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Formation of isomers in the reaction 2*U(p, 3n)***Np
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The energy dependence of the production cross sections in long-lived (/) and short-lived (s)
isomeric states in 2*Np together with the isomeric ratio of the reaction 2**U(p,3n)***Np near the re-
action threshold was measured. The yield of *Np* was determined from the alpha activity of **Pu
and the yield of 2*Np’ from analysis by thermal neutron fission. From the energy dependence of the
isomeric ratio it follows that the long-lived state is the ground state in 2**Np. Theoretical calcula-

tions of the yields support these results.

INTRODUCTION

It is known that 3Np has two isomeric states: the
long-lived 2*Np’ with the half-life 1.55X 10° yr and the
spin parity 6 ,! and the short-lived one, 2**Np*® with the
half-life 22.5 h and the spin parity 1.2 Hitherto it has
not been experimentally established which of these two is
the ground state of 2*Np. It has been assumed that
236Np® is the ground state.* > In directories®’ no indica-
tion at all is given as to which is the ground state. It fol-
lows from the systematics of the energies of the isomeric
states that the ground state of 23*Np must be the long-
lived isomeric state, and that the short-lived isomer has
an excitation energy of 50 keV.® The upper limit of the
excitation energy of 2**Np°® was calculated to be 150 keV.!
This evaluation was made using the single-particle model
and taking into account the Gallagher-Moshkovskiy rule.
The scheme for the low-lying levels of >**Np has been cal-
culated taking into account the residual p-n interac-
tion® 1% values of 7745 and 190 keV, respectively, were
obtained for the lowest excitation energy of 2*Np. As
can be seen from this, at present there is neither unambi-
guous evidence as to which isomer is the ground state nor
has a single value for the excitation energy of the meta-
stable state been determined.

One of the ways to evaluate the excitation energy of
the metastable state is to determine the energy depen-
dence of the isomeric ratio near the threshold of the reac-
tion at which 2*¢Np is formed. Thus, when the energy of
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the incident particle is lowered to the threshold value, the
isomeric ratio R =0*/0' must tend to zero if the ground
state of 2*Np is long lived, and to infinity if it is short
lived. Furthermore, as will be shown below, the rate at
which R changes depends on the value for the excitation
energy of the metastable state.

Isomeric ratios of 2*Np have been measured for
the following reactions: 23°U(d,n),!' 2**U(d,4n),>'>13
BINp(n,2n)," and ¥U(p,3n)." All of these, with the
exception of the last one, however, were carried out at
the energies of the initiating particles, which considerably
exceeded the threshold for the 2*Np formation reaction.
When the isomeric ratios of 2**Np in the reaction
23U(p,3n)**Np were determined at E,=13-30 MeV,"
the technique used did not permit a detailed determina-
tion of the behavior of the isomeric ratio near the thresh-
old.

The aim of the present work was to study the energy
dependence of the cross section of the formation of the
long-lived (o) and the short-lived (o°) states of 2*Np
and the isomeric ratio of the reaction ***U(p,3n)**Np
near the threshold (E .4, =13 MeV). In addition, the
purpose was to determine the characteristics of the
ground state, the excitation energy of the metastable state
of 2*Np, and the formation mechanism of the isomeric
states in a multicascade process. Studying the isomeric
ratio of the reaction 2**U(p,3n)?**Np near the threshold
makes it possible to study the joint effect of the threshold
and the Coulomb barrier (E,=15 MeV) on the energy
dependence of R.
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EXPERIMENT

Irradiation of uranium targets was carried out with the
MGC-20 cyclotron of Abo Akademi. Six targets of iso-
topically pure 23%U, each with a thickness of approxi-
mately 1.5 mg/cm? mounted in sandwich on aluminum
backings 0.1 mm thick were irradiated with a 10-uA pro-
ton beam with E, =17 MeV for 100 h. The accumulated
proton charge was measured with a Faraday cup with an
error of 0.5%.

The number of 2*Np° nuclei formed was determined
from the alpha activity of the daughter nuclei >**Pu
(T,,,=2.851+0.008 yr).® The alpha activity of the irra-
diated targets was measured with a surface-barrier silicon
detector. It was necessary to take into account the fact
that not only >3Pu but also alpha active >**Pu from the
reaction

238U(p, n )238Np B__Z 238Pu

accumulated in the target.'® Because of the considerable
thickness of the uranium targets (1.5 mg/cm?), it was im-
possible to resolve the 2*Pu and 2*®Pu peaks in the alpha
spectra. The relative ratio of the activity of the plutoni-
um isotopes was obtained by measuring the alpha spectra
of the aluminum foils separating the uranium targets dur-
ing proton irradiation. Uranium fission fragments partly
sputtered the target’s material; this caused very thin lay-
ers to form on the aluminum foils and resulted in very
good resolution of the 2**Pu and 23®Pu peaks in the alpha
spectra of the layers. This method made it possible
to measure the reaction cross sections of both
28U(p,n)**¥Np (Fig. 1) and 2*U(p, 3n)>**Np* (Fig. 2).

A high-sensitivity method to determine the number of
26N p’ nuclei in highly enriched 23®U targets by means of
thermal neutron fission on the basis of the known fission
cross section!” was used. In the first stage of determining
the amount of ***Np/ in the proton irradiated uranium
targets, use was made of their isotopic purity. The six
targets with the 2**Np’ to be determined and analogous
uranium targets not subjected to preliminary proton irra-
diation were irradiated simultaneously in the thermal
column of the F-1 reactor of the I. V. Kurchatov Atomic
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FIG. 1. Cross section of the reaction 2**U(p,n)***Np. @,
present work. The histogram and curve are from Ageev et al.
(Ref. 16).
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FIG. 2. Cross section of the formation of **Np isomers in
the reaction 2**U(p,3n)**Np. 0, 2*Np*; @, **Np’. The histo-
grams are from Kovalenko et al. (Ref. 15) and Ageev et al.
(Ref. 16). The curves were calculated.

Energy Institute with a 235U fission cadmium ratio equal
to 600. The fission fragments from each of the targets
were registered by closely superimposed mica track detec-
tors.'® The number of 2**Np/ fissions was determined as
the difference between the total observed number of
fissions and the background from the fission of 2°U. The
number of 23®Np/ fissions in the targets ranged from 30%
to 6% of the background.

In order to reduce considerably the 2*>U fission back-
ground and to give a more precise determination of the
amount of 2**Np/, the neptunium was chemically separat-
ed from the uranium targets. Each of the targets was dis-
solved in concentrated nitric acid. 30-350 ng of *'Np
were added to the solutions as a carrier and for determin-
ing the chemical yield of neptunium in the chemical sepa-
ration from uranium.

The neptunium was chemically separated from urani-
um and plutonium by means of extraction chromatogra-
phy. Finally, electrolytic deposition of neptunium was
made on a stainless-steel backing. The neptunium yield
was 80%. To determine the amount of 23*Np/, the targets
with mica detectors to detect fission fragments were irra-
diated with thermal neutrons, as just described. The
measured and calculated cross sections of 2**Np’ forma-
tion and the isomeric ratios are presented in Figs. 2 and
3. A uranium target irradiated with protons at E, =12.5
MeV (lower than 2*®*U(p,3n)*Np reaction threshold)
was used for background determination. The back-
ground level at E,=13.5 MeV was equal to 70% of the
full number of fission events.

The calculations were made on the basis of the STAPIF
code! using the Hauser-Feschbach model, as in previous
work.!® To calculate the cross section of 2*Np isomeric
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FIG. 3. Isomeric ratio R =0¢°/o’ for the 2**U(p, 3n) reaction.
O, present work; ®, Kovalenko et al. (Ref. 15). Solid line, ex-
periment. Dashed lines, results of calculations with the spec-
trum of Fig. 4, AE;;=70 keV (1), and with “shifted spectrum,”
AE; ;=170 keV (2).

state formation more exact information is needed about
the sequence of the 2**Np bandhead energies. The ener-
gies of the low-lying levels in the odd-odd 2**Np nucleus
were calculated from the model of residual interaction
between odd particles similar to the way calculated for
26Np by So0d.!” The main differences between our cal-
culations and those of Sood are that we did not use exper-
imental spectra but one-quasiparticle spectra, which were
calculated within the Bardeen-Cooper-Shreiffer (BCS) ap-
proach for neutron and proton systems in order to take
into account the ground-state formation difference for
neighboring nuclei. We also used the finite-range
neutron-proton interaction including the Wigner and the
spin-spin interaction terms. Part of the calculated two-
particle state scheme in 2**Np is presented in Fig. 4. Our
calculated energy distance between the isomeric states
AE;, is about half that of Sood'® and the spectrum of
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FIG. 4. Calculated bandhead energies for two-particle states
in the odd-odd nucleus 2**Np.
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two-particle states is more dense. For the calculation a
spectrum of 100 states was used.

To calculate the y-ray cascade after neutron evapora-
tion we have assumed the cascades to occur within the
rotational bands.” Then transitions to the other band-
heads with K=0,+1 were taken into account with
branching ratios depending upon the y-ray energy. Cal-
culations of the cross section o were made, including the
fission channel at each stage of the neutron cascade.

DISCUSSION OF RESULTS

As can be seen from Fig. 3, the isomeric ratio
R =0°/0' near the threshold increases with increasing
E, and reaches a peak, after which it declines. From this
it follows that the ground state of 2*Np is the long-lived
one. With increasing proton energy the state 23¢Np* is
formed at an increasing rate. A further increase in pro-
ton energy above 15 MeV then reduces the R as the intro-
duced angular momentum increases with rising E, and
results in an increased population of >**Np’. The depen-
dence of the theoretical results on the excitation spec-
trum used was examined. The theoretical curve is sensi-
tive not to the sequence of the quasiparticle levels, but to
the energy distance AE;.. In Fig. 3 the results of the
isomeric ratio calculations with AE;;=70 and 170 keV
(together with the isomeric states the remainder of the
spectrum is shifted) are presented. The difference in R
energy dependence is due to the threshold shift and the
different rate of the o' and o increase in the threshold
area (Fig. 2). The performed analysis indicates that the
calculated value for AE;; =70 keV is close to the experi-
mental value.

In conclusion let us compare the isomeric ratio for the
233U(p, 3n) reaction with known values for R described in
the literature and obtained from other reactions where
236Np is formed.!! !* The results of a comparison of the
way in which R depends on the average introduced angu-
lar momentum 7 are presented in Fig. 5. The average in-
troduced angular momentum for protons is calculated
from the formula I—f=1.9(Ep——10), for deuterons from
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FIG. 5. Dependence of the isomeric ratio R on the average
introduced angular momentum I. X, 23¥U(p,3n); O, 2*°U(d,n);
@ and A, 2%U(d,4n); A\, *'Np(n,2n).
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I’=5.7(E;—10) (Ref. 20) and for neutrons from
I’=2.5E,.»" As can be seen from Fig. 5, for protons and
deuterons in reactions with more than one neutron emit-
ted the ratio R ~1/1I (solid curve) proves to be true. The
isomeric ratio of the reaction 2’Np(n,2rn)*®Np deviates
only slightly from the cited relationship for charged par-

ticles. More precise consideration of this dependence for
different reactions is complicated by the need to take into
account the spin of the target nucleus (I =3 for »*'Np),
the value for the angular momentum of the evaporated
neutrons, and the value for the contribution of direct pro-
cesses.
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