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235Np isomer yields in 2’"Np(n,2n) and #8U(p,3n) reactions
Vladimir Maslov*

220025, Minsk, Byelorussia

Modeling r(E, ), ratio of the yields of short-lived (1°) and long-lived (6°) of Z"Np(n,2n) reaction from

threshold energy up to 20 MeV allowed to infer also the yield of the short-lived state Z%Np in 233U(p,3n)
reaction. The different initial spin populations is probed in (p,3n) and (n,2n) reactions. The consistent
description of the data base on cross sections 2’Np(n,F), Z’Np(n,2n)=*Np and 28U(p,F), 28U(p,n) and

288U(p,3n)***Np is achieved. The branching ratio r(E,) obtained by modeling the residual nuclide Z*Np
levels. Excited levels of 2°Np are modeled using predicted Gallher-Moshkowski doublets. The branching
ratios r(E,) and F(E,,) are defined by the ratio of the populations of the two lowest states, isomer 2**Np,

with spin J= 1 and ground state Z*Np with spin J=6. The r(E,) and r(Ep) have similar shapes in case

of (n,2n) and (p,3n) reactions, which is due to some internal compensation of differing angular
momentum and excitation energy distributions of 2*Np yields. The populations of 2**Np and 2**Np states
defined by the y-decay of the excited states of 2**Np in the continuum. The exclusive spectra of (n,xnf)

and (n,2n)*2 and (p,xnf) and (p,3n)*2* influence r(E,) and r(E,) athigher energies and prompt fission
neutron spectra.

Neptunium-237 is a major constituent of the spent nuclear fuel. Main chains for its
production are neutron captures in 23U and (n, 2n) reactions in 238U, namely, 23°U(n, y) 25U(n,
) 23"U(B7)?*"Np and 228U(n,2n) 22’U(B")%*"Np. The transmutation of the 2’Np in thermal power
reactors is affected by the neutron capture cross sections of the reaction chain 2*’Np(n,y)
2%8Np(B)?%®Pu(n,y) ?*Pu. The yield of the 2*Np short-lived isomer happens via reaction chain
#"Np(n,2n) #*Np(B°) [1-4].

The reaction chain 22’Np(n,2n)?Np(B)?%Pu(a)?%?U is one of the major sources of the
accumulation of 232U in the irradiated reactor fuel. The half-life of Z2®Np T$, = 22.5h, the long-

lived state, emerging in the reaction 2’Np(n,2n) Z¢'Np (T,,, =1.55x10°y) has a large thermal
fission cross section, which may strongly influence the nuclear core reactivity [5]. Modeling
r(E,), ratio of the yields of short-lived (1) and long-lived (6°) of 22’Np(n,2n) reaction from
threshold energy up to 20 MeV allowed to infer the yield of the short-lived state 2*Np in
238U(p,3n) reaction. Ther(E,) and r(E, ) are susceptible to the influence of differing initial spin

populations probed in (p,3n) and (n,2n) reactions. The exclusive spectra of (n,xnf) , (n,2n)%2 and
(p.xnf) , (p,3n)>% influence r(E,) and r(E,) at higher energies and prompt fission neutron

spectra [6—8]. They are used to define the exclusive spectra of (n,2n)'? reaction. These latter
spectra define populations of 2%Np states.

The yield of short-lived 1~ state in 2’Np(n,2n) 2%6sNp measured in the vicinity of the
threshold [9] and around 14 MeV [10-15]. The ratio of yields of short- and long-lived states
measured at ~14 MeV [16] allows to check the compatibility of measured data on
23"NIp(n,2n)*%Np reaction with the calculated cross sections of 22’Np(n,2n) and 22’Np(n,F).
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Fig. 1 Levels of Z5Np.
r(En) = O-rl12n(En )/O-r?Zn(En)’ (1)

That means consistent description of the data base on fission and 23’Np(n,2n)?3¢Np might
be challenged at E,~14 MeV, while at lower and higher values of E, the r(E,) might be

predicted. The branching ratio r(E,) is rather sensitive to the residual nuclide 2*Np levels.

Excited levels of 226Np are modeled using predicted Gallher-Moshkowski doublets by Sood [17]
and Lindner et al. [18]. Modeling of the ratio of the yields of short-lived (17) and long-lived (67)
from threshold energy of (n,2n) reaction up to 20 MeV, allows to infer the yield of the short-
lived state 235SNp as

0o(E,)=0,,(E)IA+T(E)). (2

It provides a description of 23’Np(n,2n) 2%6sNp data around E,~14 MeV [10-15] and data from
23'Np (n,2n) reaction threshold up to En ~10 MeV [9].

Cross sections of (n,2n) and (n,3n) reactions are obtained with the statistical model
calculations with account of pre-equilibrium neutron emission. Pre-equilibrium neutron

emission contribution fixed according to consistent description of (n, F) and (n,xn) reaction data
[3]. Myers et al. [16] measured the isomer branching ratio r(E,) = o, .(E,)/ o, (E,) with

neutrons of the thermonuclear bomb-shot for the average beam energy of ~14 MeV. In the report
[11] the isomer ratio r(E,) = o}, (E, )/ o3,(E,) of ~0.41 for 2"Np(y,n) reaction was mentioned
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for the excitation energy of ~9.6 MeV. That presents the evidence of the decrease of r(E,) with

the increase of the incident neutron energy E,, if not the possible influence of the entrance
channel on the initial spin population of 23®Np residual/excited nuclide. That conclusion is
supported also by the data on the isomer branching ratio for the reaction 28U(d,4n) for Eq~21
MeV [19]. In [19] it was found that the states of the residual nuclide 2**Np with J= 1 are ~7

times more populated than the states 2%!/Np with spin J=6. The modeling of the r(E,) for the
23"Np(n,2n) gives complex behavior, than just fitting [20], the trend of r(E, ) measured values.

The branching ratio r(E,) is defined by the ratio of the populations of the two lowest

states of 226Np, with spin J= 1 and 2%!Np, with spin J= 6. These populations defined by the y-
decay of the continuum excited states of 2Np. For (n,y) reaction the y-decay was modeled in
[21]. That approach could be applied in case of 2’Np(n,2n) or 23U(p,3n) reactions probing the
different initial spin populations for neutron capture, (n,2n) and (p,3n) reactions.

The y-decay of the excited nucleus described by the following kinetic equation [21]

om,(U,J7,t) Ug e LULITUIT) .. [U,JI7)
T_%;!wk_l(u,J N TR MU b e ot 3)

here @, (U, J”,t) is the population of the state J*at excitation U at time t, after emission of k y-
quanta; I, (U',J*",U,J") is the partial width of y-decay from the (U',J™") to the state (U,J"),



2Np(n,2n)

0.7

O Gromovdetal., 1983 ' '
® Nishietal, 1975 — (2n)
O Landrum etal., 1973 - == (@2

0.6 - m Paulsonetal., 1974 e | N
A Daroczyetal., 1985 (n.2n)
A Lindeke etal., 1975
\Y4

Perkin et al. 196

=== (n2n)(n2nSnz2n)

05 TENDL

04

Gn,2n’ barn

03

0.2 |

0.1

0.0

E,, MeV
Fig. 3 Cross sections of 2’Np(n,2n), 2’Np(n,2n)?***Np and 2’Np(n,2n)?**Np reaction.
while T" (U,J™) is the total decay width of the state (U,J”). For any state (U,J”) with the
excitation energy 0<U<Uy, the initial population is
@, (U, 37t =0) = 5,0,(U,37). @)

The equation (4) means that in the initial state of (n,2n) or (p,3n) reactions we deal with the
ensemble of states (U,J") . Integrating the Eq. (3) over t, one gets the population W (U, J") of

the state (U,J”") after emission of k y-quanta:

: oo LI

o, U,J",0) -, U,]J ,m:;! SITINED) !a)kfl(U,J ,HdtdU -
ry(U’J”)w z 5
7F(U,J”)£a)k(u"] ,t)dt. )

Denoting the population of the state (U,J”") after emission of k y-quanta as
_LL,U,J9)

WL, %) r(U,J7)

Ta)k(U,J”,t)dt, (6)



and taking into account the condition that w, (U,J",) =0 for any state, belonging to ensemble
U,J7™), Eq. (5) could be rewritten [21, 22] as

YT (U, 377,U,37)

WK(U’J”)=§£ ru,d™)

W, (U",d")dU +a, U,37,0). (7)

The population of any state (U,J”) after emission of any number of y-quanta defined as

WU,I7) =YW, U3, (®)

then from Eq. (6) one easily gets [21, 22]

W(U,J”)=Zfry(¥'(’d.,ﬁ.’; )W(U',J”')dU'+W0(U,J”). (9)

37U

The integral equation (9) in the code STAPRE [23] solved as a system of linear equations, the
integration range (U,U,) binned, in the assumption that there are no y-transitions inside the

narrow energy bins.

The isomer branching ratio depends mostly on the low-lying levels scheme and relevant
y-transitions probabilities. The latter data are missing for the 23®Np nuclide. As regards the low-
lying levels of odd-odd nuclides like 2*®Np, extensive experimental data are available only for
238Np, 22Am, 2**Am and 2Bk [24]. It was established for the 236!Np [19, 24] that the decay of
236INp(B) 2%6Pu yields J” = 6" states, while in e-capture the yield of J” =6"state of 26U is
observed. That is a strong argument that the long-lived state might be J*=6". It was established

for the 2%6sNp [18, 25-28], that the decay **Np(B)?**Pu yields J~= 0%, 2* states, while in e-

capture the yield of J* = 0%, 2*, 2~ states of U is observed. That is a strong argument, that for
the short-lived state J* = 1, while the parity of the low-spin short-lived state is still uncertain.
With these arguments one may stay assured that the spins of the two low-lying states of 23Np
are fixed. What are the energies of the 2365Np and 2%6/Np states is uncertain also. There is no

experimental data about the other low-lying levels of 26Np, with the exception of J* =37, which
was observed in [28] when investigating the enhanced a-decay of 24°Am.

Modeling of low-lying levels of in [17, 18] is accomplished based on the assumption that
ground and first few excited states are of two-quasi-particle nature. For actinides with
quadrupole deformations the superposition principle is usually adopted, the band-head energies
of the doubly-odd nucleus are generated by adding to the each unpaired configuration (2,,€,)
, as observed in the isotopic/isotonic nucleus, the rotational energy contribution and residual n—p

interaction energy contribution. The angular momenta of neutron and proton quasi-particles
could be parallel or anti-parallel. In the independent quasi-particle model the two-quasi-particle

states, K™ =|K, + Kp‘ and K™ =|K, — Kp‘, are degenerate. Gallaher-Moshkowski doublets [17,

18] appear because of n—p residual interaction. Figure 1 (left) shows the predicted in [17] band-
head energies for the two-quasi-particle states expected up to ~400 keV in the odd-odd nuclide
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Fig. 5 Exclusive (n, 2n) neutron spectra of Z’Np+n for incident neutron energy 8 MeV.
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238Np. The spectroscopic properties of two pairs of proton and neutron single particle states were
derived from those experimentally observed in the isotopic (Z=93) and isotonic (N=143) odd-
mass nuclei with mass (A-1). Figure 1 (right) shows levels expected up to ~250 keV of [18].
Obviously, the relative placement of LSI (low spin isomer), as well as its parity are different,
though the underlying proton and neutron single particle states are similar. In short, in [17] LSI
J7 =1 isjust below J” =1"counterpart, while in [18] the predicted LSl J” =1"is lying much
lower than the J* =1 counter-part. However, the splits of LSI and HSI of [17] and [18] are quite
different. For the band-heads, shown on Figure 1, the rotational bands generated as

Eyx, =Eu +55J(0 +)-K(K+D]. (10)

Obviously, neither of the schema presented on Fig. 1 represents a complete set to allow the
calculation of absolute yields of 2’Np(n,2n)?Np and 23’Np(n,2n)%36/Np reactions. However,
in both cases attributed rotational bands were constructed up to ~700 keV, modeling levels with
spins J” <10, in total up to ~70 levels. It was shown in [29], that simple estimate of the number
of levels in odd-odd nuclei as

NU)=e 74 -1, (11)

predicts up to 280 level at U~700 keV, T=0.388 MeV, 4=12/AY2, MeV. We assume that the
modeled angular momentum distribution would not be much different from a real one. Since the
data on the y-transitions are missing, we assumed the simple decay scheme, i.e. only E1, E2 and
M1 transitions allowed in continuum energy range. Inter-band transitions forbidden, i.e., only y-
transitions within the rotational bands are assumed to occur. This methodology pursued, the
populations of the lowest doublets calculated. Then we assumed that the transition to the high-
spin, long-lived ground state J” =6~ or low-spin, short-lived isomer state J” =1 [17] or
J7 =1" [18] defined by “minimum multi-polarity” rule. That means states with spins J >3
should populate the ground state J” =6, while those with J <3 should feed the isomer state
J* =1.

Then the branching ratio obtained as the ratio of the level populations, derived from Eq.
(9):

dWU,J%)

33,4312
r(g,) = SW(U,I7) 12)

I<(3,+34)12

Figure 2 shows the branching ratios, calculated for the level schema of [17] and [18], presented
at left and right parts of Fig. 1. The level scheme of [18] appears to be compatible with the

measured data for r(E,) = o},.(E, )/ c3,,(E,) at 14 MeV [16], it is adopted in [3, 32], while the

n2n

branching ratio for the level scheme of [17] has a similar shape of r(E,), but higher absolute

value. The measured data of [11] and [19] for 2"Np(y,n) and 2%U(d,4n) reactions, respectively,
are much different from the predicted trend. The r(E,) in JENDL-4 [30] is independent on the

energy of incident neutron, which strongly contradicts present predicted shape. The branching
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ratio r(E,) of ENDF/B-VIII [31] is adopted from [3, 32]. The branching ratio r(E,) used to

estimate 2’Np(n,2n) 2%Np and 22’Np(n,2n)®®'Np reaction cross sections using 23’Np(n,2n)
reaction cross section compatible with 22’Np(n,F) cross section [2, 33].

Figure 3 shows 23’Np(n,2n), 25’Np(n,2n)2%6sNp and 23’Np(n,2n)?%6!Np reaction cross
sections. Measured data base on 22’Np(n,2n)>¢Np [9-15] was corrected in [3] using the modern
decay and cross section data standards. The decay data for the 23™Np were those from [33].
Recent evaluation by E.Browne and J.K.Tuli [34], which is in Decay Radiation Data Base [35],
is consistent with the former data of [33]. The half-life, estimated in [33, 34] is T12= (22.5£0.04)
hours. The electron-capture and B~-decay branching ratios of [34] equal: lec =0.52+0.01 and Ig-
=0.48+0.01, respectively. In [35] lec = ls- = 0.50£0.03. The neutron flux monitor reaction were
those of ?’Al(n,a)?*Na, 2%¥U(n,2n)?%¥U and 2%U(n,f), evaluated in [36], [37] and [38],
respectively. It was possible to update measured database, except data [15]. 23’Np(n,2n),
237Np(n,2n)?%Np and 2’Np(n,2n)>¢'Np reaction cross sections [3, 32] shown on Fig. 2 are
adopted in [31], in [20] they adopted 2’Np(n,2n) cross section only. Though 23’Np(n,2n)?3¢Np
and 28’Np(n,2n)®%'Np reaction cross section of [20] seem to be close to those of [3, 32], the
branching ratios r(E,)are very much different, since in [20] the r(E,,) just reproduces trend

measured values of (y,n), (n,2n) and (d,4n) reactions.

Exclusive spectra of first neutrons, do, , and dow second neutrons of (n,2n) reaction,
de de
calculated as in [39—41] are shown on Fig. 4 and Fig. 5. They define the populations of 23Np
nuclide states. The spectra presented normalized to 109, since in data files [3, 32] the emitted
neutron energies given in eV. The major competing reaction to 22’Np(n,2n) is 23’Np(n,xnf).
Actually, x pre-fission neutrons define the shape of exclusive spectra of first neutrons,dim,
de

and dg 2 second neutrons. They influence also the average energy of prompt fission neutrons
I
measured in [42—46] as shown on Fig. 6, and shapes of prompt fission neutron spectra (PFNS).
Figures 7 and 8 demonstrate the PFNS at En~14.7 MeV and Eqn~8 MeV. The partial contributions
of observed PFNS are sensitive to 22’"Np(n,xnf) contributions to the observed fission cross section
23"Nip(n,F) [3] and exclusive pre-fission neutron spectra.
Modeling the ratio r(E,) of the yields of short-lived (17) and long-lived (67) of

23’Np(n,2n) reaction from threshold energy up to 20 MeV allows to infer the yields of the short-
lived state 2365Np and long-lived state 236/Np in 238U(p,3n) reaction. Since entrance channel J~
populations in case of 23U+p and 2’Np are quite different [47] as well as spin populations of
(p,3n) and (n,2n) reactions, r(E,)and r(g,) would demonstrate various behavior. The consistent

description of the data base on fission reaction 238U(p,F) and 28U(p,n) and 23U(p,3n)?%Np was
achieved within STAPRE environment [23]. The contribution of the yield 238U(p,3n)>®Np to
the 2%8U(p,3n) reaction cross section is compatible with measured data on r(E,) [48] and [49].

The contribution of the yield 2%3U(d,4n)?3%Np to the 223U(d,4n) would have similar shape, but
shifted to higher energies.

The absolute values of 238U(p,3n)?*®Np contribution to the 238U(p,3n) are obtained
simultaneously with 28U(p,F) and 23U(p,n) cross sections. Fig. 10 shows description of
238U(p,n) data [49-57] up to Ep~70 MeV with the direct neutron emission as described in [39,
40], with the exception that the (p,nX)! spectra are much softer than in case of ’Np+n
interaction.
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neutron spectra [39—41].

Fission reaction cross section 228U(p, F) comprise the major part of proton absorption
cross section which is defined in [47]. Modelling the (p,nX)! spectra in a way described in [39,
40] the 28U(p,F) data could be reproduced up to 200 MeV. Figure 11 shows the fission cross
section data [58—62] up to E;~30 MeV and partial contributions of 238U(pxnf) chances to the
observed cross section of 228U(p,F). Figure 11 shows the calculated symmetric 238U(p,xnf)™,
asymmetric 23U(p,xnf)2Y™ and 28U(p,F) fission cross sections. In case of the proton-induced
fission reaction 238U(p,F) the observed fission reaction cross section is calculated using the
fission-barrier and level-density parameters of Np nuclei, obtained by fitting the 2*’Np(n,F)
fission cross section [32]. It might be anticipated that 238U(p,xnf) reactions give the dominant
contribution to the observed fission cross section [63].

Absolute values of 238U (p,3n)23%Np and 238U (p,3n)%3%'Nip contributions to the 238U(p,3n)
cross section measured data are compared on Fig. 12. Data [49] are quite compatible with
calculated cross sections of 238U (p,3n)3%Np and 238U (p,3n)%3¢'Np reactions. In case of data [48]
there is some discrepancy around peak crass section values.

Modeling I (E,,, ) , ratio of the yields of short-lived (17) ***Np and long-lived (6) 2*'Np

in 2’Np(n,2n) reaction from threshold energy up to 20 MeV and 2%U(p,3n) reaction from
threshold energy up to 30 MeV allowed to describe the measured yield of the short-lived state
236sNp. The different initial spin populations are probed in (p,3n) and (n,2n) reactions. The
consistent description of the data base on cross sections of fission 22’Np(n,F) , 2”Np(n,2n)>%Np
and 28U(p,F), *8U(p,n) and 238U(p,3n)?**Np is achieved. The branching ratio r(E,) obtained

by modeling the residual nuclide 23®Np levels using predicted Gallher-Moshkowski doublets.



The branching ratio r(E,) is defined by the ratio of the populations of the two lowest states,
isomer 2%%Np, with spin J= 1 and ground state 23/Np with spin J= 6. The r(E,) and r(E,) have

similar shapes in case of (n,2n) and (p,3n) reactions, which is due to internal compensation of
differing angular momentum and excitation energy distributions of 23Np yields. The populations
of 238N p and 23%'Np states defined by the y-decay of the excited states of 236Np in the continuum.

The exclusive spectra of (n,xnf) and (n,2n)*2 and (p,xnf) and (p,3n)*?3 influence r(E,) at higher
energies and prompt fission neutron spectra [64].
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