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SPECTRA OF GAMMA-RAYS IN (n, xy) REACTIONS
ON FERRUM AND BISMUTH NUCLEI
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The results of the gamma-ray spectra measurements for (n, xy) reactions induced by 14.1 MeV neutrons on iron and
bismuth are presented. Time-of-flight method based on pulse neutron generator was applied. Measurement results are
compared with theoretical calculations performed assuming gamma-emission from compound nucleus as well as
preequilibrium emission. Calculations were performed by the use of EMPIRE and TALYS codes. Sensitivity of the
calculations to characteristics of excited nuclei was analyzed.
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Introduction

Precise experimental cross section data for (n, xy)
reactions induced by fast neutrons are of
considerable interest for the development of the
advanced reactor technologies as well as for
investigations of the different nuclear reaction
mechanisms in the neutron induced reactions,
characteristics of excited nuclear states and its
decay. The experimental measurements are usually
performed with 14.1 MeV neutrons due to the
possibility of using neutron generators based on DT-
reaction, but the experiments in which y-spectra was
obtained in full energy range (from extremely low
to the highest possible excitation energy) are
practically absent. In this contribution we present
results of the investigation of the y-spectra within
the energy interval from 2 to 18 MeV. Differential
cross sections of the (n, xy) reactions for iron and
bismuth were unfolded from amplitude instrumental
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spectra and cross sections uncertainties are
estimated. The experimental cross sections are
compared with theoretical calculations.

Method of experimental measurements

The measurements of y-spectra are performed
using scintillation y-spectrometer based on 15 x
x 10 cm Nal(Tl) detector. Time-of-flight method
based on pulse neutron generator was applied for
separation of prompt y-rays from source neutrons,
background and rescattered vy-rays. Reaction
T(d, n)'He in Ti-T target was used as neutron
source. Deuterons were accelerated by low-voltage
accelerator with klystron bunching of deuteron
beam and finally deuteron energy was 130 KeV.
Pulse generation frequency was equal to 7.25 MHz,
average neutron intensity ~ 10’ s, The geometry
of the experiment is presented on Fig. 1.
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Fig. 1. Geometry of the experiment.

Measurements have been performed in circular
geometry. Ring samples of iron and bismuth with
mean radius 16 cm were placed on minimal distance
from the neutron target. It provides optimal sample
irradiation by 14.1 MeV neutrons. Geiger counters
applied in anti-coincidence (7~10°s) with
spectrometer signals were used in order to reduce
the influence of cosmic rays.

Flight path between the neutron source and
15% 10 cm Nal(Tl) detector was equal to 172 cm
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which provides reliable separation of prompt y-rays
from neutron and y-ray background. Prompt y-rays

selection  was  performed by  differential
discriminator.

Relation between amplitude spectra
UV,AV,0,) and differential cross section

o (E,,0)=d’c,(0,)/dE,dQ is given by the

expression
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V+AV /2

Em;\x
U(W,AV,0,)= [ dE,-o,(E
0

vy
V-AV/2
where V is signal amplitude; AV - signal amplitude
width; 6, - scattering angle; E, - y-ray energy; G -
geometry  factor; o(E,) - energy-depended
coefficient of the y-ray self-absorption by sample
detector; &(V, E,) - detector response function and
A(V,E,)) is total response function. Double
differential cross section oJ(E, 0,) have been
measured at 0, = 90°. Weak angle dependence of the
cross section allows estimating energy spectra o(E,)
in the following way
do(E,)

o(F,)=— -=4r.0,(E.0). (@

The expression for the detector response function
A(V, E,) was taken from Ref. [1]. It is based on
analytical approximation of the bremsstrahlung
experiment with correction on Monte Carlo simulations
as well as on detection of 4.43 MeV y-rays from
neutron inelastic scattering on carbon. More details
concerning experiment can be found in Refs. [2, 3].

Data analysis

According to the Egs. (1) and (2), the following
Fredholm integral equation of the first kind should
be solved to unfold cross section o(E,) from
amplitude spectrum U (V)

E

max

j AV ,E)o(E))E, =U(V). (3)

- Qur results

¢ Budnaretal 1977

o Hlavacetal 1979

x  Bezotosnyy et al, 1980 |

E

max

0) j dv-Ga(E,) e(V,E,) = j A(V,E,)o (E,,8,)-dE,. (1)

0

There are problems in solving Eq. (3) due to
instability of unfolded spectra to the experimental
data uncertainties (so called ill-posed [4]). To find
cross section o (£,) from inverse solving Eq. (3), an
algorithm on the compact set of limited variations
[4] was used. Uncertainties of the cross sections
were estimated in assumption that the amplitude
spectrum is distributed with Gauss distributions due
to the large number of external factors. The
uncertainties of the amplitude spectra were

estimated as
o,=\D,+D’ , (4)

where o; — standart deviation of the number of
counts N;; i — number of channel; D;— variance of
the number of counts N D} — variance of the
number of counts N corresponding to background
measurements (without sample). The following
values were used: D, =N,, D =N/ .

Experimental values of the unfolded differential
cross sections and their uncertainties are shown in
Fig. 2. As one can see, stable solution is obtained for
the cross sections of the ™ Fe(n, xy) and "*Bi(n, xy)
reactions. Set of monotonically decreasing functions
were used. Rather good agreement of obtained cross
sections with experimental results of other authors is
obtained.
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Fig. 2. Differential cross sections of the reactions " Fe(n, xy) (a) and "“Bi(n, xy) (b) obtained using regularization

algorithm on the compact set of limited variations: points — results of our experiment, diamonds — experimental data

from [5], circles — [6], crosses — [7].
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Calculations and discussions

Experimental results were compared with
theoretical calculations performed considering
gamma-emission from compound nucleus (CN) as
well as preequilibrium emission. Calculations
assuming CN emission were performed using the
Hauser - Feshbach statistical model. Within the
framework of this model cross section of the
reaction in the channel b is given by

r,(E,J,x)

o,(E,J,nr)=0,(E,J, 7 )
A ) ( )Eel"e(E, J, )

®)

where o, — cross section of the compound nucleus
production; E — excitation energy; J — spin; T —
parity; I, — width in the channel b; X.I'. — total width

1

L (E,J,m)= X
2rpey (E, J, )
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J=0 © j=J'-J o

B. is the separation energy of the particle e in the
CN, p is the level density and T, el’j stands for the
transmission coefficient for particle e with channel
energy ¢=FE—B,—E' and defined through radiative
strength function (RSF). Cross section of CN
production o, is calculated using optical model. The
calculations of differential cross sections were
performed using the EMPIRE [8] and TALYS [9]
codes. Calculations have been performed with and

without taking into account preequiliblirum
emission.
Fig.3 shows experimental differential cross

sections of the reactions " Fe(n, xy) in comparison
with theoretical calculations performed using
EMPIRE [8] and TALYS [9] codes. Default sets of
input parameters were used.
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Fig. 3. Differential cross sections of the reactions " Fe(n, xy) performed using EMPIRE (a) and TALYS (b) codes:
points — our experimental results, solid curve — calculations within Hauser - Feshbach statistical model, dashed curve —
calculations within Hauser - Feshbach statistical model with taking into account preequilibrium emission (PE).

As one can see from Fig. 3, the good agreement
of the theoretical calculations with experimental data
is obtained for the "Fe(n, xy) reactions almost in all
energy range accept intervals below 7 MeV and
above 17 MeV. Calculations within Empire and
Talys codes are in rather good agreement. It can be
concluded that for such energies preequilibrium
processes should be taking into account in the
calculations.

As it was mentioned above (see first paragraph of
this section, (5) - (7)), the optical potential, RSF and
nuclear level density are required in order to
calculate the cross sections. Sensitivity of the
calculated cross sections to these quantities was
analyzed. The result of the analysis is given below

248

(Figs. 4 and 5). Fig. 4 demonstrates the cross
sections obtained by the use of different optical
potentials taken from [10 - 12]. It can be seen from
Fig. 4 that results of the calculations are quite
sensitive to the optical potential. The results
obtained using Koning - Delaroche potential (global
one) gives best agreement with the experiment.

The RSF can be calculated with using different
models. To check sensitivity of the cross sections to
the RSF, we performed calculations by the use the
following models: Standart Loretzian (SLO),
Enchanced Generalized Loretzian (EGLO), different
kinds of modified Loretzian (MLO), Generalized
Fermi liquid (GFL) model. For the calculations of
nuclear level densities we used Enhanced Genera-
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Fig. 4. Differential cross section of the reactions
" Fe(n, xy) calculated with EMPIRE code using different
optical potentials: dashed curve — Koning - Delaroche
potential [10], circles — El-Kadi potential [11], solid curve
— Morillon potential [12].
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lized Super-Fluid Model (EGSM), Back-Shifted
Fermi-gas model and Gilbert-Cameron approach.
More detailed description of the models mentioned
above can be found in Ref. [13].

Fig. 5, a demonstrates the example of the RSF
dependence of "Fe(n, xy) reaction cross sections
calculated by the use of EMPIRE code. As one can
see, the best agreement with the experiment is
obtained in case of using MLO model. For the
nuclear level densities the best agreement can be
achieved using EGSM model (Fig.5, b). Similar
results were obtained for **’Bi(n,xy) reactions.

From the results presented in Fig. 5, one can
conclude that the best agreement of the theoretical
calculations with experimental results can be
obtained in the case of simultaneous changes of the
models both the radiative strength function and the
nuclear level density.
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Fig. 5. Differential cross sections of the " Fe(n, xy) reactions calculated with EMPIRE code using different models for
the RSF (a): dashed curve — SLO model, open circles — EGLO, solid line — MLO; and cross sections calculated by the
use of different models for the nuclear level densities within MLO model for RSF (b): dashed curve — EGSM model,
solid line — BS Fermi-gas model, open circles — Gilbert - Cameron. Experimental results are shown by points.

It was also checked that calculated cross sections
are insensitive to the high values of the y-ray
transition multipolarity that is caused by the fact that
number of the nuclear levels is large and electric
dipole transitions are dominated.

Conclusions

Differential cross sections of "Fe(n, xy) and
*%Bi(n, xy) reactions were measured using time-of-
flight technique. The algorithm on the compact set
of limited variations was used in order to obtain the
cross sections values.

Theoretical calculations of the cross sections are
performed considering gamma-emission from
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compound nucleus as well as preequilibrium
emission. Results of the calculations within
EMPIRE and TALYS codes are rather in good
agreement and general behaviour of the theoretical
results is in agreement with experimental ones.

In order to obtain the best agreement of
calculated cross sections with experimental results,
the optimal set of models for RSF, nuclear level
densities and optical potential should be used.
According to our analysis, using of MLO RSF
model with EGSM model for the nuclear level
densities in the calculations of the cross sections of
™Fe(n, xy) and **Bi(n, xy) reactions gives the best
agreement with experimental results.
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Cross sections of y-rays in inelastic scattering

CHEKTPU TAMMA-KBAHTIB V¥ (n, xy) PEAKIISIX HA SIIPAX 3AJII3BA TA BICMYTY
B. M. Bonaap, O. M. I'opb6auenko, 1. M. Kagenxo, b. IO. Jlemenko, 0. M. Onimyk, B. A. IL1ioiiko

[pencraBneHo pe3y/bTaTH BUMIPIOBaHb FaMMa-CIEKTPIB (1, XY) peakiiil mpu B3aeMoii HeWTpoHiB eneprii 14,1 MeB 3
sipaMu 3aJli3a Ta BicMyTy. bysio BUKOpHCTaHO METOJl 4acy MpOJIbOTY Ha OCHOBI IMITYJIbCHOTO HEHTPOHHOT'O TeHepaTopa.
Pe3ynbTaTt BUMIpIOBaHb ITOPIBHIOIOTECS 3 TEOPETUYHUMH PO3paxyHKaMH, BUKOHAHUMH B TIPUITYILIEHH] Hepediry peakuii
yepe3 cKiIaneHe (KOMIAyHA) SAPO, a TaKoX 13 BpaxyBaHHSAM BWJIbOTY YAaCTHHOK Ha IIEPEIPIBHOBAXHUX CTATIfX.
Pospaxynku Oyno BukoHaHO 3 BukopucTaHHsAM koniB EMPIRE ta TALYS. TIpoanamizoBaHO YyTIHBICTH TEOPETHYHO
PO3paxOBaHMX PE3YJIBTATIB 10 3MIHU XapaKTEPUCTHK 30y/DKEHNX CTaHIB AIEp.

Kmouosi cnosa: peaxuii 3 HEWTpoHaAMH, METOJ Hacy IPOJILOTY, FaMMa-CIEKTPH, CTATUCTUYHA Teopis Xaysepa -
®embaxa, pamiamiifiHa cuioBa (GyHKIIiS, TYCTHHH SICPHUAX PiBHIB.

CHEKTPbBI TAMMA-KBAHTOB B (n, xy) PEAKIIUAX HA SAPAX KEJIE3A U BUCMYTA
B. M. bonnap, O. H. I'opoauenxo, U. H. Kagenko, b. E. Jlemenko, 0. H. Onumyxk, B. A. ILmoiiko

[IpencraBneHbl pe3ynbTaThl M3MEPEHUH TaMMa-CIIEKTPOB (N, XY) peakluii py B3aUMOJCUCTBUN HEHTPOHOB SHEPTUU
14,1 MbdB ¢ smpamm Kene3a W BHCMyTa. BBUT MCIIONB30BaH METOA BPEMECHH IIPOJIETa HA OCHOBE HMITYJIBCHOTO
HEWTPOHHOTO TeHepaTopa. Pe3ynbTarsl M3MEpeHHi CPaBHHUBAIOTCS C TEOPETHUYECKMMH pacdeTaMH, BBHIIOJTHEHHBIMH B
MIPEIIONIOKEHNN MPOTEKAaHUsI PEaKIMU dYepe3 COCTaBHOE (KOMMAyHI) sApo, a TakkKe C y4eTOM IPEpPaBHOBECHBIX
nporeccoB. Pacders! BeimonHeHs! ¢ ucnonb3oBanueM kogoB EMPIRE u TALYS. IlpoananimsupoBana 4yBCTBUTEIFHOCTh
TEOPETUYECKHU MOTYyUCHHBIX PE3yIbTaTOB K N3MEHCHHUIO XapaKTEPUCTHK BO30YKIECHHBIX COCTOSHUH SED.

Kniouesvle cnoga: peakuuu ¢ HEHTpOHAMM, METOJ BPEMEHM MpOJeTa, TaMMa-CIEKTpBI, CTaTHCTHYECKas TEOpHs
Xaysepa - dembdaxa, paxuanroHHast cuiioBas QYHKINS, TFIOTHOCTD SIICPHBIX YPOBHEH.
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