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When a certain condition is satisfied, nuclear
excitation by electron transition (NEET) becomes a possible
deexcitation mode of atomic excitation due to an inner-shell

vacancy, in addition to X-ray and Auger-electron emission.

An attempt to detect NEET in 237Np following the EC decay of

237Pu, which preferentially decays to the ground state in

237Np by K-electron capture, was performed by examining the

237P

X-ray spectrum from u. The anomalies in the X-ray spectrum

is expected to arise from perturbation leading to NEET.

From the intensity ratio of the pair of perturbed Kal X-ray

peaks, the NEET probability for the 103-keV level in 237Np

was deduced to have an upper limit of 4X10_3.
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1. Introduction

Ionization of an atomic inner shell provokes an electron
transition from an outer shell to the vacated one. The energy
is then dissipated in the form of the emission of characteristic
X-rays or Auger electrons. Morital) has proposed an additional
deexcitation mode involving nuclear excitation instead of
those emission modes. This process, named nuclear excitation
by electron transition (in short, NEET), will take place if
the following NEET conditions are satisfied: (i) Both nuclear
and electronic transitions are of ap?roximately the equal
energy. (ii) They have a common multipolarity. The first
experimental evidence of this process was obtained by Otozai
et al.2’3). They bombarded osmium metal with electrons to
ionize the atomic K shell and succeeded in detecting the

189m05 induced via NEET.

radiocactivity of
The electron hole leading to NEET can be produced in

the radiocactive decay such as electron capture (EC) decay or
internal conversion process, in addition to the bombardment
with electrons and the irradiation with photons. For instance,
if a daughter nuclide in the EC decay fulfills the NEET
conditions, NEET will take place automafically following the
decay of the parent nuclide. If such NEET process following

the radioactive decay takes place to a considerable degree,

it becomes indispensable both in the decay process and in the
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decay scheme. Furthermore, the method applying this process
is favorable for identifying the NEET phenomenon, since the
competitive process such as the Coulomb excitation or the
Y-ray resonance absorption as a consequence of the use of
electrons or photons, respectively, need not be taken into

account.

As Fig. 1 shows, the nuclear excitation, ¥, of a 102.95=

237

keV level in Np and the electronic transition, 4, between

the X shell (118.680 keV) and the L3 subshell (17.608 keV)
have very close transition energies and a common multipolarity

El of the lowest 2 value; namely, they satisfy the NEET

conditions. Furthermore, 237Pu decays to the ground state

in 237Np by K-electron capture with a large branching ratio.

Therefore, NEET is expected to occur favorably in the EC decay

of 237Pu. In this study, we attempted to detect NEET in

237Np following the EC decay of 237Pu and to obtain the

information on NEET of El, in addition to NEET of E2 for the

case of l8905.

The nuclear excitation of the 103-keV level by the NEET

process cannot be distinguished from direct feeding of 237Pu

to the same level. However, the occurrence of NEET is
detectable in some anomalies appearing in the X-ray spectrum

237? 1,4) predicts that X-rays split

from u. The NEET theory
into a pair of satellites as a consequence of perturbation

in the resultant system of the nuclear and electronic states.
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They are emitted in connection with two electronic transitions,
one to the K shell with the nucleus in the ground state and
the other to the L3 subshell with the nucleus in the 103-keV
excited state. 1In the case of the L X-rays following the
disappearance of the L3 vacancies, such as the L series of
al,2’ 82,5,6,7,15’ 2, 8, t and u, their two weak satellites
should coexist with the normal L X-rays emitted in the non-NEET
states. Because of such complexity of the L X-rays, it was
hard to detect those satellites.5)
On the other hand, perturbed K X-rays consist of a pair
of the respective satellites. One of them is similar in
energy and in intensity to the unperturbed X-ray, while the
other of weaker intensity has a higher energy by approximately
|A| than the former when the level repulsion due to perturbation,
5)

¢, 1is inappreciable as found in Ref. Here A& is the energy

difference between the nuclear and electronic transitions.

Among the respective satellites of K X-rays, the satellites
of Kul X-ray were aimed at to investigate NEET. The weaker
satellite of the Kul X-ray will lie near 103 keV and may be

X-ray spectrum following the EC decay
237

detectable in the Ku
237Pu.

1

Some quantitative information on NEET in Np will

of
be obtained from the observed intensity ratio of the satellite

pair.
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2. Experimental

2.1. SOURCE PREPARATION
237

Besides the source of Pu for use in detection of the
satellite X~rays, the sources of 237U and 241Am, which decay
to the same daughter nuclide 237Np by B and a decay,
respectively, were prepared. Here 237U was used to take the

unperturbed standard X-ray spectrum for comparison with the

perturbed one from 237Pu, since 237U rarely decays to the

237Np 241Am

state satisfying the NEET conditions in . Also,

was used to determine the ratio of y-rays which was necessary

for the analysis of the satellite X-rays.

238U

The activity of 237Pu was produced by the (3He,4n)

6)

reaction as described elsewhere. A thick target of natural

uranium metal was bombarded with 38-MeV 3He beam from the
cyclotron at the Institute of Physical and Chemical Research.
The irfadiated uranium was dissolved in conc. HNO3. The Pu
fraction was isolated according to an ion-exchange scheme

)

developed by Natsume et al.7 The eluate was dropped on a

Mylar film and dried up by an infrared lamp. This sample
was assayed to a-ray spectrometry and found to contain small

36 238Pu.

Pu and These contaminants, however,

amounts of
being c-emitters with half-lives of 2.85 y and 87.75 vy,
respectively, produce negligible interference on the K X-ray

region of Np.
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The 237U source was also prepared by the chemical

separation from the Pu solution which had been purified from
spent nuclear fuel. Although thus prepared source contained

other isotopes, these contaminants did not disturb the X-ray

spectrum of 237U, because of their extremely low radioactivities.

The 241Am sample was supplied as well as 237U by the

Nuclear Chemsitry Laboratory of JAERI. The 241Am was mono-

isotopic, since it was prepared by milking the Pu solution
which had been separated from spent nuclear fuel and contained

241Pu, the only 8 -emitting isotope with long life.

2.2, MEASUREMENT OF X-RAY SPECTRUM

237P 237 241

The photon spectra of u, U and Am were taken

with two low—energy photon spectrometer systems. One system
consisted of a hyperpure Ge detector with resolution of 510 eV
at 122 keV connected with standard electronic eguipments.

The output pulses from a linear amplifier were fed toc a 1 kch
pulse height analyzer (MCA) through a biased amplifier.

237P 237U 241

The X and L X-rays from and Am were measured

r

with various electronic settings in the separate runs. The
Y-ray spectrum of 241Am was also taken with this system.
Each source was placed at a distance of 5 mm from the Be window

of the detector. The data acquisition was continued for

10007000 min. The other system consisting of a Ge(Li) detector
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with a 4 kch MCA was also used. Decay of 237Pu was followed

for 20 months with this system.
The detection efficiency and the Ge Ka—escape ratio as

a function of energy were determined for the former detector

system, since they were needed in the analysis of the satellite

X-rays. The detection efficiency was calibrated by using

the gamma reference sources supplied by TRC Amersham. The

escape ratios were obtained by measuring the intensities of

the photopeaks and their escape peaks for various X- and

y-rays. As found in Fig. 2, the obtained escape ratio function

agreed well with that calculated by Fioratti and Piermatteig).
These photon spectra were analyzed by using the BOB73

9-11)

and BOB75 y~ray spectrum analyzing codes The region

of interest, the neighborhood of 103 keV, was inspected

manually as described in the next chapter. The typical photon

spectra of 237Pu 237U and 241Am are shown in Figs. 3-5.

r
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3. Analysis

3.1. GENERAL

Bmong the respective satellite lines of K X-rays of Np,
we aimed at the weaker satellite of the Kul X-ray, designated
as "NEET-X" in the text, because of its simplicity in the
analysis. Detection of "NEET-X" requires the information on
§, since "NEET-X" lies at higher energy by |4 + 28| than its
participant satellite which is similar in energy to the
unperturbed Kal X-ray. Although the energy shift seems to
be inappreciable as found by Otozai et al.S), this can be
further confirmed by comparing the energies of perturbed
X-rays with those of unperturbed ocnes. Then, the X-rays from
237U were used as the unperturbed standard X-rays for comparisén
with the perturbed ones. In 237U, the K X-raysgs are emitted
mainly in the internal conversion process from a 28l-keV level
or a 268-keV level to the lower excited ones and rarely in
that to the ground level, namely, in the state satisfying

237N

the NEET conditions in p. Therefore, the Np K X-rays from

237U are considered to consist almost of the ordinary unperturbed
X-rays (unperturbed component: 99%, perturbed ocne: 1%). As a
consequence of the comparative measurement between the respective

37Pu and 237U, they were found to have the

K X-rays from 2
equal energies within the experimental errors. It was thus

confirmed that the value of |&| was extremely small compared
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with |A| and consequently "NEET-X" should lie at a higher
energy by about |4|, near 102.95 keV.

As will be described later, some information on NEET
can be deduced from the intensity ratio of a pair of satellites

of the Ku X-ray. Quantitative analysis of the "NEET-X" is,

1
however, not easy because of the following reasons. TFirst,

the "NEET-X" peak lying at 102.95 keV coincides accidentally
with other several peaks. Secondly, the 103-keV peak with
weak intensity lies in the outskirts of the high-energy side

of the intense Ka peak of 101.072 keV. Fig. 6 shows the

1
typical photon spectrum in the neighborhcod of "NEET-X".

The components of the 103-keV peak are as follows:

(1) "NEET-X": The weaker satellite of the Kai X-ray, due to
perturbation, the energy of which we may consider to be
practically egual toc that of the relevant nuclear transition,
102.95 keV.

(2) NEET-v: A y-ray being emitted when a nuclear transition
occurs to the ground state from the 103-keV level excited

by NEET,

(3) Nuclear-yv: A y-ray with energy of 103 keV except the
component (2). This is emitted when the 103-keV state in
237Np, fed by 237Pu in an cordinary branching, decays to the
ground state directly,

(4) (60-keV vy + 43-keV y) sum peak: A sum peak of the 60-keV

and 43-keV y-rays, both of which may be emitted in cascade
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in the deexcitation of 103-keV state with considerable
probability.
{5) (Kul + (LE - Ge)) sum peak: A sum peak of the Np Kal X-ray
peak and the Ge-escape peak of the L, X-ray, the energy of
which falls approximately on 103 keV.

In order to cbtain the intensity of "NEET-X", we analyzed
the 103-keV peak and estimated the intensity of each component
except "NEET-X" with the theoretical and experimental methods,

as described below.

3.2. ANALYSIS OF THE 103-keV PEAK

The 103-keV peak was failed to be recognized by the
automatic peak-search routine of the BOB code because of its
extremely low intensity relative to the intense neighboring
Kul peak. Then, the region of interest was inspected manually
as follows.

First, since part of the Ge-escape peaks of KB X-rays
were located in the region in question, continuos background
due to the Ge-escape effect was subtracted from the counts
in the region by using the escape ratic which had been found

experimentally to be about 1Xl0_3.

Next, the intensity of the 103-keV peak, Iigi, was obtained
by subtracting the smooth baseline which was interpolated by

a polynomial function fitted to the observed counts except
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the peak region assumed tc be equivalent to the full width
at tenth maximum of the peak. This procedure is based on the
assumption that the region used for the polynomial fitting
consists of only the smooth tailing of the intense Kul peak.
The polyncmial fitting was carried out by the least sguares
method with an ACOS computer. As the consequence of it, the
fifth order polynomial gave a best fit to the observed counts,
and its reduced x2 value was 0.97 for 26 degrees of freedom.
The region used for the analysis and the extracted 103-keV
peak are shown in Fig. 7. The error attached tc each count
was estimated from the statistical errors in the measurement
103

and in the least sguares fit. Finally, the value of Itot was

obtained by adding all the extracted counts in the peak region.

3.3. ESTIMATE OF NEET-y, NUCLEAR-y, AND (60-keV v + 43-keV v)
SUM PEAK
It is very difficult to distinguish NEET-v from nuclear-vy,
since both y-rays originate in the same 103-keV level. As
shown in Fig. 1, the 103-keV level feads to the 33-keV and
the 60-keV levels as well as the ground one. Therefcore, if
their relative branching ratios are known, the total intensity
IiOS of NEET-Y, nuclear-y, and (60-keV vy + 43-keV vy) sum peak

can be derived from the intensity of the 43-keV or 70-keV y-ray.

In this analysis, the 43-keV y-ray was used because the 70-keV
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Y-ray was not observed,

The intensity ratic of the 103-keV Y-ray to the 43-keV
241Am.

y-ray was determined from the y-ray spectrum of The

ratic was determined as IIOS/Iég = 0.204 = 0.006. 8ince the
Y Y

measurements of 241Am and 237Pu were performed under the same

conditions, this value includes the effects of the detection

efficiency and the sum peak.

In determining Iis of 237Pu, the contribution of a 43.48=

keV y-ray of 238Pu, which is one of the impurities, has to

be taken into account. Iis was obtained by analyzing the

decay of two components, 237Pu (tl/2 = 45.4 d) and 238Pu

12)

87.75 y), with the aid of the CLSO code Finally,

(tl/2 =
the value of IJOS of 237Pu was deduced from the ones of Iig

108 ,.43
and 7 I .
Y / Y

3.4. ESTIMATE OF (K + (L, - Ge)) SUM PEAK

al L
In the X-ray spectrum shown in Fig. 6, the complex peaks
at 103-105 keV can be explained by sum peaks of K X-ray pecaks
and the Ge-escape peaks of L X-rays and by those of Kal X-ray
peak and M X-ray peaks. These sum peaks arised as an inevitable
consequence of the measurements with a large geometric
efficiency. The complex peaks are considered to consist of

five components containing the (Kal + (LE - Ge)) sum peak,

as seen in Table 1 and Fig. 6. Here, sum peaks of L X-ray

711~
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peaks and the Ge-escape peaks of K X-rays were neglected
because of their extremely low escape ratios.

Then, the intensity of relevant sum peak, IiOS’ was

um
estimated with the following procedure. At first, the
intensities per decay of these components were calculated

13,14) and the detecticon

theoretically by using the data of Refs.
efficiency, the escape ratios, and the geometric efficiency

in this experiment. The procedure of this calculation was
based on the assumption that these sum peaks resulted from

the following X-rays: (i) the K X-ray and I, or M X-ray emitted
in cascade, (ii} the K X-ray following the EC decay and the

L or M X~ray following the internal conversion process when
237Pu decays to an excited state in 237Np by K-electron capture.
Subsegquently, the estimates of sum peaks which would be detected
in this experiment were derived from the theoretical intensities
of these sum peaks and the observed ones of Kal and K0t2 X-rays.
These values and the observed ones are listed in Table 1.

The estimated intensities are slightly larger than the observed
ones, but explain well the peak group at 103-105 keV. Finally,
the value of IiZi was deduced from the estimated intensity ratio
and the observed intensities of other components, as given in
Table 1. Their uncertainties were incapable of being estimated

because of the ignorance of errors for many factors in the

calculation.
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3.5. DEDUCTION OF "NEET-X"
As described above, the intensity of the 103-keV peak
and that of each component except "NEET-X" were obtained.

Consequently, the intensity of the "NEET-X", Iios, can be

deduced as

103 _ 103 1083 108
Ty = Tiot (IY * Isum)'
These results are summarized in Table 2. The errcr of I;OS

is considered to be a little larger than the tabulated value

103

because of the ignorance of the error of Isum' The intensity

ratio of the "NEET-X" to the Kal X-ray then becomes

103

vy Lyt = (4 £ 9)x10

§ = (I

The result obtained is obvicusly insufficient to show the

237N

evidence of NEET in p, but will give an upper limit of

the NEET probability.
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4. Theory

4.1. PRINCIPLE OF NEET
The principle of NEET is illustrated in Fig. 8 and briefly

1,3}

described below according to Refs. In Fig. 8, the wave

function Wl is the unperturbed system consisting of the initial
electron hole state ¢l and the nuclear ground state wl, and

Wz is that of the next electron hole state ¢2 and the nuclear
excited state w2. The energies for the states ¢l, ¢2, wl’

and wz are designated with El, Ez, 0, and EN’ respectively.

The excitation energy difference, A, is also defined as

H = (E, - EZ) - K

1 N-

If the electronic transition, 4, and the nuclear excitation,
¥, have a common multipolarity and [A] is very small, the
states Wl and WZ are no longer the eigenstates of the resulting
system. From the standard perturbation theory, the true
eigenstates @l and @2 are expressed by

1 chose + W251n8,

L=
1l

5 —W151ne + ?2cose.

e
il

Here, & is the mixing angle and defined as,

_ (w2|H'|wl)
E(®l) - E(®2)

cosbBr+sinb

and E(¢,) refer to the energies for the states @l

where E(@l) 5
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and ¢ respectively, and H' is a perturbation operator.

2!
For small 0 the above equation becomes approximately

tanf = E'/4, (1)

where

E'T = (W2|H'|W1). (2)

Here, E' is the electromagnetic interaction energy between
the orbital electron and the nucleus.

When the state ¥, is created, the states ¢, and @2 are

1 1

produced with the probabilities of c0828 and sinze, respectively.
Decay of the component w2¢2 of the state @l or @2 to one of
the states w2¢i (i=3,4,...) provokes the nuclear excitation.
The probability of producing the nuclear excited state wz

from the state ¥ refered as the NEET probability, P, 1is

ll’

therefore expressed by

. 2 2
;8in 8/A®l)cos 51.

_ 2 .2
r _iEB[(AZicos 6/A®2)81n o + (Az

Here, A's are the total decay constants and obtained from

A = A 00528 + A sinze,
¢1 1 2 (3)
_ .2 2
A®2 = A151n e + Azcos e,
with
Ay =) Aoy Ay =) Aou,
1 1292 11 2 523 23

where ki is the decay constant for the electronic transition

f
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¢i - ¢f. Therefore, for small & the NEET probability P becomes

approximately
2
r= {1+ A2/Al}tan g, (4)

From the energy conservation, the energy repulsion of the

resulting system due to perturbation is also expressed by

5 = E'2/A. (5)

4.2. BATELLITE X-~RAYS IN THE NEET PROCESS

The X-ray spectrum becomes complex if an appreciable
amount of NEET takes place as shown in Fig. 8. Two states
@l and @2 decay to wl¢2’ ¢1¢3,... in the nuclear ground state
and to w2¢3, ¢2¢4,... in the nuclear excited state. Therefore,
one can expect to observe two splitted X-rays ¢ and ¢* (cf.
Fig. 8) instead of the unperturbed X-ray ¢°, and D and D*
for D° X-ray. The X-ray spectrum expected for these transitions
ig illustrated in Fig. 9. Some formulas for the ¢ and C*
transitions, which are needed in extracting the NEET probability
and its related guantities from the experimental results, are
derived here according to the description of these satellite
X-rays by Otozai4).
The energies for the ¢ and ¢* transitions are (El - E2 + &)

and (El -~ B, - § — A), respectively. However, we may consider

_16_
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that, since § is thought to be very small, the X-ray emitted
in the ¢ transition has approximately the unperturbed X-ray
energy, El - E2, and the one emitted in the ¢* transition
has a higher energy by about |A| than it because the sign of
A is negative for 237Np.

Next, the probability for the (¢ transition per appearance

of ¥, state, P is expressed by

1 ¢’

P.= (A cosze/A®l)cosze, (6)

C 12

and for the (* transition,

P = (x sinze/ﬁ®2)sin26. (7)

c#* 1z

In the case that the NEET ccnditions are satisfied
automatically in the EC decay, such as in the present experiment,
we must take into account the (¢ transition occuring in the
state which does not satisfy the NEET conditions. When the
state satisfying the NEET conditions, Wl, is produced with

the prchability B(Wl) in the EC decay, the probabilities for

the ¢ and ¢* transitions per disintegration of 237Pu, B(C)
and B(C?*), are expressed by
B(C) = B(Y¥))P,, (8)
*) =
B{C*) BIY)P (9}
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The probability for the ¢° transition per disintegration,

B(C°), is also given as

where B(¢l) is the preobability of producing the electronic

state ¢l per disintegration. Then the intensity ratio of the
weaker satellite X-ray (for the (¢* tranéition) to the participant
satellite X-ray (for both ¢ and ¢° transitions since both

transitions have almost equal energies), @, is expressed by

~ B(C*)
9= 3100 ¥ B (D)

Combining Egs. {6)—(10) with the above equation, one obtains

.4
B(Wl)81n 8/A®2

B (¥ )cos4e/A®1 + [BCoy) - B(Y)1/8

1

Using the relations, A@l = Al and A®2 = AZ’ obtained from Eq. (3)

for small 6, one can write the above equation in the form

B(Wl

B(Wl)cos48 + [B(¢

ysinte Ay
A

} - B({Y

1 1

Using the above equation and the experimental value of &, we
can obtain the mixing angle 8, from which the values of P, E',

and such are derived.
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5. Results and Discussiocn

The information on NEET, e.g., the NEET probability P

and the electromagnetic interaction energy F' can be obtained

from the experimental value of ¢ and Egs. (1), {(4), and (11).
The obtained value of I;OS is, however, apparently lower than
the critical level, which was defined in Ref.lS), in this

experiment, so that the decision, "not detected,” should be
reported, and an upper limit of I§03 should bhe given instead;
namely, (5 + uxll)xlO_4 cps. The @'s was then obtained as

(4 + ux9)XlO_5. Here u refers to the one-sided confidence
interval. Then, we used g < l.3><lO_4 as the upper limit of @
in u = 1 (84% one~sided confidence level) in order to estimate
the upper limits of P and F'.

In 237Np, the states ¢l and ¢2 correspond to the K-hole
state and the L3—hole state, respectively, The energies are
Ep = 118.680 keV, By = 17.608 keVv, and EN = 102.95 keV as
shown in Fig, 1. Also A is -1.88 keV. The value of Az/hl,
namely, ALB/AK’ is equal to that of F(L3)/F(K), where T (K)
and F(L3) are the level widths of the K shell and the L3
subshell, respectively. F(LB)/P(K) was derived from the X-ray
emission rates calculated by Scofieldl9) and the fluorescence

) and Fink and Raols), and consequently

yields obtained by Ahmadl7
AL3/AK = 0.079 was obtained. The values of B(¢K) and B(Wl)

were also calculated with the nuclear data and the appendix 22
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in Ref.l4), and obtained as B(¢K) = 0.497 and B(WlJ = 0.440,

Resolving Eg. {(11) for 6, one obtains

K 1

where the relations, AL3/AK < 1 and @« 1, are used. Substituting
0 < 1.3x107% and the values of A /A, B(d,), and B(¢)) in the
above equation, we obtained & < 3.3°. 1In addition, the NEET
probability was given as P < 3.7><10-3 from 6 and Eg. (4).
Also, |E'| < 110 eV and |§! < 7 eV were obtained by using Egs.
(1) and (5), where the signs of Z' and & were negative. It
follows that the energy shift ¢ can be neglected in analyzing
"NEET-X".

Next, the influences of NEET on the decay process were
_evaluated for the case that the NEET probability was equal
to the upper limit, P = 3.7X10_3. The results indicated that
the intensity of the 103~keV y-ray emitted in the NEET process,
NEET~y, was less than 40% of the analyzed value of IiOS.
This implies that the obtained upper limit of 7 is consistent
with each measured y-ray intensity. Furthermore, it was found
that the influences of NEET on other y-rays originating in
the levels except the 103-keV one were negligibly small.
Therefore, if the NEET probability is much smaller than 3.7X10-3,

the influences of NEET on the decay process should be almost

negligible. In the consequence of this, we can conclude that,
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as an upper limit of the NEET probability, P < 4x107° was

obtained by examining the Np K X-ray spectrum in the EC decay

237Pu. It would be hard to determine the NEET probability

of
by using a similar technigque, even if it is improved.
Finally, the experimental electromagnetic interaction

energy was compared with the theoretical one, The

Eéheor'
value of Eéheor can be calculated from Eg. (2). In the case
that a common multipolarity is the electric component, as

in the present case, the electric interaction between the
orbital electron and the nucleus is considered to contribute
mainly to this process. Then Eéheor will ke evaluated for

a possible interaction by assuming the Coulomb perturbation as H',

IrN - rel r

Here, ;N is the position vector of the nucleus and %e that

of the electron relevant to this process. By using Eg. (12),

one can write Eg. (2) in the form

4 L - (8+1) 2
r S —
Etheor = 5T T 1aZ STy Pery >mc (2 # 0) (13)
for EL transition.l) Here, <rN£> and <re_(2+l)> are the off=
: . 3 - (2+1) . .
diagonal matrix elements of Iy and r, , respectively,

o is the fine structure constant, and mc2 the electron rest

energy. This equation is roughly expressed by
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~5,2,4/3_2+2
3. 41x102 (2:27x107°) 74"

E! =
theor (21 + 1)52(2+l)

f (14)

with the unit of eV.4) Here 4 and Z are the mass and the atomic
numbers, n is the average principal guantum number of two
electron orbitals relevant to NEET, and f is the correction
factor due to the collective character of the nuclear transition.
In the case of 237Np, substituting 4 = 237, Z = 93, n = 1.5,

and 4 = 1 in Eq. (14) vields &' ~2.53x10°f ev. Trom the

theor

values of Eéheor and the experimental E', the correction factor bl
2

is found to be smaller than 5x10 This suggests that the
character of the nuclear transition may influence considerably
the NEET process.

Here, we will consider the relation between NEET and the
participant nuclear transition, and the property of the relevant
nuclear transition. The transition probability is approximately
proportiocnal to |<rNR>I2 for EX transition. From Egs. (1),

(4), and (13), P is also found to be proportional to {<rN2>|

2.
Therefore, it is considered that the NEET rrobability reflects
the property of the nuclear transition. In general, the low=
energy El transitions in odd proton spheroidal nuclei in actinide
region are highly retarded compared with the ordinary ones.lg’zo)
In the ground level and the 59.5-keV level in 237Np, although

there seem to be ample admixtures allowing the El transition,

the detailed El calculations show that the contributions from
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small parts of the wave function tend to cancel one another.zo)

Therefore, this transition is strictly forbidden. The hindrance
factor, HW’ calculated relative to the theoretical single

particle Weisskopf estimate is reported as

i B(EL) [exp.] = 4.9x10—6

W B(El) [Weisskopf]

for the 59.5-keV y-ray transition.lg) The retardation of the

relevant transition from the 103-keV level to the ground one
is also considered to be the same orders of magnitude, because
the 103-keV level belongs to the same rotational band as the
59.5-keV level as shown in Fig. 10. From the above discussion
and the fact that the single particle estimate was employed

in the calculation of <rNR>, therefore, the NEET probability
is presumed to be smaller by about five orders of magnitude
than the theoretically estimated one. This supports that f

is smaller than 5x10_2, though a further discussion of f

_(2+l)>. Consegquently,

3

reguires a more accurate calculation of <r,
the NEET probability is predicted to be much smaller than 410

237Np

'Recently, Saito et al.2l) have detected NEET in
by ionizing the K shell of Np artificially with photons and
obtained P = (2.1 * 0.6)XI0_4, which is consistent with the
present result.

If an excitation from one excited level by the NEET process

is taken into account as well as that from the ground level,



JAERI-M 9362

one can expect the number of nuclides satisfying the NEET
conditions to increase and possibly the NEET-nuclide with

a large NEET probability to appear. The electron shell vacancy
which can cooperate for NEET with the nucleus in the suitably
excited state is often created in an ordinary decay process
such as EC decay or internal conversion. Neverthless, the
detection of such NEET between the nuclear excited levels

would alsoc need an ingenious technique.

One of the authors (K.O.) would like to express his sincere
thanks to the Takahashi Foundation for financial aid, to the
Nishina Memorial Foundation for a grant, and to the Ministry

of Education for a Grant-in-Aid.
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Table 1 Estimated values of the sum peaks

Peak Energy Intensities / cps
keV Estimated* Observed
K + (L - Ge) .
e C ey 105.14 3.8x107%  3.5x1072
02 B3
K + (L - Ge)
Tl ey 104095 2.2x1072  2.0%x102
a2 Bl
_ -4 -4
Ka2 + (L62 Ge) 104.04 B.1x10 7.4x10 7+
-3 -3
Kal + (Ljl Ge) 103.08 2.5x10 2.3x10 7+
-3 -3
KOll + Mu,B 104 vIx10 wex10 T

* These intensities are the estimates deduced from the
observed intensities of Kul 5 X-rays and the theoretical
r

intensities per decay of the sum peaks.
+ These values were derived from the estimated intensity

ratic and the observed intensities of the 105.14-keV and

104.95-keV sum peaks.

Table 2 Results of analysis

Peak Symbol Intensity,’10_3cps
Kal X-ray IKal 11668.0 + 6.0
NEET-X 1,0% 0.5 + 1.1
103
103-keV peak Itot 3.2 + 1.1
NEET-y + Nuclear-y + 103
(60-keV vy + 43-keV v) 1y 0.4 + 0.1
103
+ -
[qu (L2 Ge) ] Isum 2.3
103 103 103 103
* = —_ ;
Ty Teor = Uy T gm0



JAERT -M 9362

7/2- 0.0

2374 45.4d
Pu
g/2- 158.5
EC=99 %
1172+ 1729.9
K 118.680 7/2- 102,95
9/2+ 75.81 8%
A 5/2- 59,54
o7z _[NET N 8%
El C 72 33.2
102.95
El 847
L3 17.608 5/2+ 0.0
(ELECTRON HOLE) (NUCLEUS)
237
Np
Fig.1 NEET DIAGRAM for 237Pu-+237Np. The decay scheme of 237Pu and
the atomic levels relevant to NEET in 237Np are shown.
Transitions A4 and /V satisfy the NEET conditions when237Pu
decays to the ground state in 237Np by K-eleciron capture.
These data were taken from Ref.l4)
[+]
V= rRO -
x [ ]
& ]
i = r
E) 4
£
0o
N y
=
',j'_"10g2_- -1
Eof :
< - ° .
3 L 4
l
| S
10-3;— 3
[ 11l i i1 tgzaal 1 R W N
0 100 1000
ENERGY (keV)

Fig.2 Ge Kq ZX-ray escape ratio as a function of energy. The solid

curve is that calculated by Pioratti and Piermattei.8
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Fig.6 Typical photon spectrum in the neighborhood of K, ZX-rays of Np in

the EC decay of 25Tpy. Tor example. (Lal—Ge) refers to the

Ge-escape peak of Lal X-ray and Ka1+(Lal_Ge) refers to the sum

peak of K&l X-ray and (Lal-Ge) peak., The "NEET-X" in question

lies at 103 keV.
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Two-channel-sum spectrum of the 103-keV region in 237Np and the
result cf analysis for the 10%-keV peak, This spectrum was
obtained from the measurement with the acquigition time of 6700
min. the solid curve in the upper figure is the fifth-order
pclynomial fitted to the observed counts except the region of
the 103-keV peak. The result yielded by subtracting the
baseline built by interpolation of the measured outskirts with

the polynomial is glso shown in the lower figure.
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Fig.9 View of the satellite lines Fig.10 Rotational bands of 237Np
predicted by the NEET theory. nucleus. Both transitions
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level to the ground one,which
gre shown with arrows, are
considered to be retarded
similarly.



