angular mo-
mentum transfer, nucleon pairing, and shell effects. It
allows to refine the theory of gamma transitions and to
test theoretical nuclear models [7 - 11]. The experi-
mental results in the energy range above the giant dipole
resonance (GDR) and up to the pion production thresh-

old are of interest because the mechanism of the nuclear
reaction changes [12]. As shown in Ref. [13], in this
energy range (30...145 MeV) the reaction mechanism
changes from the dominant giant dipole resonance to the
quasideuteron mechanism.

Currently, investigations are being performed to
summarize/systematize the available data on isomeric
ratios and compare them with theoretical predictions.
For example, in [14] the data on IR obtained in reactions
with light particles are systematized and compared with
the results of calculations in the TALYS code [15].

In [16] the authors measured the isomeric ratios in
odd-odd nuclei of high spin isomers ***Au, *®Ta and
r produced in *¥'Au(y,n)***™%Au, #2W(y,p)*¥2™9Ta,
and *Pt(y,p)***™Ir reactions, respectively, in the GDR
region. For the calculation of the isomeric ratio, the au-
thors applied a simple formula, using the statistical
model proposed by Huizenga and Vandenbosch [17].
Though this model was established a long time ago,
however, it is still a very powerful and widely used tool
for nuclear reaction investigations. Comparison of cal-
culations with the experiment showed that the isomeric
ratios in the mentioned nuclei are extraordinarily low
and they could be used to check nuclear reaction mod-
els. Such a discrepancy, unfortunately, is typical when
measuring the IR values [18].

For a detailed analysis and testing different theoreti-
cal predictions, one needs to use the values of experi-
mental cross-sections and isomeric ratios of multiparti-
cle photonuclear reactions in a wide range of atomic
mass and energies. However, there is still a lack of such
experimental data [19 - 22].

The isomeric ratios IR for most photonuclear reac-
tions change rapidly as the bremsstrahlung end-point
energies increase from the reaction threshold up to the
end of the GDR region. After 30 MeV the IR increases
slowly or saturates in all energy ranges, as shown in the
reviews [23, 24]. The fast-increasing isomeric ratios can
be explained by a compound nuclear reaction mecha-
nism in which the increased momentum was transferred
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to the compound nuclei. At higher incident energies the
direct channel of the (y,xn) or (y,ypxn) reactions also oc-
curs. The directly emitted particles carry away a relative-
ly large angular momentum, and only a fraction of the
energy and angular momentum of the incident quanta are
transformed into the target nucleus. Above the energy of
30 MeV, the direct reaction channel dominates. The di-
rect reactions largely suppress the population of states
with higher spins, and the yield ratio of high to low spin
states might not continue their rapidly increasing trend.
These patterns are discussed in Refs. [24, 25].

This article presents the results of the IR measure-
ments obtained at linear accelerator LUE-40 RDC “Ac-
celerator” NSC KIPT for the target nuclei: Zr [26], Nb
[27], Mo [28], Rh [29], Ag [30-32], In [30, 31], Sb [33-
35], and Ta [36]. The calculations of theoretical IRs
were performed using cross-sections of the TALYS1.95
code for six different level density models. In this arti-
cle, when systematizing the results, we chose the repre-
sentation of the isomeric ratio as the high spin to low
spin states presentation.

1. EXPERIMENTAL SETUP
AND PROCEDURE

We used two different schemes for performing stud-
ies of photonuclear reactions: in one of which an alumi-
num absorber is used to clean the bremsstrahlung flux
from electrons, and in the second one, a deflecting mag-
net is used. The experimental Setups are schematically
shown in Fig. 1 [37, 38].

1.1. EXPERIMENTAL SETUP 1

In the first experimental scheme, a converter, passing
through which electrons interact with atoms of the sub-
stance and emit bremsstrahlung radiation, is used to ob-
tain a flux of y-quanta. To clean the bremsstrahlung y-
quanta flux from electrons, passed through the converter,
a massive electron absorber consisting of light material
(usually Al) [39, 40] is installed. This makes it possible to
obtain an almost “pure” y-ray flux on the target.

The advantages of this method are mainly in the
simplicity of the approach. This guarantees a slight ra-
diation and heat load of the target and, for example, on
the components of the pneumatic tube transport, which
is used for target delivery.

The disadvantages of this scheme are the distortion
of the shape of the bremsstrahlung spectrum, and the
additional generation of photoneutrons, which also con-
tribute to studied reaction yield. In addition, in such a
scheme of the experiment, modeling the bremsstrahlung
flux in the GEANT4 [41] code is complicated.

1.2. EXPERIMENTAL SETUP 2

The second scheme of the experiment implements a
deflecting magnet to divert the electrons that have passed
through the converter [36] that allowing obtaining a
“pure” beam of bremsstrahlung y-quanta at the target
[37]. This assumes the use of a thin Ta-converter to min-
imize the spread of the electron beam. When using the
thin converter, the shape of the radiation spectrum can be
described by a known analytical formula. At the same
time, the influence of neutrons is minimized.
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Fig. 1. Experimental schematic diagram.
Above — the measuring room, below — the experimental
hall of the LUE-40 accelerator: Setup 1 — with Al-
absorber; Setup 2 — with a deflecting magnet.
Between the measuring room and the experimental hall,
there is a pneumatic mail system

1.3. EXPERIMENTAL PROCEDURE

The experiments were performed on the bremsstrah-
lung gamma-beam from the electron linear accelerator
LUE-40 RDC “Accelerator” NSC KIPT using the
method of induced y-activity of the final product nucle-
us of the reaction. The experimental procedure is de-
scribed in detail in [42 - 46].

The studies on the linac LUE-40 [47, 48] were per-
formed at bremsstrahlung end-point energy range
30...100 MeV (this coincides with the energy of the
electron beam E.). The average current of the beam is
le ~3...4 pA. The electron energy spectrum width at the
full width at half maximum (FWHM) makes AE./E.~1%.

In the case of experimental Setup 1 — the brems-
strahlung gamma radiation was generated by passing a
pulsed electron beam through a tantalum metal plate,
1.05 mm in thickness. The Ta-converter was fixed on an
aluminum cylinder, 100 mm in diameter and 150 mm in
thickness. For Setup 2 — the bremsstrahlung radiation
was generated by passing an electron beam through the
Ta foil, 0.1 mm in thickness and without Al-absorber.

In experiments for both Setup 1 and 2, the different
targets, which represented thin discs with diameters
8...12 mm, were used.

For transporting the capsule with the sample to the
place of irradiation and back for induced activity registra-
tion, a pneumatic tube transfer system was used. On de-
livery of the irradiated targets to the measuring room, the
samples were extracted from the aluminum capsule and
were transferred one by one to the detector for the meas-
urements. Taking into account the time of target delivery
and extraction from the capsule, the cooling time for the
sample under study took no more than 3 min.
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The y-quanta of the reaction products were detected
using a Canberra GC-2018 semiconductor HPGe detec-
tor with a relative detection efficiency of 20%. The
resolution FWHM is 1.8 keV for energy E, = 1332 keV
and is 0.8 keV for E, = 122 keV. The dead time for
y-quanta detection varied between 0.1...5%. The abso-
lute detection efficiency for y-quanta of different ener-
gies was obtained using a standard set of y-quanta
sources: ?Na, ®Co, ***Ba, **'Cs, **Eu, **Am.

The analytical curve in the form Ine(E,) = Zai(InE,),
proposed in Ref. [49], was used to determine the value
of ¢(E,) for various energies of y-quanta.

2. CALCULATION FORMULAS

The cross-sections o(FE) of studied reactions for
monochromatic photons were calculated using the
TALYS1.95 open code [15] for the six different level
density models LD 1-6. There are three phenomenologi-
cal level density models and three options for micro-
scopic level densities:

LD1: Constant temperature + Fermi gas model, in-
troduced by Gilbert and Cameron [50]. In this model,
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.

LD2: Back-shifted Fermi gas model [51], where the
pairing energy is treated as an adjustable parameter and
the Fermi gas expression is used down to E,.

LD3: Generalized superfluid model (GSM) [52,
53]. The model takes superconductive pairing correla-
tions into account according to the Bardeen-Cooper-
Schrieffer theory.

LD4: Microscopic level densities (Skyrme force)
from Goriely’s tables [54]. Using this model allows read-
ing tables of microscopic level densities from RIPL data-
base [21]. These tables were computed by S. Goriely on
based on Hartree-Fock calculations for excitation ener-
gies up to 150 MeV and for spin values up to | = 30.

LD5: Microscopic level densities (Skyrme force)
from Hilaire’s combinatorial tables [55]. The combina-
torial model includes a detailed microscopic calculation
of the intrinsic state density and collective enhancement.
The only phenomenological aspect of the model is a
simple damping function for the transition from spheri-
cal to deformed.

LD6: Microscopic level densities based on tempera-
ture dependent Hartree-Fock-Bogoliubov calculations
using the Gogny force [56] from Hilaire’s combinatorial
tables.

Using the theoretical cross-sections o(£), one can
obtain the reaction yield, which is determined by the
formula:

Y (Eypmar) = No [ ™ 0 (E)W (E.Ey e JOE. (1)

where N, is the number of atoms of the element under
study; W(E,E,max) is the bremsstrahlung y-flux; Eg, — the
energy of the reaction threshold; E, s — the bremsstrah-
lung end-point energy.
The experimental values of the reaction yield were

calculated as:
Y(Eymax) = MAA/

(any € (1 - exp('mirr)) eXp('ktcool)(l - exp('ktmeas)))! (2)

¥ max ¥ max

where |, — the intensity of the analyzed y-quanta; ¢ — the
absolute detection efficiency for the analyzed y-quanta
energy; A is the decay constant (In2/Ty;,); A4 — the num-
ber of counts of y-quanta in the full absorption peak; ti.,
teoor @Nd tyess are the irradiation time, cooling time and
measurement time, respectively.

In this work, the values of the isomeric ratio are cal-
culated as the ratio of the yield Yy(E,max) 0f the formation
of a nucleus in the High-level state to the yield Y (E,max)
of the formation of a nucleus in the Low-level state:

IR= YH(Eymax)/ YL(Eymax)- (3)

In the case of an internal transition between the meta-
stable and ground states, it is necessary to take into ac-
count the accumulation of the ground state of the nucleus
due to the decay of the metastable state. The formula for
IR becomes more complex, for example, see [28, 57].

3. RESULTS AND DISCUSSIONS

The experimental isomeric ratios IR in (y,xn) and
(y,pxn) reactions at the bremsstrahlung end-point energy
range 30...100 MeV are systematized and presented
below. These data were obtained at the LUE-40 linac
RDC “Accelerator” NSC KIPT. Also, data from the
international databases were used to compare experi-
mental results and theoretical predictions.

The results obtained are presented in order of increas-
ing atomic charge (mass): Zr [26], Nb [27], Mo [28],
Rh [29], Ag [30 - 32], In [30, 31], Sb [33 - 35], Ta [36].

The article [26] presented the results from measuring
and calculating the isomeric ratios for the ¥™%Y nucleus
produced in the *°Zr(y,2np)®"®™Y and *'Zr(y,3np)*"*™Y
reactions, and for the ™9y nucleus produced in the
07r(y,30p)**™Y and *Zr(y,4np)*®™Y reactions at
E,n.x = 84 MeV. In the work, isotopically enriched tar-
gets were used. The measured and calculated results of
the isomeric ratio values IR are shown in Fig. 2.
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“Zr(y,3np) Y
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20 NZI’(V_ZI'I])}H"' iy T
_ 917’,1’('{.311]:»}“5" Yy
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Fig. 2. The measured and calculated results of the iso-

meric ratios IR for the ™%y and ¥™9Y nucleus. Calcu-
lated in TALYS1.95, LD1 and experimental data [26]

for different reactions are in the same colour

In Ref. [27] the measured data of the isomeric ratios
IR for the ®Nb(y,4n)*™Nb and *Nb(y,5n)**™Nb reac-
tions were presented. In this work we performed the IR
calculations in TALYS1.95 code, LD 1-6. Experimental
and theoretical results are shown in Figs. 3, 4.

The obtained values of IR for the **Nb(y,4n)*™°Nb
reaction are in satisfactory agreement with the results of
other authors [58, 59]. The comparison shows that all
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theoretical estimates are higher than the experimental
isomeric ratio for the **Nb(y,4n)*™Nb reaction (see
Fig. 3), and in good agreement for the case of the
%3Nb(y,5n)®™Nb reaction (see Fig. 4).

“ —LD1 93I 89Img I I I
LD “Nby4n)*"5Nb
12 ——LD3 i
— LD4
— LD5
10— ps
o
= 5l

40 50 60 70 80 90
E MeV

Fig. 3. The measured and calculated results of the iso-

meric ratio IR for **Nb(4n)®*™Nb reaction. Calcula-

tion in TALYS1.95, LD1-6. Experiment: black — [27],
blue — [58], red — [59]
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Fig. 4. The measured and calculated results
of the isomeric ratio IR for **Nb(,5n)®*™Nb reactions.
Calculation in TALYS1.95, LD1, LD4-6.

Experiment: black — [27]

In work [28] the experimental isomeric ratio IR was
determined for the reaction products *™°Nb at the
bremsstrahlung end-point energy E,., range of
38...93 MeV. The obtained values of IR are in satisfac-
tory agreement with the results of other authors and
extend the range of previously known data. The theoret-
ical values of the yields Ypg(E,ma) and the isomeric
ratio IR for the isomeric pair *™Nb from the
"™Mo(y,pxn) reaction were calculated using the partial
cross-sections o(E) from the TALYS1.95 code for six
different level density models. At the investigated range
of E,max the theoretical dependence of IR smoothly in-
creases with increasing energy (Fig. 5).

The comparison showed a noticeable difference
(more than 3.85 times) of the experimental isomeric ratio
relative to all theoretical estimates in TALYS1.95 code.

The measured [29] and calculated in code
TALYS1.95 results of the isomeric ratios IR for the
193Rh(y,4n)*™9Rh reaction are presented in Fig. 6.

20 T T T T T T
B [shkhanov 2014
95m,
O Kim2011 "Mo(y,xnp)*"*Nb
L6l ® Naik2014 ]
® KIPT 2023
—— TALYS1.95/3.85
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0.4 1 1 1
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E,.. MeV
Fig. 5. Isomeric ratio IR for the reaction products from
the "*Mo(y,xnp)*™Nb reaction. Experimental results:
blue circles — [28], square — [60], red empty circles —
[59], black circles — [24]. The curve — calculation
in the code TALYS1.95, LD3, divided by a factor of 3.85

28} —LD1
——LD2 105ppy,4n)*™ R
—LD3
24+ ——LD4
——LD5
——LD6

20t
x

16

12

0.8 B
30 40 50 60 70 80 90
max? MeV
Fig. 6. The measured and calculated results of the iso-
meric ratios IR for the **Rh(y,4n)**™Rh reaction.
Calculation in TALYS1.95, LD1-6. Experiment:

blue — [61], red — [62], black — [29]

Values of the isomeric ratios for nuclei **™9Ag as
products of the photonuclear reactions
107 A g(y,3n) 1 ™9Ag and '®Ag(y,5n)'%*™9Ag were ob-
tained in [30 - 32]. Natural silver consists of two stable
isotopes: '“’Ag — 0.51839 and ®Ag — 0.48161. There-
fore, for the reaction '®Ag(y,5n)'*™%Ag highly en-
riched targets 'Ag (with enrichment of more than
98%) were used.

T
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Fig. 7. The measured and calculated results of the iso-
meric ratios IR for ** Ag(y, 3n)'*™9Ag reaction.
Calculation in TALYS1.95, LD 1-6.
Experiment: black — [30 - 32]; red — [63]
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The measured and calculated results of the isomeric
ratios IR are shown in Fig. 7 for " Ag(y,3n)'*™%Ag
reaction and in Fig. 8 for '®Ag(y,5n)'*™9Ag reaction.

The isomeric ratios for nuclei **™%In and *®™In as
products of the photonuclear reactions **In(y,3n)"*™In,
LIy, 5090 and *°In(y,7n)'®™In were obtained in
[30 - 32]. Natural In consists of two stable isotopes: **In
— 00429 and ™In — 0.9571. For the reactions
In(y,5n)°™0n, *In(y,7n)'%™9In highly enriched tar-
gets “®In (with enrichment more than 99 %) were used.
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Fig. 8. The measured and calculated results
of the isomeric ratios IR for *®4g(y, 5n)**™Ag reaction.
Calculation in TALYS1.95, LD 1-6.

Experiment: black — [30 - 32]

The measured and calculated results of the isomeric
ratios IR shown in Fig. 8 for the *In(y,3n)"*™9In reac-
tion, "°In(y,5n)"*™9In reaction, and in Fig. 9 for the
In(y, 7n)'®™9In reaction.
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Fig. 9. The measured and calculated results
of the isomeric ratios IR for **n(y,31)**™9In (green)
and *In(y,5n)*™n (red) reactions.
Calculation in TALYS1.95, LD1.
Experiment: green — "n(y, 3n)*°™%n [30, 31],
red — "In(y,5n)**™n [30 - 32], black — [64]

The ™3In(y,3n)*™In reaction is separated from the
In(y,5n)"°™9In reaction by the reaction threshold.
Fig. 9 shows calculations of the IR for reaction
In(y,5n)"°™9In for the *°In and ™In targets. In the
case of a ™In target, there is a contribution from the
BIn(y,3n)"°™9In reaction which, according to calcula-
tions in the TALYS code, decreases smoothly from 78
to 17% in the energy range 50...95 MeV. That is why
enriched targets were used.

Note that calculations give different IR values for
reactions with different indium isotopes. As in the case
of the formation of the ®™INb isomer pair in the
"™Mo(y,pxn) reaction on four stable Mo isotopes [28].

Fig. 10 shows calculations of the IR of the
n(y,7n)'®™9In reaction for the *°In and "*In targets.
In the case of a "™In target, there is a contribution from
the "®In(y,5n)'®™%In reaction, which smoothly drops
from 98 to 19% in the energy range 50...95 MeV.
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0.4 L L L L L L L L
50 55 60 65 70 75 80 85 90 95
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Fig. 10. The measured and calculated results
of the isomeric ratios IR for “*n(y, 5n)*®™9In (green)
and **In(y, 7n)*%®™9n (red) reactions.
Calculation in TALYS1.95, LD1.
Experiment: red — **In(y, 72)®™In [30 - 32]
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Fig. 11. The measured and calculated results of the
isomeric ratio IR for *2'Sbh(y,3n)***™9S reaction.
Calculation in TALYS1.95, LD1-6.

Experiment: black — [33 - 35]
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Fig. 12. The measured and calculated results of the
isomeric ratios IR for #'Sh(y,5n)"**™9Sh reaction.
Calculation in TALYS1.95, LD1-6.

Experiment: black — [33 - 35]
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In [33 - 35] the experimental values of the isomeric
ratios were obtained for *'®™9Sb and ®™9Sh nuclei as
products of the photonuclear reactions
1215h(y,3n) 89Sk and *?'Sh(y,5n)**™9Sh, using brems-
strahlung end-point energies in the region from 33 to
53 MeV (Figs. 11 and 12). To correctly derive the iso-
meric ratio for **™%Sh we took into account the contri-
bution of **™9In from reaction **!Sh(y,na)***™4In,

Experimental values of isomeric ratios for *#™9Sh
from the reaction **!Sh(y ,3n)***™9Sh and isomeric ratios
for 6™9Sh from the reaction ***Sh(y,5n)*'*™Sb are in a
sufficiently good agreement with theoretical calculation
results.

Fig. 13 shows the experimental and theoretical val-
ues of the isomeric ratio IR of the reaction products
81T a(y,3n)®™9Ta [65].

1.0 T T T

T T T T

osh b1 LD3 #1Ta(y,3n) " Ta ]

\%\

04f %_{_?4_?é__%_}_%_}.%_i.%_%_% ]

IR

021

L L L L L L

30 40 50 60 70 80 90 100
E MeV

Fig. 13. The measured and calculated results of the
isomeric ratio IR of the *®7a(y, 3n)'"®™9Ta reaction.
Experiment: full rhombuses — [36], empty rhombuses —
[65], star — [66], circle — [67], square — [68], triangle —
[69]. Solid lines — calculations of IR using TALYS1.95,
LD1-6, dash-dotted line — approximation of all experi-
mental data by a horizontal line (0.335+0.008)

The experimental results obtained on the LUE-40
linac RDC “Accelerator” NSC KIPT are presented in
Table.

Isomeric ratio IR = Yn(E;max)/YL(E,max) Obtained
in the experiments on LUE-40 linac RDC “Accelerator”

NSC KIPT
Reaction, Jm, Jg Eymax MeV | IR £ AIR
%0Zr(y,2np)*eMY, 84.0 1.02 £0.10
m: 9/2+ g: 1/2-
1Zr(y,3np)*MY, 84.0 1.03 £0.10
m: 9/2+ g: 1/2-
%0Zr(y,2np)*MY, 84.0 0.30 £0.04
m: 8+ g:4-
1Zr(y,3np)*MY, 84.0 0.42 £0.03
m: 8+ g:4-
%Nb(y,4n)*™Nb, 53.2 5.56+1.11
m: 1/2- g: 9/2+ 56.0 4.00+0.80
59.4 5.88+1.18
61.1 4.76+0.95
62.9 4.35+0.87
64.1 5.26+1.05
65.2 4.76+0.95
67.8 5.26+1.05
70.5 5.88+1.18

72.8 5.00+1.00
75.0 6.25+1.25
77.0 4.76+0.95
79.8 5.88+1.18
81.8 5.26+1.05
85.5 5.00+1.05
86.8 5.00+1.00
90.3 5.88+1.18
92.3 4.76+0.95
92.8 5.88+1.18
%Nb(y,5n)*™Nb, 72.8 0.70+0.10
m: 4- g: 8+ 75.0 0.73+0.11
79.8 1.02+0.15
81.8 0.75+0.11
85.5 0.99+0.15
86.8 0.95+0.14
92.3 1.05+0.16
92.8 1.09+0.16
"™Mo(y,xnp)™™*Nb 37.50 0.75+0.10
m: 1/2- g: 9/2+ 41.10 0.79+£0.10
44.20 0.91 +0.07
49.00 0.80 + 0.06
53.70 0.97 +0.10
59.60 0.95 + 0.07
63.30 1.05+0.12
65.50 1.16 £0.12
68.25 1.05+0.13
73.10 0.83+0.11
77.50 1.10 + 0.09
82.50 1.28+0.13
86.90 1.03+0.11
92.50 1.07 +0.12
92.90 1.11+0.13
%Rh(y,4n)™™9Rh 74.9 1.60+0.19
m: 9/2+ g: 1/2- 85.7 1.44+0.30
07Ag(y,3n) " ™IAg, 33.0 0.88 £0.14
m: 2+ g: 5+ 345 1.04 +£0.10
36.5 1.26+0. 05
38.5 1.39+0. 08
P Ag(y,5n) " ™IAg, 84.0 1.88 +0.08
m: 2+ g: 5+
BIn(y,3n)™™9In, 32.0 0.31+0.07
m: 2+ g: 7+ 34.0 0.44 £0.07
36.0 0.62 +0.06
38.5 0.54 +0.04
41.5 0.52 +0.05
BIn(y,5n)™™9In, 56.0 0.4 +0.04
m: 2+ g: 7+ 75.0 0.67 £0.13
79.0 0.83 +0.08
84.0 1.02 £0.02
In(y,7n)™®™9In, 84.0 0.90 +0.25
m: 2+ @: 7+
215h(y,3n) " ™9gh, 38.0 0.14 +0.04
m: 8- g: 1+ 43.0 0.15+0.01
S (y,5n)°™9sp, 53.0 0.250+0.030
m: 8- g: 3+ 60.0 0.269+0.025
70.0 0.389+0.039
74.7 0.357+0.050
®ITa(y,3n)""™9Ta 35.1 0.307+0.032
m: 1+ g: 7- 39.9 0.306+0.029
45.1 0.340+0.032
50.0 0.320+0.029
13
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55.2 0.330+0.034
60.1 0.335+0.037
64.6 0.378+0.039
70.3 0.349+0.039
75.2 0.347+0.039
80.7 0.361+0.037
80.2 0.373+0.041
85.6 0.379+0.042
90.9 0.385+0.042
95.0 0.372+0.043
84.9 0.359+0.054
90.5 0.345+0.050
CONCLUSIONS

The systematization of the results, obtained at the
electron beam of the LUE-40 linac RDC “Accelerator”
NSC KIPT, and calculations in the TALYS1.95 code
showed that experimental data for IR do not always
agree with calculations, especially in the case of multi-
particle reactions with the escape of charged particles.

For a more detailed comparison of experimental data
and theoretical estimates, it is preferable to perform
direct measurements of the cross-sections for nuclear
formation in the ground and metastable states. This al-
lows one to analyze the energy dependencies of reaction
cross-sections and yields. Unfortunately, in some cases,
for example, in the presence of an internal transition,
direct measurement of the cross-section is not available.
Therefore, the IR measurements and their analysis are a
good alternative.

As the energy E,nax increases, the cross-sections of
photonuclear reactions are integrated and, accordingly,
the IR value reaches saturation. However, a simple ana-
lytical formula for estimating IR currently does not ex-
ist. In addition, for high-threshold reactions, in some
cases, saturation of the IR does not occur in the energy
range under study.

Two important fields of the IR research can be dis-
tinguished. First, the analysis of the IR values, obtained
for one final isomeric pair, but in different reactions, i.e.
from different initial nuclei. There are different IR val-
ues for the same final state obtained by different types
of reactions (y,x), (p,x), (n,x), (a,x), etc. Second, analy-
sis of the differences in IR obtained from different iso-
topes of the element. Experiments and calculations in
TALYS show that differences in IR occur in the case of
photonuclear reactions for different isotopes of the same
element during the transition to one final nucleus. This
behavior of IR for isotopes is associated with different
values of the initial spin of the nucleus under study and
different nucleon compositions of the compound nucle-
us. This makes it interesting to carry out measurements
on monoisotopes such as indium or molybdenum.

Further directions of experimental research at NSC
KIPT may include:

1. multiparticle high-threshold photoneutron reac-
tions (y,xn);

2. photonuclear reactions with protons and charged
particles in the output channel (y,ypxn);

3. the experiments on different isotopes (Mo, Sb,
Ag, etc.) of a chemical element in order to determine
differences in the IR for the same final isomeric pair.

Despite the fact that the cross sections for multipar-
ticle reactions and reactions with charged particles in
the output channel, as a rule, have small values, the ex-
isting experimental facilities (accelerator, two experi-
mental setups, pneumatic mail system, etc.) allow such
studies.
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BUBYEHHSA I30OMEPHUX BIJTHOIIEHD Y ®OTOAAEPHUX EKCIIEPUMEHTAX
HA JIYE-40 HAK «IIPUCKOPIOBAY» HHII X®DTI

IL.C. Timuenxo, O.C. fecs, C.M. Onitinux, C.M. Ilomin, B.A. Kywnip, B.B. Mumpouenko, C.O. Ilepeicozin

CrcTeMaTH30BaHO PE3yIbTATH AOCHTIHKEHb (DOTOYTBOPEHHS 130MEpHUX IMap y peakmisx (y,Xn) Ta (y,pXn) Ha sA-
pax Bim Zr mo Ta y miama3oHi rpaHHYHUX €HEpriii radpMiBHOTO BHmpomiaioBaHHA 30...100 MeB. BumiproBaHHs
TIPOBOIIITKCS Ha JiHiiHOMY npuckopioBadi enektpoHiB JIYE-40 HAK «IIpuckoproBau» HHII X®TI 3 BukopucTan-
HSIM Y-aKTHBAIiifHOI MeTouKH. TeopeTryHi i30MepHi BigHOIIEHHS |R ais siaep-mpoayKTiB HOCTiIKYBaHAX PEAKIIii
Oynu po3paxoBaHi 3 BUKOpHcTaHHIM nepepisiB o(E) 3 komy TALYS1.95 it mectu pisHUX MopeJel TyCTHHH PiB-
HiB. /Iy TOPIBHAHHS €KCIICPUMEHTAIBHUX PE3YJIBTATIB I TCOPETUUHHX Tepe0adeHb 10JaTKOBO BUKOPHCTAHO JaH1
3 MDKHapoJHUX 0a3 JaHuX. 3100yTi pe3yabTaTH JO3BOJISIOTH 3pOOUTH BUCHOBKH TIPO TEHACHIIIT MOBEAIHKU Ta eHEp-
TeTHYHOI 3aJIe)KHOCTI BennyuHU IR y nmocmimpkyBaHuX (OTOsAEpHUX peakiisx. OOroBopeHo MOoAaibll HAIPSMKH
excriepuMeHTanbHuX gociimkens y HAK «IIpuckoproBau» HHL] XDTI.
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