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Abstract:

A survey is given of the work carried out at the Radium Institut:
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on ctudying the nuclear-physical properties of nentunium that influence the
work of nuclear power 1nst§% avions. There are presented the measured cross—

ésgctions of the reaction
36N(s), at En= 74

cross-sections of 237Np,

: Np(n*2g), giving rise to the short-lived isomer
VeV and on =292Cf spontancous fission ngggrons
Np(s) and the long-lived isomer ©

the
Mo (1), by

thermal neubrons and the respective resonance fission intczrals, the cross-

-sections of 236ln(l) fission by neuggg

+ 20 keV, the partial half-life of

ne in the energy range Zp = 0.0U253 eV +
. Np in relation tg gl)ha radiacion.
New data are given on the cross-sections of reactions 23 U%

p,xn)Np at By =

= 7430 HKeV applied for production of neptunium isotopes and plutonium-2356.

(neptuniwn, isower, neutrons, ireacticns, fission,cross—-section)

Introduction

A series ol works studying nuclear-
i—physical properties of ngpuunium thai
influence the work of power installations
have bteen carried out at the Radium In-
'stitute. A clused fuel cycle with broad
reproduction of nuclear fusl is a charac-
iceristic feature in exploitaticn of fasu-
—meubron nuclear reactors. The closed
fuel cycle includes ctoruge, transporta-
tion and reprocessiag of spent fuel as-
semblies. In the nuclear reactor fuel
there is Np arising as a result of
the 237&p(n,2n) reaction,*g two isomeric
states: the short-iived 23 Np(=) with
the half-life T /2 = 22.5+0.4 h,%gd spin
I =1 /1/, and the_lung-lived =3°Np(l)
ith M/2 = 1.553105 gears and I = 6 g2/.
The decay chain of 23°Np including 23SPu
and U causes formaticu of radioactive
zases and nuclides with hard gamma radi-
ation, which hinders regeneration of
plutonium and uranium fuel. To solve the
problem of calculatving the accumulation
of 236Pu and 232U in nuclear fuel it was
necessarg to measure bthe cross-sections
of the 237Np(n,2n) reaction %qg the
cross-sections of 236Np and 237Np fiss-
jon by thermal and resonance neutrons.

A gractical interest to studying the
236Np(1) fission also arises due to this
nuclide's having a great (~3000 b /3-7/)
cross—-section of fission by thermal neu-
trons, GFh, and being accumulated in
sufficient amounts it could be used as
an energy SOouicCE. th
236 Besides, the great value of 6 for
Np(1) can_ﬁaggs systematic errot in
measuring €$ (= gpg if neptunium has
gven 2 sling (10~°% 10~6atom/atom) ad-
mixture of J6Np(l). Therefore it was ne-—
cessary to check iﬁ §§$ previously pub-
lished values of@{(<°/Np) hadn't been
distorted by the pProbable presence of
236Np(1) admixture in the used prepara-
tioas.

From _the scientific view-point the
study of 236Np isomers enables to find
out: 1) how nuclei with the same nucleo-

nic compositivn differing only by the
5pin manifest themselves in fission;

2? the cause of great values of the
cross-sections of odd-even nuclei's fis-
sion by thermal neutrons; 3) the energy
dependence of the isomeric ratio - the
~atio ol the cross—sechions of 2£36Xp(s)
and <3%Np(1) formation.

Production of 236Np.

The study of a36Np properties is
rosgible only in kL2 case if there is a
Sggficient amount of purified substance.

Np may be producgd by many_ nuclear
gggctions §ggh as “BBSSQ:E),23SUﬁx’P2n)v
P U(d;2nsl€' U(P;BD) ,\”U(dyL*'n)l
;37DIP(Xyn) 2'371\7.'9(11’21‘1 ,¢37Np(d,P?—,n,}s
2378p(4,t). The reactions with =37Np
don't enable to reach the necessary pu—
rity of neptuniuwm~236 ggcause of impos-
sibility to separate 2 Mp chemicg;%y
from the material of *ge target. =7°NpD
was produced by the 23 U(p,3n) reaction
having the greates of all the reactions
with uranium yield (~ 0.3 ng/HA-h at
By, = 30 MeV for a thick metallic uranium
sarget). It was necessary to get <36Wp(9
with a small impur%*g of the short-lived
neptunium isotope 3 Np (T1/2= %Pﬂdays)
that has a gﬁagt cross-section6y™. Accu-
mulation ol 3 Np(s) with ngﬂéigibly
small (£ 0.5%) impurifé'g of 23 Np was
done by the reaction 230U(d,2n) at Eg =
= 12.6 NIeV. 936

The nurber of ““°Np(l) nuclei was
determined by two methods: on the base
of mass—spectrogagric an%%vsis of the
isotopic ratio 3 wp(1)/237Np g;th mea-
suring the alpha activity of 2 Ip, and
Qy(measuring the gamma activity of
2308p(1) (Ey = 158 and 160 kevg. The
amount of the 23Blip(s) formed was deter-
g%ged by the alpha radiaticn of the

Pu daughter nucleus, For determina-
tion of the yield of 236Np§%% in chemi-
cal seraration the tracer Ng was used
accurulated in the reaction 23 U(p,4n).
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The number of 2)5Np nuclei was measured
DJ its gomma and alpha aciivity. Because
of considerable dlSCLepdnC€ of the va-
lues of partial times of 235Np alpla de-
cay (about twice) in literature, its va-
lae was defined more eﬁactlf and turned
out to be (4.2+0.2)x10 sears /8/.

5382

In fig.1a the cross-sections o
ptunium isotopes' formation during
irradiation with protons /9/ are shown.
The solid and the dash curves represent
the results of calculation within the
framework of the statistical model by
the modified variant of the 3TATIF pro-
gram with account of the contribution of
pre-equiiibrium processes. A zood agree-
nent between the experimental data and
the theoretical calculations attracts
attention.

Fig.1b presents new data on the
isomerlc ratio R = (s8)/6(1) in the re-
action 238U(p,3n)236Np. Tne decrease of
R with the growth of the proton energy
is gqualitatively comprehensive, because
with an increase of I, the introduced
angular momentum 1 gTows and fhe formati-
on of the hl”h—Spln state of <36Np(l) be-
comes more probable.

Cross—sections of the reaction.237Nth§g

The cross—se%ulon values (s)
of the reaction <37Np(n,2n)<3 up(sg are
importang gor calculatlng the accumula-
vion of 23%Pu and 232U in the reactor fue
2l. Measurement of these cross-—-sections
15 hindered by the small number of
23%Np(s) nuclei formed. Barlier the

6n,2n , b

Fig.1:
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a - Experimental 8§gas-sec£§gns

of the reggglons g

(®) and 238U(p,3n)? ITP(S) (0)

and the calculatg% Cross-=s S% ions

of the reactions U(O xn) é-XNp,
1+3 (congﬁguous curves) and
8U(p,3n) p(s) (dashed curve);

b —~ Isoner rut oR= é% of the
reaction<3 U(p 3n)236Np,

0Ar
021

0 '7"5'1‘1

Fig.?2

13

Experimental crocs—sections of the reaction ‘57Np(n 2n)

5 17
En, MeV

=3B (s)

(4 -/10/, 0 =/%1/y = /12/y X = /13/, ® = /14/, @ - /15-18/)

and the calculated depcndence of this

from work /19/ (continuous curve).
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6, on(s) were determined only in the
region En = 14415 leV /10-12/(excluding
the only measurement 2t En = 9.6 eV
/13,14/), where in the experinent great
nentron fluxes are attairable. Firest we
neasured the Op pp(s) at Ey = 14.8 IV,
using both the tra ition}% method of de-
terrining the nuuber of <36Np(s) nuclei
Bg the alpha radiation of the daughter

€Pu, and “he developed new methods by
means of re_istration_of <36U gamma ra-

diavion in decay of <3 lp(s) (By = 642
and 688 k=V) /15,16/. Then a selies of
experiment was carried out for determi-
natior of 6p on(s) in the range Ep =
= g+1o MeV, where the yield of
226Np(s) for the reactor neutron specte
rum is maximum /17,18/. The neutron flux
g&s determi%ed by means 05 éhe reactions
2781(n,0t), 238U(n,r) and ¢3%U(n,2n). The
results of these and earlier /10-14/ ex-
periments are presented in fig.2. “he
experimental values of 6112n%5 are
well described by the resulZs of the re-
cently fulfilled calculations of these
cross—sections /19/(the curve in fig.2).

The value of tThe cross—section
©n,2n(s) was measured for Cf spon-
taneous [ission neutrons /20/. The neu-
tron flux was determéaed bX means of ac-
tivation detecihors 41, 197Au, Ti,
58Ni), that have threshold energies

%lgse in value to the thresheld of the

37%p(a,2n) regcgion. The value of

@, on(s) for 252Cf spontaneous fission
reutrons appeared to be 4.7+0.5 mb.

A calculation of the Cfoss—sggtion ave—
raged over the spectrum of Cf fission
neutrons was done as a checkx of agree-
ment of the measured cross-sections on
wonoenergetic neutrons and the irtegral
cross-section. A numerical integration
indicated a value of 3.5+0.6 mb which
agrees with the integral experiment.

Cross—-sections of neptunium nuclel
neutron fission

236, The cross-sections of 236Np(l),

Np(s) and 237Np fission by Shermal th
neutrons (with a Maxwell spectrunm) , 6f,
and their resonance integrals of
fission, Ir, were measured on tihe WWR-M
reactor of the Leningrad Institute of
liuclear FPhysics. The measurements Egge
done gg the relative method using )
and 2-°9pu. During measurement of the re-
sonance integrals the thermal neutirons
were absorbed by a cadmium screen 71 mm
Thick. The fission rate of the snort-
-lived isomer 236Np(s) decreased with
time in accord with its known half-life
T1/2 = 22.5 h.

In table 1 tiere are the results of
those experiments._The given in table 1
value of Gph for 237/Np was calculated
taking acc t of the Westcott multi-
plier for ~37Np /25/ and corresponds to
the neutron energy 0.0253 eV,

_The evpmeriments 905 determination
of‘6%h(237Np) and If(é3 Np) were carried

+3
A

y

ble 1. Crosa-zseciions of +Hhermal neu-
tron fission =nd the resonance
integrals of nepbunium nuclei

fission,
Nuclide — G3F, b I,, b Litera-
: ture
236 )
2§6Np(l) 27604170 10304100 /21,227
53,Np(c)  2740%140  €80%360 /221237

Np 0.02040.001  4.70%0.23  /24/

out twice: before and after a teniold
enrichment of neptuniuwn with respect to
the mass A = 237 on an electromagretic
mass-separator. The results of those ex-
periments proved to be equal within Lhe
limits of the ervors (+5%). The coinci-
deggcyo;_the results of measuring
630(2374p) with one another and with
the previously known values /26,27 /shows
that these values are not djisgorted by
a possible presence of the C3éNp(l) ad-
mixture in the applied preparations.
~ The 236Np(l) fission cross-section
in the neutron energy range from
0.0253 eV to 0.3 ¢V was measured with
a monochromator with a granhite crystal
on the WWR-M reactor of the Leningrad
Institute or Nuclear Physics, and in the
range Bn = 0.1 eV + 20 keV, by means of
a lead slowing down spectrometer on the
linac "Fakel"™ at the I.V.EKurchasov In-
stitute of Atomic Energy (fig.3 /28/).
As one can see from 5%0.3, the
energy dependence of the © 6N’p(l) neu-
Sron fission cross-section differs insig-
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Fig.3. Fiszion cross-section of 23C"1\Ip(l)
curve 1)5 urves 2 and 3 are
35U and =37Np fission cross-sec-
tions multiplied by cosfficient
which accounts their concentra-
tions in the target.
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nificantly from the 1/v-dependerce in
the whols energy range Ey = 0.0253 2V +
1 %O zeVe The resonance invegral of
<36Nn(1) iission, calculated on the base
of these data, proved to be 1040460 Db,
whiich well agrees with its experimental
ga}ue (table 1). The 6& value for
235Mp(1) at Ln= 0.0253 eV, G.=2770+260b,
coincides with the value & 2750+170b
(table 1) neasured for the" Maxwell neu~
tron ensroy spectrum (T=330 K).

As noted above, the thermal neubtion
Tission cross-sections of odd-odd nuclei
are greater than those of even-odd nu-
clei. In fiz.4 the smown from literature
values are presented of odd-odd and
aven-oid target nuclel thermal neutron
fission crogss—sections, %ncluding the
Jata for 236Mp(l) and <3%Np(s) obtzined
by us. As segen from fig.4, the nuclides
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Fig.4. Cross-sections of the thermal
reutron fission of cven-odd (©)
and odd-odd ( @) nuclei.

#re divided into Ttwo greuns by 2 straight
line, above which are the odd-odd nucleil
fission cross-seetions (above twice, on
the average). The increnzcd density of
the compound nucleus's levels is cne of
the factors that may cause great cross—
~scetions or the odd-odd nuclci fission.
In work /29/ therc was found no correla-
tion beivween the Gl and the density of
the levels of the dompound nucleus in
analysis of the whole collection of the
odd-odd nuclei. Such an analysis becomes
more correect ii to consider mairs of iso-
mers of The odd-odd nuclei having the
seme nuclcon composition. The ¢ross-sec-—
tion of the isomers of <42am,2HMam, 2545
Q?rrilati'with the spin dependence of
he lex 8 fensi Lhe G4l
'536ND(;§ and Sé%ﬁg%i)buﬁeéES;Zg b?or

T 2ct LT y lHigas g U3,
don't prove it. The relationship of Giuh
or ~30Wp(s) and “351p(1) sscus to be *

determined mainly by such a casual ele-
ment as the degree of closeness of the
coumpound nucleuz's resonance Lo the
thermal euwerzy of neutrons. Another f=zc-
tor that can also cause great values of
A% and I, iz an iucreased dersity of
the transition ctates on The fission ba-
rrier and, hence, o great number of open
Tission channels of the forred odd—even
compound an%gus. On the base of analy-
sis of the <3°Np{l) fission cross-sec—
tion in the resonance rezion of the neu-
tron energy, averaged values were cbtai-
ned of the total (0.5+0.2 eV), the fis-~
sioning (0.45+0.16 =V) resonance widths
and the nurber of the copen fission chan-
nels No=2148 (by an order of magnitude
greate; than tlhie N, for even-odd target
nuelei). +
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