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Astrophysical simulation of natural abundance of p-nuclei needs knowledge of the enormous quality of photonuclear

reaction rates which can be derived from the reaction integral yields. The applicability of the activation technique

for getting relevant experimental information is shown by the examples of the (y,n)-reactions running in the °° Ru

and %8 Ru p-nuclei the measurements of the integral yields of which have been performed using bremsstrahlung of the

Kharkiv electron linear accelerator. The obtained data are compared to the statistical theory of nuclear reactions.

PACS: 26.30.-k, 25.20.-x, 27.60.4j, 29.30.-h, 24.60.Dr

1. INTRODUCTION

Investigations of photonuclear reaction cross sections
at the giant resonance region energies made a valu-
able contribution to understand nuclear interaction
and atomic nucleus structure features. In addition,
photonuclear reaction data are applied to many tech-
nological decisions and penetrated to different sci-
ences promoting their developments. One of the re-
markable fields of photonuclear reaction knowledge
applications is nuclear astrophysics problems among
which the detail understanding of scenarios of origin
of chemical elements and their isotopes is crucial to
explain the natural abundance.

It is currently established that naturally occurred
stable isotopes were mainly resulted from low energy
nuclear reactions induced by different particles. Pho-
tonuclear reactions play primary role at stellar nucle-
osynthesis of so called p-nuclei ([1] and therein).The
last term is used to designate the stable weak abun-
dant isotopes of middle and heavy mass region (be-
tween A = 74 and A = 196) which are located on the
proton-rich wing of the isobaric valley of stability
but blocked to be produced by the neutron capture
s (slow)- and/or r (rapid)-processes [2, 3], by which
the bulk of trans-iron isotopes were synthesized. The
scenario in which the p-nuclei are synthesized was pri-
marily named p-process that to underline importance
of proton capture processes for the production of
proton-rich nuclei. However since proton capture re-
actions required too high temperatures and large den-
sities of stellar medium, photonuclear reactions hap-
pening at temperatures 2 < T9 < 3 (T9 = T/10°K)
are now considered to have the dominant impor-
tance for the p-nuclei production. So the sub-
scenario of the p-nuclei production by complete sub-

sequences of (v,n), (v,p) and (v, «a)-reactions was
named y-process. The most suitable astrophysical
site for the 7-process is the deep oxygen-neon-rich
layers of massive stars exploding as type-II super-
nova [4, 5, 6].

Stellar simulation of the p-nuclei production re-
quires knowledge of the reaction rates of an enormous
network of reactions, a large part of which is pho-
todissociation interactions. Moreover, many of these
reactions occur on radioactive and excited nuclei of a
star interior and therefore cannot be measured under
terrestrial conditions. Thereupon theoretical calcu-
lations take on special importance. The statistical
model of Hauser-Feshbach (H-F) [7] is usually used
for this aim since low energy nuclear reactions run
through the stage of the compound nucleus forma-
tion. Several computer codes [8, 9, 10] implementing
the H-F theory are purposely tailored to calculations
of the astrophysical reaction cross sections and reac-
tion rates. These codes can by-turn be put to test
themselves by comparison with known experimental
data.

In recent years some groups performed mea-
surements of photonuclear reaction cross sec-
tions on series of middle and heavy nuclei at
stellar nucleosynthesis relevant energy region us-
ing bremsstrahlung [11, 12, 13, 14, 15] and
quasi-monoenergetic photons from Laser Compton
Backscattering (see [16, 17, 18] and review [19])
and analyzed them using the H-F model computer
codes [8, 9, 10, 20]. However, current databases
(cf. KADoNIS database [21]) show the scarce of
available data in question. A line of the p-type
isotopes are placed in the A = 90...100 mass number
region. The chains of the molybdenum (Mo), tech-
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netium (Tc), ruthenium (Ru), and rhodium (Rh)
isotopes and the ways of their star synthesis are
shown in Fig.1. The most of the natural molybde-
num (having masses 95 and more) and ruthenium
(masses 99 and more) isotopes were synthesized in
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Fig.1. (Color online) Chains of the molybdenum,
technetium, ruthenium, and rhodium isotopes and
the main nucleosynthesis processes producing them.
The light rectangles with solid and dashed boundaries
designate stable s- and/or r-nuclei and radioactive
ones, respectively. The orange rectangles designate
the 4 p-process nuclei of the molybdenum and
ruthenium isotopes

the s-process (the thick arrow line in Fig.1) and 1-
process (the individual dashed blue arrows). However
both of these scenarios bypass the “2Mo, %Mo, % Ru,
and “8Ru isotopes (the shaded rectangles). These
last naturally occurring isotopes can not be formed
by s-process because of the 1Mo, *3Mo, % Ru, and
97 Ru isotope radioactivity and by r-process because
of the 92Zr, %4 Zr, %Mo, and ¥ Mo isotope stabil-
ity, respectively. A possible chance of these nuclei
creation is the p-process (The orange dashed arrows)
representing a combination of rapid proton capture
reactions (rp-process) and (vy,n), (v, p) or (v, «) pho-
tonuclear reactions (y-process) on pre-existing s- and
r-nuclei as dominant way and the vp — process [4]
as an alternative one. So if the r-process widens the
valley of stability and the s-process elongates it to
heavier nuclei then the v-process moves backward
from heavier nuclei to lighter ones.

In the present work we have attempted to adapt
the activation technique using bremsstrahlung of the
NSC KIPT electron linear accelerator (LINAC) and
high resolution gamma-ray spectrometry to study
photonuclear reactions in astrophysically relevant
energy region. We have measured the integral yields
of the (v, n)-reactions on the % Ru and °® Ru p-nuclei
at the near and above threshold energies and calcu-
lated their rates for the nucleus ground states. The
197 Au(ry,n)196 Au reaction was used as the standard
monitor reaction [22] and the °°Mo(y,n)? Mo one
[15] to validate the experimental method.

2. FORMULATION OF STELLAR
PHOTONUCLEAR REACTIONS

The (v, n)-reaction rate A(T") for a nucleus disposed
in a thermal photon bath of a stellar medium having
temperature T is defined by the expression [11]:

A - | " en (B T oym (ES)dE,, (1)

where c is the speed of light, o(, ,,)(£,) the reaction
cross section depending on photon energy £., and the
number of photons n.(E,,T) per unit energy and
volume of a star interior is noticeably close to the
black-body or Planck distribution:

N2/ 1\3 Vo
E.T=|= = -7
ny (B, T) (w> (hc) exp (B, /KT) — 1
with the Boltzmann constant k.
The Planck distribution is illustrated by the dashed
curve (left ordinate axis) in Fig.2 for the stellar plasma

temperature 7’9 = 3 which is the relevant temperature of
the y-process.
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Fig.2. (Color online) Astrophysically relevant energy
range for the (v,n)-reaction. The dashed black curve
(left ordinate axis) is the Planck distribution at T9 = 3
temperature, the dotted one (blue in color, right ordinate
axis) the excitation function of the °°Ru(v,n)%® Ru
reaction calculated with the NON-SMOKER code [9] of
the H-F statistical theory, the solid one (red in color,
relative units) the integrand of Eq. 1

The °CRu(y,n)°°Ru reaction excitation function
calculated with the NON-SMOKER code [9] of the
H-F statistical model is shown by the dotted (blue in
color) curve (right ordinate axis). The integrand in Eq. 1
being the product of the steep decreasing and steep in-
creasing functions is represented as a solid curve (red
in color) with the sharp maximum at the top energy
E, = S, + kT /2 where S, is the neutron separation en-
ergy, i.e. the (v,n)-reaction threshold. It is evidently
essential at only close and above threshold energy. This
peak called the Gamow window by analogy with charged
particle induced reactions [23] determines the energy re-
gion within of which the (v, n)-reaction cross sections
should be known to derive the reaction rate.

Since there are difficulties concerning radiation
strength functions at low energies, the estimated
(v, m)-reaction cross section near threshold can be derived
from the Wigner approximation [24]:

E»y _ Sn>l+l/2
- a )

O(vy,m) (By) = 00 ( S, (3)
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in which [ is the emitted neutron angular momentum
(I = 0 for s-wave), oo the normalization coefficient which
can be learned from the measured activation yield of pho-
tonuclear reaction. The cross section oy, ,)(F,) obtained

in such a way can be used to draw the reaction rate.
The scientific group of the Nuclear Physics Institute
of the Darmstadt University (Germany) had proposed an
alternative method [11, 12] to obtain the photonuclear re-
action rate which does not depend on the reaction cross
section energy form and consists in approximation of the
Planck spectrum by several bremsstrahlung spectra hav-
ing different end-point energies Fy ; at the near and above
reaction threshold region (within 1.5...2.0 MeV):
cny (By, T) = Y a; (T) - (Ey, o) - (4)

3

Here a;(T) is a set of the weighting coefficients ad-
justed for a given stellar environment temperature T,
&, (Ey, Eo,i) the number of the bremsstrahlung pho-
tons per unit energy [keV] and area [cm?] interval
during irradiation. The example for the superposi-
tion of the 6 bremsstrahlung spectra calculated by us-
ing the Schiff formula [25] for a thin tantalum con-
verter at the end-point energies 10.82, 11.12, 11.30,
11.50, 12.00, and 12.50 MeV (the °°Ru(vy,n)°’Ru re-
action threshold equals 10.687 MeV) and multiplied by
respective values of the weighting coefficients a;(71") ad-
justed for the Planck distribution at temperature 79 = 3
is shown in Fig.3. The alternating thin solid and dotted
curves imitate the above 6 Schiff bremsstrahlung spectra.

Ey
Sn

AT) = Za,» (T)/ O(ym) (Ey) @y (B, Eo i) dE, o Zai (T)Y;.

So to determine the photonuclear reaction rate
by the superposition method one needs to measure
the activation integral yields for six or more end-
point energies of the bremsstrahlung spectra within
the Gamow window range.

3. EXPERIMENTAL

The activation technique with the high resolution ~-
spectrometry based on the Ge(Li)-detector was ap-
plied for the measurements of the (v,n)-reaction
yields on the Ru, ®Ru, and '9Mo nuclei. In
contrast to the direct counting of the emitted par-
ticle technique, the v-spectrometry of the specified
radioactive residual nuclei makes possible to deter-
mine yields of individual reactions using target sam-
ples of the natural isotopic composition. Moreover,
in many cases simultaneous measurements of yields of
reactions occurring on different isotopes of the same
chemical element are possible. The latter circum-
stance is important at the experiments on weak abun-
dant p-nuclei.

3.1. ACCELERATOR OUTPUT AND
IRRADIATIONS

The intense bremsstrahlung flux was produced at the
Kharkiv LINAC, electron beam energy of which can
be varied from 6 to 30 MeV. Fig.4 illustrates the
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The result of their summing is presented by thick solid
(red in color) curve. The dashed (blue in color) line
is the Planck distribution. The superposition spec-
trum agrees with the Planck distribution at the high
energy bremsstrahlung fairly well. Disagreement be-
low the reaction threshold (the vertical arrow for the
% Ru(y,n)” Ru reaction in Fig.3) does mnot matter.
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Fig.3. (Color online) Schiff spectra (alternating thin
solid and dotted curves) for the 6 end-point energies
(see text), the superposition spectrum (red solid thick
curve) for the “° Ru(y,n)*  Ru reaction and the Planck
distribution (blue dashed line) for T9 = 3 temperature.
The arrow Sy shows the reaction threshold

Substitution of the thermal Planck spectrum (Eq.4)
into Eq.1 gives Eq.5 connecting the reaction rate A(7") and
experimental activation yields Y; measured at the above
values of the bremsstrahlung end-point energies:

(5)

scheme of our experimental setup for irradia-
tion of targets.  The electron beam of about
20 pA average operating current was bent on an-
gle of 35° by a sector magnet (not shown in Fig-
ure) supplying 3% energy half-width. Having
passed through the 50pum titanium window the
beam hit in the 100 um tantalum converter which
was followed by the deflecting magnet to remove
any remaining electrons from the photon beam.

Electron 100 pm tantalum

beam converter Bremsstrahlung Targets

Lead
] shield

8 mm lead chamber

collimator

Beam
deflecting
magnet

Electron
accelerator

Fig.4. Sketch of the target irradiation at LINAC

The stemming Schiff distribution bremsstrahlung
was cut by the 8 mm lead collimator of the 100 mm
length mounted at the 400 mm distance downstream
the converter. Targets of interest elements of natural
isotopic composition stacked with the gold foil for the



standard 7 Au(y, n)'%6 Au reaction were mounted in
the container which was positioned on the initial
electron beam axis immediately after the collimator.

The ruthenium targets of two types were used at
the experiments: (i) available thin (of ~ 10mg/cm?
surface density) homogeneous self-supporting foils of
the 15 mm diameter made by the electro-deposition
technique [26] and (ii) the pressed pills of the high-
purity natural ruthenium metallic powder of the
m = (250...300) mg and ® =8 mm. In the case of
the last weight targets, irradiations were carried out
with no collimator. The high-purity metallic disks
of the 100 pm thickness were used as molybdenum
targets while the gold foils of the 20 mm diame-
ter and about 100 mg mass as the standard ones.
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Fig.5. Typical example of photon flux intensity on
a target during 7 hour irradiation monitored by the
ionization chamber

Maximum irradiation time (at low bremsstrahlung
end-point energies) reached 7 hours. The photon flux
was monitored by regular recording the X-ray dose
rate measured by the ionization chamber followed by
the target container and screened by the lead shield
from side background radiations. Fig.5 shows an ex-
ample of photon flux intensity as a function of time
during irradiation. The necessary corrections were
input at the reaction yield calculations in the cases
of essential photon flux fluctuations (see below).

3.2. Ge(Li)-DETECTOR

The integral yields of the (v, n)-reactions under study
were determined by the activation equation (see be-
low) from the intensities of the ~7-transitions fol-
lowing the [-decays of the produced long-lived ra-
dioactive nuclei. ~-Spectra were measured with
Ge(Li)-detector located in the low-background room
and surrounded with a thick lead shield. The mea-
surements of the absolute detector efficiency having
average uncertainty 5% were performed using > Na,
60Co, 133Ba, 137Cs, 226Ra, and 2*'Am standard
sources. FEnergy dependences of the detector effi-
ciency for three source-to-detector distance are shown
in Fig.6.

The ~-spectrum of each irradiated target was
measured many times at different cooling times to
identify each peak by the ~-ray energy and half-life

of the residual. Distance between source and detec-
tor was chosen in this way that the dead time of the
acquisition system was not more than 4%. The er-
rors of detector efficiency, statistics, nucleus decay
scheme uncertainties and summing effects at high
count rate were taken into account at the calcula-
tions of the absolute number of the produced nuclei.
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Fig.6. (Color online) Energy dependence of ab-

solute efficiency of the Ge(Li)-detector for three
distances (r) ”source-detector”

3.3. DECAY FEATURES OF THE RESIDUAL
RADIOISOTOPES AND ACTIVITY
MEASUREMENTS

The decay schemes of the radioactive nu-
clei °Ru and % Ru produced in the stud-
ied %Ru(y,n)”®Ru and ®Ru(y,n)"Ru reac-

tions as well as '"6Au and *°Mo as the prod-
ucts of the standard °7Au(y,n)'%Au and test
0OMo(y,n)?? Mo reactions are presented in Fig.7.
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Fig.7. Simplified decay schemes of the *> Ru, °" Ru,
Mo and 198 Au residual radionuclides

Numerical data of the reaction thresholds, half-
lives, energies, and branching ratios of the ob-
served ~-transitions are given in Table. Fig.8
presents the examples of the v-ray spectra emit-
ted by the Ru (upper panel), Mo (middle
panel), and Au (lower panel) targets irradiated
by the 13MeV end-point energy bremsstrahlung.
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Fig.8. Decay y—ray spectra of the ruthenium (upper
panel), molybdenum (middle panel) and gold (lower
panel) targets irradiated with the 18 MeV end-point
energy bremsstrahlung

The times of irradiation (t;..), cooling (teor;) and
measurement (¢,,eqs) are shown in the panels. Each
peak of these spectra corresponds to full energy ab-
sorption of corresponding ~y-rays following the decay

of one or another long-lived radioactive nucleus. Re-
action activation yields can be calculated from the
intensities of these peaks: for % Ru formation via the
intensities of the y-ray lines 336 and 626 keV, °" Ru
215 and 324 keV, 29 Mo 140, 181, 739, and 777 keV
and %6 Au 333 and 355 keV (see Table).

3.4. ACTIVATION YIELD CALCULATIONS

The experimental integral yield Y,.(Fo) of a
(v, n)-reaction normalized to one target nucleus and
unit bremsstrahlung flux of end-point energy Fj is
determined from the intensity N, of the correspond-
ing ~-line via the conventional activation equation:

N
Yoot (50) = . Niore B
arg wrr

x{[1 = exp(=Atir)][1 — exp(—Mmeas)]} 1,

exp(AMeoot) X

(6)

in which Niqrg is the number of the target nuclei,
A the radioactive decay constant, € the detector ef-
ficiency, B the branching ratio of the observed ~-
transition, t;rr, teoor and teqs the times of irradia-
tion, cooling and measurement of the sample activity,
respectively. Eq.6 is correct in the case of constant
bremsstrahlung flux. If there are its remarkable fluc-
tuations during irradiation time we used the activa-
tion equation in the form:

N.
Yac Ey) = ——T 1- _)\tmeas
(E) = i (L = (M)
LI . )
x Y 21— exp(=AAH,,) exp(—AAH, )}, (7)
= Itotal] irr coo
where 2 is the ratio of number of counts of the

Ttotal
ionization chamber in j-th irradiation interval to the

total number of counts during n intervals, At{w and
At! . the lengths of j-th irradiation interval and cor-
responding cooling time, respectively.

Reaction thresholds and used spectroscopic data of residual nuclei [27]

Reaction | Residual Branching
Reaction threshold | nucleus | Half life | Eg [keV] ratio
MeV] %)
9%Ru(g,n) | 10.693 % Ru 1.643 h 336.4 | 70.1 (5)
626.8 17.8(5)
%®Ru(g,n) | 10.189 9Ru 2.83d 215.7 | 86 (5)
3245 | 10.8(2)
100\ fo(g,n) | 8.289 YNo | 65976h | 1405 | 89(3)
181.1 5.99(7)
739.5 | 12.26(18)
7779 | 4.3(8)
197 Au(g,n) | 8.071 1964y | 6.1669d | 333.0 | 22.9(9)
355.7 | 87(3)
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On the other hand (v, n)-reaction yield is a con-
volution of the cross section o, ,)(FE,) with the
bremsstrahlung absolute spectrum ®.(E., Ey) over
the photon energies:

Ey
Yact (EO) = /
S.

As it was noticed in section 3.1 the reaction
197 Au(y,n)19 Au was used as the standard one for
determination of the bremsstrahlung fluence. Apart
from earlier works the thorough researches of this
reaction have been revived after the year 2000 in
conjunction with the study of the ~-process stel-
lar nucleosynthesis. A number of scientific teams
have measured and analyzed its cross sections using
bremsstrahlung [22, 28, 29, 30] and laser Comp-
ton scattering 7-rays [31, 32, 33] paying attention
to the low energy region. Fig.9 illustrates the ex-
perimental values (points) of the 197 Au(vy,n)'% Au
reaction cross sections obtained in three recent
works [31, 32, 33] which are in accordance each
with other, and the fitted curve for the last data
set ranging to the near threshold energy region.
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Fig.9. (Color online) Excitation function of the
7 Au(y,n)1% Au  reaction measured by different
teams. The points denote the experimental data of
Hara et al. [31], Kitatani et al. [32] and Itoh et al.
[33] the curve is polynomial fitting of Itoh et al.
data (red points)

The experimental integral yield values of the studied
and standard reactions derived from the activities of
the targets of the same irradiation together with ab-
solute cross sections of the 197 Au(vy, n)1¢ Au reaction
(the fitted curve in Fig.9) give possibility to draw the
rates of the studied reactions. In practice we used
the activation yield of the studied reaction reduced
to the gold reaction one, i.e.

Yact(Ta’rget) (9)
Yact (Au)
4. THE EXPERIMENTAL RESULTS AND

COMPARISON WITH THE
THEORETICAL PREDICTIONS

Yred _

act

We set ourselves as an object (i) to determine the ac-
tivation yields of the (v, n)-reactions running on the

p-nuclei ° Ry and %8 Ru in order (ii) to derive the re-
action rates at astrophysically interesting energy re-
gion and (iii) to compare them with the theoretical
predictions.

4.1. REACTION YIELDS

The experimental integral yields of the reac-
tions % Ru(vy,n)®Ru, “®Ru(vy,n)°"Ru as well as
00N o(y,n)% Mo as the test reaction calculated with
the activation equation are shown in Fig.10 as the
function of the bremsstrahlung end-point energy.
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Fig.10. Ezxperimental (points) and theoretical

(curves) integral yields of the (vy,n)-reactions on
B Ru, BRu and Mo reduced to the standard
197 Au(ry,n) 1% Au reaction integral yields depending
on the bremsstrahlung end-point energy

The data are mnormalized to the standard
197 Au(ry,n)1% Au reaction yields. The dark points
represent our results while the light ones depict the
Tickner et al. data [34] for the two first reactions
and the Erhard et al. data [15] for the last one.
The agreement between results of ours and afore-
mentioned authors can be considered as satisfactory.
The solid curves in graphs represent the theoretical
values calculated in the frame of the H-F statistical
model incorporated by the NON-SMOKER code [9]
with the default input parameters providing a global
description for a wide range of isotopes: the neutron
optical potential of Jeukenne et al. [35] with a low-
energy modification of Lejeune [36], the radiation
strength function of Thielemann and Arnold [37] and
nuclear level density of the back-shifted Fermi-gas
model formalized by Rauscher et al. [38].

4.2. REACTION RATES

Fig.11 illustrates the experimental and theoretical
values of the reaction rates (vertical logarithmic axis)
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in the most significant range of temperatures (hor-
izontal axis) for the y-process stellar nucleosynthe-
sis located between T9 = 2 and 79 = 3.
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Fig.11. Ezperimental (points) and theoreti-

cal (NON-SMOKER code) reaction rates of the
9 Ru(y,n)”Ru (upper panel) and *®Ru(y,n)°” Ru
(lower panel) reactions on dependence of star en-
vironment temperatures inherent to the v — process
nucleosynthesis. Inserts are the ratios (linear ordi-
nate) of experimental values calculated using Wigner
approzimation for the cross section energy depen-
dence (dark points) and superposition technique
(light points) to the theory predictions

The upper and lower graphs show the results for
the “®Ru(y,n)?*Ru and *®*Ru(y,n)°" Ru reactions,
respectively. The points depict the reaction rates cal-
culated from the measured activation integral yields
while the curves from the theoretical values of the
cross sections predicted by the H-F statistical model
code NON-SMOKER [9]. As seen in the main plots
of Fig.11 the agreement of the experimental and the-
oretical reaction rates of each reaction is fairly well in
general despite the large difference between the abso-
lute values for the two studied reactions that is caused
by the different threshold energies (see Table). More
detailed visualization is presented in the inserts of the
panels where the ratios of the experimental reaction
rate values calculated with the Wigner approxima-
tion (dark points) and superposition technique (light
points) to the theoretical predictions are shown. Both
approximations give the similar results but the theo-
retical predictions overestimate the reaction rates by
(40...60)% in the considered temperature range.
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5. CONCLUSIONS

The activation technique using the bremsstrahlung
of the NSC KIPT LINAC and gamma-ray spectrom-
etry was put to the test for the measurements of the
integral yields of the reactions %6 Ru(vy,n)% Ru and
%BRu(y,n)°"Ru in order to determine the reaction
rates in the astrophysically interesting energy re-
gion just above the neutron emission threshold. The
default option of the NON-SMOKER code of the
statistical theory of nuclear reactions overestimates
the experimental reaction rates within a factor of
about 2. Similar measurements at NSC KIPT can be
extended in the nuclear mass number region A ~ 100
containing a number of p-nuclei to supplement the
network of astrophysical photonuclear reactions for
the y-process stellar nucleosynthesis simulation and
to test the statistical model parametrization.
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AKTUBAIIMOHHA Y METOANKA U3MEPEHIS CKOPOCTEI
ACTPO®PU3SNYECKUX ®OTOAAEPHBIX PEAKIINI HA IIYYKE TOPMO3HOI'O
N3JIYUYEHU A

U. Cemucanos, E. Craxyn, B. Kacunos, B. Ilonos

Acrpodusuyeckoe MojeMpOBAHEE TIPUPOHOH PACTPOCTPAHEHHOCTH TaK HA3bIBAEMBIX P-H30TONOB Tpedy-
eT CBEJIeHHIt O CKOPOCTSX HU3KO3HEPTeTUIHbIX (IIPUTIOPOTOBBIX) (POTOSAIEPHBIX PEAKIINIT HA OTPOMHOM HHC/Ie
aTOMHBIX sep. Ha mpuvepe (7, n)-peakimif, BHI3bIBaeMbIX (DOTOHAMH B sapax p-n3otonos Y6 Ru u 98 Ru, mpo-
JIeMOHCTPHPOBAHA BO3MOKHOCTH MOJMYHeHHsT COOTBETCTBYIONIEH 3KCTIepUMeHTaTbHON nH(OpMaIy Ha, MyIKe
TOPMO3HOTO M3JIYHeHHUs XapbKOBCKOTO JIMHEHHOTO YCKOPUTENs 3JeKTPOHOB IyTéM H3MEPEeHHs MHTEerpaJib-
HBIX BBIXOJIOB peaxiuii. [lomyueHnble pe3yIbTaThl CPABHUBAIOTCA € NPEACKAZAHUAME CTATHCTUYECKOH TEOPUH
AJIEPHBIX PEaKIIUi.

AKTUBAIIIMHA METOJINKA BUMIPIOBAHHS IIIBUAKOCTEN ACTPO®IZUYHUX
POTOANJEPHUX PEAKIIIU, HA ITVYHKY TAJIBMIBHOT'O BUIIPOMIHIOBAHH 1

I. Cemicanos, €. Cxaxyn, B. Kacinos, B. ITonos

Acrpodizuune MOAEIIOBaHHSA IPHUPOAHOI PO3IOBCIOIXKEHOCTI TAK 3BAHUX P-i30TONiB MOTpeby€e 3HAHD LIBHIKO-
crefl HU3bKOeHepreTuiHuX (IIPUIOPOroBux) hOTOsAEPHUX PEAKUIN HA BEJMUYE3HINH KiJIbKOCTL ATOMHUX sL/IED.
Ha npuknami (7, n)-peakmiil, COpUYIrHAEMUX A bMIBHUM BUIIPOMIHIOBAHHSM XapPKIBCHKOTO JIHIHHOrO mpu-
CKOPIOBAYa €JICKTPOHIB B simpax p-izoromis “° Ru ta ?® Ru, mpooeMOHNCTPOBAHO MOXKINBICTL OTPHMAHIS Bii-
MOBITHOT €KCIEPUMEHTAILHOI 1H(MOPMAITT MIJITXOM BUMIPIOBAHHA iHTErpajbHUX BUXOAIB peakiiii. Orpumani
Pe3yIbTaTH TTOPiBHIOIOTHCS 3 MepeaOadeHHAMN CTATHCTHUIHOI Teopil A1epHUX PEeaKIIii.
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