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Synopsis

Two complementary studies of NEET in 18905 and the first

237

observation of NEET in 'Np are described.

Chapter I is devoted to the Coulomb excitation experiment

on 103Rh by low-energetic electrons, the purpoee of'which

is to check that the de Forest-Walecka formula, used for

estimating the interfering contribution of Coulomb excitation

by electrons in the NEET observation in l8905, is valid in

such a lowest energy region well below 1 MeV. The excitation

103

function for Coulomb excitation of the 357-keV level in Rh

by electrons was measured below 800 keV by the radioactivity

measurement of the induced isomer 103mRh. The experimental

-

results agree well with those calculated by the de Forest-—

Walecka formula. This fact can verify the estimate of

189

Coulomb excitation in Os as an interfering mode competing

with NEET, and hence give an additional support for NEET in

18903.

189

"In Chapter II, NEET in Os following K-shell photo-

ionization is described. Bremsstrahlung is used to ionize

189

the K shells of Os atoms, instead of electron projectiles,

to:.:exclude the interference of Coulomb excitation and to

obtain further eyidence for NEET. The isomer 189m

Os could
be activated byzNEET following photoionization, although

only a qualitative agreement could be obtained with the

- iii -



electron experiment. Some NEET parameters were reevaluated

by taking various electronic transitions participating in

189

NEET in Os into account.-

In Chaptér III, the first observation of NEET in 237Np

is reported. Thé deexcitation y-rays with energy of 60 keV

could be detected, when the 2317

57C

Np target was irradiated with

o. This is explained as a result of
237

y-radiations from

the nuclear excitation of the 103-keV level in Np induced

by the KL., electronic radiationless transition following

3
K~-shell photoionization. The NEET probability could be

deduced to be 2.1 X 10'_4 for 237Np, subsequent to l8905.

-iv -
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INTRODUCTION .

1. NUCLEAR EXCITATION BY ELECTRON TRANSITION

Immediately after ionization of an atomic inner shell,
an electron makes transition from an outer shell to the

vacated one, being accompanied with the emission of a

1)

characteristic X-ray or an Auger electron. Morita proposed
an additional deexcitation mode in which the nucleus is
excited to a higher energy level instead of X-ray or Auger-
electron emission. He discussed this mechanism by the
perturbation theory, and called it nuclear excitation by
electron transition, abbreviated to NEET. As a quite

similar problem, an analogue of NEET has already been

2)

observed in the muonic atoms. In the muonic atoms of
rather heavy elements, it is well established that the

orbital muons cascade to the inner shells by excitation of



the nucleus as well as by ordinary radiative and radiationless
(Auger-electron emission) transitioﬁs. This situation is
also valid for the usual eléctronic.atoms, if a corresponding
nuclear'transition exists favorably when the atomic transtion
energies are scaied down to those in the normal electron
system.

The nuclear and extranuclear electron transitions in
an atom must fulfill two favorable conditions (NEET conditions)‘
to realize NEET between them. First, both transitions mustr
have nearly equal transition energies. The exact . equality
of those energies is not neccessarily required. ' The other
condition is that both transitions should have the common
multipolarity, obe&ing the conservation laws of angular

momentum and parity.

2. MORITA'S THEORY FOR NEET

1)

The Morita theory for NEET is briefly reviewed and

the practical formulas,3_5)

derived from it, are presented
below.

In the NEET theory, the nucleus and the orbital
. electrons are treated as the résultant system of the atom,

and the electromagnetic transition between different states

of that system is studied.



The wave function ¢i denotes the 7-th electron-hole

state with an energy of E; (Ei > B, ). An electron hole

+1
created in ¢l moves to ¢2,¢3, «++, spontaneously. The wave
fﬁnctions by and }, represent respectively the initial and
final states of a nuclear transition with energy EN. Since
the initial nuclear state can be restricted to the ground
state of the nucleus, the final one is fixéd to the state
with an excitation energy of Ey- The wave function ¥ of

the resultant system of the nucleus and electrons is assumed

to be the product of individual wave functions

Y = wl‘bll ‘p]_d)zr *tcy ¢2¢1:¢2¢2, cec. (1) .

-~

In the usual cases, the electromagnetic transitions between

¥, represented by wl¢i > ¢l¢j' are accompanied with the
emission of X-rays and Auger electrons. (For the latter
case, ¢j includes the j'-th hole state in addition to the
j—th state.)

In the case where NEET is expected to occur, the nuclear
excitation energy is nearly equal to that of the electron

transition ¢l > ¢2,'that is,
Ey ~ Eq ~ Ey = Ep- (2)

Figure 1 shows the NEET diagram for a general case. The
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states.\y1 (= wl¢l) and Yo (=‘¢2¢2) have the unperturbed
energies of El and E2 + EN’ respectively. In this case the
energies of ¥y and y, are néarly degenerated; therefore,

~ these two states are no longer the eigenstates of the energy.

The true eigenstates @1 and @2 are obtained by taking the

interaction between ¥y andAly2 into account as follows.

o, = Vy,cosg + y,sing,
1
1 . o t2 (3)
¢, = ~¥,sing + y,cosp.
These perturbed states are the linear combinations of the
unperturbed wave functions wl and wz, and repulse each other

resulting an energy shift §. The mixing ratio-is determined

by angle g as
cosgsing = (v, |2'|¥)/[E(e;) - E(a,)], (4)

wgere E(@l) and E(@z) are the energies for the statés ®q

and Oor respectively. Eqg. (3) indicates that, whén the state
131 is p:oduced, the states -3 and ¢, are produced with the
probabilities of cosze and sinze; respectively. These'states
can decay to both the states U1, (£ =2, 3, «++) and ¢2¢j

(j =3, 4, «.¢) with the respective transition rates as

shown in Fig. 1. The former leads to the production of the

nuclear ground state, whereas the latter to that of the



nuclear excited state.

The NEET probability, P, is expressed, for small 6, by

P= (1 +'A2/Al)tanze, : | (5)

and VY

where Al and A2 are the total décay_constants of Wl ot
and 6, defined in eq. (4), is approximated by
tand = E'/A. (6)

Here E' is the Coulomb interaction energy between the nucleus
and electrons, namely, the eigenvalue of the Coulomb
perturbation H', and A is the energy difference between the

nuclear and electronic transitions,

A N 1 2 N°® ' (7

The energy shift § can be expressed from the energy balance

as

2

§ = AtanZ0 = E'2/A. . (8)

For the E{ multipole, E' is given by

AT 4z < p ¥ > < p T mecz, (9)

. 1 S
Bl =+ N e



where o is the fine structure constant, Z is the atomic
number, < > indicates the off-diagonal matrix element, ry
and Pe are the nuclear and electronic coordinates, and

mec2 is the rest mass energy of the electron. By a crude

approximation, E' is obtained numerically as

(10)

where 4 is the mass number.of the nucleus, f the correction
factor due to the collective character of the nuclear
transition, and n the mean of the principal quantum numbers

of the initial and final eléctron states.

3. NEET IN l8905 _ -

Among several nuclides which satisfy the NEET conditions
and besides are expected to have the appreciable NEET

18905 is the best choice to obtain some evidence

probability,
for the existence of NEET, because this nuclide has an isomer
suitable for residuél.radioactivity measurement. An
experimental technique which employs the decay analysis of

the activity can achieve an extremely high sensitivity

because of being free from the background due to the



ionizing beam, and identify the activity by its half-life.

As Figure 2 shows, the K-hole state which has produced by
some favorable beam generate perturbation, and hence-tbe
70-keV nuclear state is produced with the probability P.

This excited state decays to the ground state in an extremely
short time, but has a small probability of feeding to the
isomeric level. The latter branch can be readily detected

with the residual activity of the isomer. Otozai et al.G)

detected the 6~h isomer 189

Mos after bombardment of Os by
electrona with energies below 100 keV. The ambunts of the
isomer produced were measured as a function of the enérgy»
of incident electrons. The‘excitation function shows that
the isomer production is dué to NEET of the 70-keV level.

5) numerical vlues for

In the improved experiment,
some quantities relating to NEET were determined more
precisely. The NEET probability is obtained as P = (i.7 +
0.2) x 10_7, and the mixing angle is given,'through eq. (5),
as tang = -3.9 x 10-4. The interaction energy is g' = -0.89
eV from eq. (6) with A = +2.25 kéV, and hence.the energy
shift is § = 3.5 x 10-4 eV from eq. (8). The correction
factor f in eq. (10) is determined to be 1.5 for this E2

transition.
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Fig. 2. NEET diagram for 18905.

and the nuclear transition N fulfill the NEET conditions.
189m

The 30.80-keV level is the isomer

after electron bombardment.

Os which is detected
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4. COULOMB EXCITATION BY MEANS OF ELECTRONS

18905 fref. 5,61,

In the electron-bombarding exﬁeriments.on
Coulomb excitétion by means of electrons had to be taken
into consideration as an inevitable mechanism competing with
NEET for isomer production. The experimental excitation
function for producing the isomer 189mOs has the threshold
at approximately 74 keV, as shown in Fig. 3 [ref. 5]. It .
agrees with the fact that the threshold of NEET of the

70-keV level in 189

Os is not the energy of that nuclear
level but the K-edge energy of an Os atom, 73.9 keV. If
Coulomb excitation was_respbnsible for isomer production,
the threshold would be at 69.5 keV. It is evident that the

18905 by electrons, in the fegion

isomer production in
studied, is incapable of being attributed fully to Coulomb
excitation. The isomer productibn cross sections via -
Coulomb excitétion of the 70-keV level by impinging electrons
were calculated aé a function of electron energy by using

an approximate formula of de Forest and Walecka7) based on
the odscillating liquid drop model, and it was shown that

this theoretical excitation function, as shown by the dashed
line in Fig. 3, was.about twenty times smaller than the
experimental one. In the lowest energy region, however, it
is of significance to test the appiicability of this formula

further by experiments, because there are almost no

- 10 -
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curve for NEET, and the dashed line indicates that through

Coulomb excitation by means of electrons.
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experimental studies of Coulomb excitation by electrons
performed especially in the region_well below 1 MeV.

The purpose of the study described in Chapter I is to
check the formula of de Forest and Walecka in the enerqgy

region of some tenths MeV, and to give a supplementary
189OS

verification of NEET in

5. NEET IN 18905 FOLLOWING PHOTOIONIZATION

The first stage of NEET in 189

189

Os is the creation of
K-hole in the Os atom. This was done by electrons in
the experiments reborted in ref. 5,6. As men;}oned above,
Coulomb excitation by electron projectiles had ﬁo be takéﬁ
into account as an inevitably competing mechanism for isomer
production in those experiments. The K-vacancy ip atéms
can also be created by photons as well as by electrons.
Therefore, NEET can bé observed without the interference of
Coulomb excitation in those experiments in which photons
are used for K-shell ionization.

In Chapter II, the experimental study on NEET in l89Os
'following K-shell photoionization is described. As a photon
source, bremsstrahlung prqduced in a converterrbombarded

with electrons was used for its ready availability of

high intensity beam.

- 12 -



6. NEET IN 2374

237Np is another candidate which satisfys

The nuclide
the NEET conditions. The nuclear excitation of the 102.95-keV
level in 237Np proceeds by El as does the electronic’

transition between the K and L., shells with an energy of

3
101.072 keV. Therefore, NEET is attainable by the exchange
of virtual photons between these transitions. Since 237Np

has no isomeric level suitable for residual radioactivity

189

measurement, the technique employed in the Os experiment

is not applicable to this nuclide.

Since 237

237

Pu has a large branch of decaying -to the ground

state of Np by K-electron capture, the stage is set

automatically for NEET in such circumstances, as shown in

Fig. 4. Some attempts to detect NEET in 237Np have been

3,4,8,9)

made by Otozai et al. with an ingenious method of

examining the perturbed X-ray spectrum in the EC decay of
237Pu. The satellite X~ray peaks will appear according to
the level repulsion as shown in Fig. 1. The satellite lines
‘corresponding to the transitions @l_+ ¢1¢2,3,--; and @2 -
Vb3 4 ... have energies different by § from that unperturbed,
14 14 - .

whereas the complementary satellites from the transitions

' d h ies diff t
,?l > w2¢3,4,.'f an o, > ¢l¢2,3'.’f_ ave energie ifferen
by A + § from the unperturbed ones. The latter satellite

peaks may be detectable, - although y-rays following NEET

- 13 -
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The nuclear transition N and

Np fulfill the NEET conditions.

The K-hole state is produced in the K-electron capure decay

237

of Pu
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are not distinguishable from those emitted in the normal

237P 3,4,8)

decay of u. Otozai et al. focussed their efforts

on the Lo, satellite. Nevertheless, the U L X-rays from

23654 ana 238py interfered with that satellite peak.

9)

Shinohara et al. examined the Kal satellite, as shown in

Fig. 5m and obtained an upper limit of 2 x 1073 for the
NEET probability P. |

In Chapter III another attempt to observe NEET in 237Np
is described. Deexcitation y~rays from the NEET-excited
level at 103 keV may be detectable during irradiation of
‘a 237Np targeﬁ with ionizing particles. The 69-keV y-ray
was searched by a photon spectrometer in a course of

irradiation with f—radiations from a 57Co source.

- 15 =
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CHAPTER I

COULOMB EXCITATION BY ELECTRON PROJECTILES
N 103gn

1. Introductory Remarks

When chargéd particles such és the nuclear particles
and the electron collide with nuclei, the nucleus can be
raised to an excited state and at the same time the projectile
is ineiastically scattered as a result of the electromagnetic
interaction between them. This process is commonly referred
to as Coulomb excitation. In the case of nuclea:‘projectiles,
~their energy is normally kept below the Coulomb barrier to
avoid the effect of nuclear forces. Sincé the Coulomb barrier
height VB is approximately expréssed by V, = .Z/(Al/3)

B ZprOj

MeV, Zprdj and 7 being the atomic numbers of the projectile

- 18 -



and the target, respectively, and 4 the mass number of the
target, the projectiles with energies less than about

10z MeV are favored. On the other hand, the most

proj
favorable energies for electron projectiles are around 100

MeV or more, since nuclear excitation by electrons results
~only from . the electrémagnetic interaction. For that reason,
Coulomb excitation by.electrons (or inelastic electron
scattering) has been widely used as a powerful tool for
studying nuclear structure. This is extensivelf discussed

for the various types of interaction by de Forest and Walecka

1)

in théir review article. The theoretical treatments are

compared to the experimental results obtained in the

favorable regions of electron energy and target,Z numbers.
189

Os [ref. 2,3], electrons

were used to ionize the K-shell of an l8905 atom, and hence

189

In the NEET experiments oﬁ
Coulomb excitation of the Os nucleus by incident electrons
may have been occur in such circumstances. This process
had to be taken into account as an inevitable mechanismv
competing with NEET for isomer production. The contribution
of this process to the production of isomer was calculated

1) and found

by using a formula of de Forest and Walecka,
to be much smaller than the experimental results. The
applicability of this formula to the lowest energy region,

however, should be checked further by experiments, because

that fdrmula is discussed in the framework of first Born

- 19 -~



approximation, thch is expected to be a good approximation
for small Za/B, o being the fine structure constant (= 1/137)
and B (= v/e) the velocity of incident electron divided by .
that of light; and is modified to a.simpler form by
arguments permissible in the limiting conditions.

The lowest energy, at which Coulomb excitation by
electrons was investigated, was probably atout 1 MeV on

115 4)

In by Booth and Brownson. Their experiment is the

activation of a low-lying, long-lived isomeric state in the

115

stable nuclues In by excitation of higher, short-lived

states which'have finite branching ratios to the isomeric
state. This method is incapable of-obtaining the differential
cross section and -limited to the measurement of the total
cross section. There exists another nucleus Qﬁich, having

an isomer, is a likely candidate for excitation and hence

for the study in the lower energy region. Coulomb excitation

103

by electrons was studied on Rh in the energy region of

some tenths MeV.
103

The 295-keV and 357-keV levels in Rh are strongly -
excited by Coulomb excitation; moreover, only the latter
level has a detectable branch decaying the the ispmeric
state which has an éppropriate half-life for the'residual
radioactivity measurement. In addition, fhe occurence of

NEET need not be taken into consideration in 103Rh, since

103Rh does not fulfill the NEET conditions at all. (Even

- 20 -



the lowest nuclear excited level at 40 keV is much higher
in energy than the highest electronic states at 23 keV.)
The total cross section for Coulomb excitation of the

357-keV level in 103

Rh is readily obtained from that for
isomer production. The experimental excitation function Was
compared with that calculated by the formula of de Forest
and Walecka. The applicability of this formula was thus
checked in that lowest energy region, though the energy

189

region below 100 keV, as for Os, could not be attained by

the lack of a suitable nucleus. This result will give a

supplementary verification of NEET in 189Os.
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2. Experimental
2.1. BOMBARDMENT

A metallic Rh foil 25 ﬂm (3l'mg/cm2) thick and 30 mm
in diameter, supplied by A. D. Mackay Inc., NY, was used as
a target. Rhodium is a monbisotopic element which consists
of one stable nuclide with the mass number 103. Although
presumably 0.1% impurities are contained in the target,
no interferihg activities can be produced in this experiment.
The target was bombarded in air with 350—-800-keV
electrons from a rectified transformef type electron
accelerator in the Osaka Laboratory of the Japan Atomic
Energy Research Institute (JAERI). A target assémbly is
shown in Fig. 1.1. The bombarded area of the target was
5.3 cm2 (circle with the diameter of 2.6 cm). The bombarding
energy of the electron beam was calibrated with an accuracy
of about 10 keV by comparing the energy dissipation
distribution in cellulose triacetate (CTA) films with that

5)

obtained from a Van de Graaff electron accelerator. The

Van de Graaff accelerator was calibrated by meaSuring the

range of electrons in Al at 1.000 MeV and by extrapolating

9

the threshold energy of the Be(y,n)SBe reaction with an

6)

activation method. That calibration of the former

accelerator includes the energy degradation of bombarding

- 22 -
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Fig. 1.1l. Target assembly for irradiation with electrons.

The electron accelerator is drawn down to scale.
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electrons in the 0.03-mm thick Ti exist wiﬁdow of the
accelerator, and in air with a distance of 8 cm, through
which the electron beam traversed to the target. The
bombarding current was monitored by an ampermeter connected
to the target assembly which is cooled with circulating
water. The bombarding energy and current are tabulated

(Table 1.1).

2.2. CORRECTION OF BOMBARDING CURRENT

In the bombarding current measurement, reduction in
currents due to electrons scattered out in the backward
direction were corrected by estimating the coefficients for
backscattering of incident electrons and emission of

secondary electrons. The bombarding current, I, was obtained

from the measured current, T

meas; by the relation

I = Ineas /(1 - Ng = Mg ~ nTnB‘nT')' (1.1)

where Ng is the secondary emission coefficient, is the

!
backscattering coefficient of electrons for the Rh target,
Nep and nT' are the transmission coefficients of electrons

through the target in their forward and backward movements,

respectively, and nB' is the saturation backscattering



Table 1.1. Bombarding energy and current.

Energy/keVv Current/pA
Measured - Corrected

800 296 393
720 307 | 413
650 : 255 - 348
575 216 300
500 189 268
425 ' 151 219
350 . 145 ’ 218
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coefficient for the target mount consisting of a thick

(5 mm) Cu plate (see Fig. 1.2). For all incident energies,

7)

ng was set to be 0.005, the value that Frederickson placed

as an upper limit from his careful measurement, although
currently adopted values which were obtained ‘at much lower
energies are larger than this value. On the other hand, the
coefficients for backscattering and transmission were
determined for each incident energy, Eg- In estimating
these coefficients, the assumption was méde that electrons -
traversed the interface of the Rh target and the Cu mount
perpendicularly, and that the electrons actually distributed
in energy were delegated by monoenergetic electrons with

the most probable ‘energy. Since the Rh target used was not

so thick as to give the saturation backscatteriﬁg, was

"B
determined relative to the saturation value nB(sat) according

8)

to an empirical expression of Koral and Cohen. The'nB(sat)

values were obtained from an empirical equation for the

backscattering coefficient at saturation by Tabata et al.9)

and by the same equation nB' was estimated for electrons

with an energy of £ = E_ - AE_, where AE_ is the most
_ m 0 m m

probable energy loss of transmitted electrons through the

target in their forward movement and was calculated after

10)

Landau's theory. The transmission coefficients N and

nT' were estimated by an empirical equation of Tabata and

11) .
Ito. Here nT' is for electrons of energy Em' = Em-LAE ',

m
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Cu

Fig. 1.2. Correction for bombarding current. Ng is set to
be 0.005 for all incident energies, whereas other coefficients

are evaluated as a function of energy.
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where AEm' is the most probable energy loss of backscattered

12)

electrons from Cu. Details for these procedures will be

given in Appendix 1.1. The.values'bbtained for g’ nT, nB'
and p.' are given in Table 1.2. The sums ofhnB and‘nTnB'nT'
are smaller than_nB(sat). Therefore, these estimate for p's
may be considered to be reasonable. The overall correction
factor F is given in Table 1.2, and the corrected bombarding
currents are listed in Table 1.1.

The bombarding currénts were also estimated from the
total output currents of the accelerator and the relative
current density at the tafgetrsite which was obtained by
measuring the spatial dose distribution with CTA dosimeters.l3)
These values are in agreement witﬁ the corrected ones given

-

above.

2.3. MEASUREMENT OF RADIOACTIVITY

After 2-h bombardment the radioactivity induced in the
target was measured with a 27 windowless Q-gas flow GM
counter, surrounded by peripheral anticounters, with a
background below 0.02 counts/s at this Faculty. The obtained
decay curve of target activity'Were analyzed by the least-squares

103m_,

fit of the Rh componént (tl/z = 56.12 min [ref. 14])

and a constant background component with the aid of the

- 28 -



Table 1.2. Numerical values for n n.' and n.'

s’ B T
in Eq. (1.1), and the obtained correction factor for

)

nB, nT,

bombarding current, F.2

Eq/kev LI Np ng' Np' F
800 0.005 0.069 0.889  0.237 0.821 1.329
720 0.005 0.089 0.869  0.242 0.778 1.346
650 0.005 0.112 0.846  0.246 0.724 1.365
575 0.005 0.145 0.812  0.251 0.638 1.390
500 0.005 0.192 0.764  0.255 0.505 1.419
425 0.005 0.252 0.692  0.260 0.307 1.453

350 0.005 -0.317 0.578 0.264 0.086 1.504

a) F=1/(1 - Ng -‘nB - nTnB'nT').
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5)

CLSQ codel using an ACOS computer at Osaka University,

since this experiment was free from radioactivities other
than 103mRh. As an example, Fig. 1.3 shows the decay éurve
obtained at an electron energy of 800 keV.

Since the target was thicker than the ranges of

103m

conversion electrons from Rh, typically 2.1 mg/cm2

for the intensest L3—conversion electrons (extrapolated range
estimated by a semiempirical equation of Tabata et al;l6)
for their energy £ = 36.75 keV), inevitabie ambiguity was
introduced in détermining the detection coefficient of the
GM counter for the electrons. In order to thain the
absolute cross sections, X-ray counting was carried out with
a photon detector in the case of 720 and 800 keV. The
targets simultaneously bombarded were assayed ;ebarately to
electron and photon countings; The detector was an ORTEC
hyperpure Gé low-energy photon spectrometer (LEPS) with
resolution of 290 eV at 20 keV. As Fig. 1.4 shows, the
output pulses of the spectrometer were fed to a Hewlett-
Packard multi-channel analyzer (MCA) through standérd
electronics. The gain of an analog-to-digital converter

was set to be 256 channelé and the memory of the MCA was
divided into four sections. With this setting, the decay

103mpy was followed for over 10 half-life period of the

103m

of

isomer. The typical photon spectrum of Rh is shown in

Fig. 1.5. The Rh Kal 5 (20.22 and 20.07 keV) and KBl 5
N ’ 7
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10°F

COUNTING RATE (cpm)

TIME (hr)

Fig. 1.3. Typical decay curve of 103m

Rh obtained with 800 keV
electrons. The solid line indicate the result of a

least-squares fit.
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Fig. 1.5. Typical photon spectrum of 103mRh induced by

720-keV electrons. The accumulation time was 200 min.

from SO‘min. after EOB. The Rh Ko (20.22 and 20.07 keV)

1’2

and K8 (22.72 and 23.17 keV) lines are clearly observed.

1,2
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(22.72 and 23.17 keV) lines are clearly observed in the
spectrum. The area of the Ko peak was calculated by using

17-20)

the BOB73 y-spectrum analyzing code. The decay of the

peak counts was analyzed with the aid of the CLSQ code;ls)
The absolute efficiency of the photon detector for the Rh
Ko X-ray was calibrated by using reference sources and by
estimating the geometric factor.

The absolute efficiency for photons of energy E can be

written as
eph(E) = eRgE)°G(E), (1.2)

where €n is the relative efficiency of photopeaks and G is

the geometric factor. The €p curve was constructed by
referring to the point-like sources of 241Am, 57Co and 133Ba
which were calibrated and supplied by The Radiochemical

. Center, Amersham, Englénd. The obtained curve is shown by
the solid line in Fig. 1.6. For comparison, the theoretical
curve calculated according to the stepwise procedure given

by Hansen et al.21)

is shown by the dashed line in the same
figure. The agreement is good on the whole. The eR(E = 20
keV) value was then determined to be 0.88 * 0.06. The '
geometric factor, namely, the solid angle of the target
subtended by the photon detector was calculated by a Monte

22)

Carlo method, including the correction factor for attenuation
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of photons in the target. The calculated G(g = 20 keV)
value for the Rh target was (4.76 * 0.10) x 1072. From
eq. (1.2) with these values,

+ 0.30) x 1072.

€5h was obtained as €ph = (4.19

The number of Kg X-rays emitted per disintegration of

103mRh is expressed by

Con = [og/ (1 + ap) 1T (KL) /T (K) Juy | (1.3)

where o, and o,, are the K-shell and total conversion

K T
103m

coefficients for Rh, respectively, T'(KL)/T'(K) is the

branching ratio of the XL transition in the decay of the

K-hole state, and w, is the K-shell-fluorescence yield.

K
23)

From conversion-electron data by Grunditz et al.,” the

values for aK and uT were evaluated to be aK = 147 + 14 and

o = 1470 * 65. The ratio T(KL)/T'(K) = 0.840 was taken

from the relativistic Hartree-Slater values for emission

24) .14 the value of w. = 0.807 # 0.031

K
from the compiled data by Bambynek et al..zs)

rates by Scofield,

Substituting

these values into eq. (1.3), Kph was determined as Kph =

(6.77 + 0.76) x 1072,
The detection coefficient of the photon detector for '’

103m

Rh, € Kph, was then determined to be (2.84 * 0.38) x

ph
1073,
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2.4. CORRECTION OF RADIOACTIVITY INDUCED BY BACKSCATTERED

ELECTRONS

Backscattered electrons can also excite a target nucleus
in their backward traverse if they still have sufficient
energies (> 0.35 MeV). This contfibution has to be corrected
in the present experiment, since the backscattering of |
incident electrons is not insignificant because of their

26) has measured

lower energy and a thicker target. Bothe
the relative distributions in energy of the backscattered
electrons at 370-keV and 680-keV incident energy on Cu, Sn,

and others. The energy distributions of electrons
backscattered from the Rh target and thercﬁ mount respectively
at incident energies of EO = 350-800 keV and Em = Eo - AEm

= 320-775 keV were evaluated by interpolating and extrapolating
Bothe's results linearly in incident electron.energy and

target atomi¢ number (see Fig. 1.7). In this procedure, it

was assumed that the energy distribution was not angularly
dependent and, in the case of Cu, incident energy was that

of the representative electrons with the most probable

energy Em, as given in Section 2.2. The-backscattering
coefficients used here were those estimated in Section 2.2.

By using the obtained energy distribution which was divided
into ten intervals to make calculations easier, together

103m

with Ny and nB', the radioactivity of Rh induced by

- 37 -
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backscattered electrons was estimated. Provided that the
measured yield (the count rate of the GM counter) curve as
a function of incident energy was the first preliminary one,
the true yield curve for the isomer 103m3h was extracted by
successive approximation. The details of this procedure

will be giveﬁ in Appendix 1.2. The largest'correction was

a reduction of the isomer yield by 4.4 cpm/mA at 800 keV.

- 39 -



3. Results

Results obtained by the GM counter (LBC) is summarized
in Table 1.3. Counts rates for 103mRh were exprapolated to
those at the end of bombardment and corrected for the
contribution of backscattered electrons. The results of
photon (X-ray) counting with LEPS is compared with those of
electron counting with the GM counter (LBC) in Table 1.4.

The ratios of LBC/LEPS obtained at two different energies

agree excellently.

The cross section for isomer production in 103Rh by
electrons is given by
050 = Co/{KEnxQ[l - exp(-A¢) 1}, (1.4)
103mRh at

where Co is the count rate of the GM counter for

the end of bombardment, x the emission probability for

conversion electrons per disintegration of 103mRh, e the

counting efficiency of the GM counter for conversion electrons

103m

from Rh, n the atomic density of target nuclide, x the

thickness of the Rh target, g the incident rate of bombarding

103m

electrons, A the decay constant of Rh and ¢ the

bombarding duration. In this experiment, nx[l - exp(-i¢)]

22 . 2.5 x 1073

20

was kept contant as 7.26 x 10 x [1 -

exp(~gn2 x 120/56.12)]1 = 1.40 x 1029 (em™2), and g was
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103m

Table 1.3. Results of the measurement of Rh by the

GM counter. The count rate, C is extrapolated to that

OI
at the end of bombardment.

Eo/keV I,/mA Co/cpm (CO/IO)/(cpm/mA)a)
800 0.393 46.0 = 1.8 117.0 + 4.5
720 0.413 35.1 + 1.6 85.0 + 3.8
650 0.348 19.0 + 0.8 54.7 * 2.3
575 0.300 12.3 + 1.2 40.9 *+ 3.9
500 0.268 9.5 + 0.6 35.4 + 2.2
425 0.219 6.2 + 0.6 28.2 + 2.9
350 0.218 0.1 + 0.2 0.6 + 1.1

a) Errors include only those in the radioactivity measurement.
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Table 1.4. Comparison of photon counting with LEPS and

electron counting with LBC (a low-background counter of the

GM type).

' a) a)

E,/keV C,(LEPS) /cpm C, (LBC) /cpm LBC/LEPS
800 9.82 * 0.50 50.4 * 1.8 5.13 £ 0.32
720 7.70 * 0.44 39.0 * 1.6 5.06 + 0.36

Average 5.10 + 0.24

a) Both these values include the contribution of backscattered

electrons.
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3

19 17

measured as @ = 60 x.10". ) = 3.7449 x 1071,

I,/(1.602 x 10~
where ¢ is in min'-l and I0 is in mA. The product of k and
€ was experimentally determined by comparing it with that

obtained by photon counting as
— 1 '
Ke = (CO/C0 )Kpheph ’ (1.5)

whére Kph and eph are the same as those stated in Section 2.3
and CO' is the count rate of photon counter for the Rh Ko
X-rays at the end of bombardment. The numerical value for

3, as described

KpnCpp 1S determined to be (2.84 * 0.38) x 10~
in Section 2.3. The ratio CO/CO' is given in Table 1.4 as
| CO/CO' = 5.10 * 0.24, which was obtained experimentally.
With these values, ke is determined to be ke = (1.45 * 0.11)
x 1072. since k = 1, one has ¢ = 0.015. This is guite
reasonable froh the fact that the conversion electrons from
103mRh emitted in the range, which is about one fifteenth
of the total thickness of the target, are detected by an
efficiency of 0.22. Finally, eq. (1.4) can be rewritten
numerically as

6. = (Co/T.) x (1.32 + 0.19) x 10738, (1.6)

iso 0~ 0

where CO/I0 is in cpm/mA and O:so is in cm2. The error in

eq. (1.6) includes only that in the measurement of radio-
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activity and the uncertainty in the correction applied to
bombarding currents is believed to be less than 20% of the

results.

The absolute cross sections for isomer production %iso
were calcﬁlated by eq. (1.6) from the results of radioactivity
measurement given in Table 1.3. The resulté obtained for
050 2F€ summarized in Table 1.5 and depicted in Fig. 1.8.

The cross sections for Coulomb excitation of higher excited

levels by electrons will be discussed later.
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Table 1.5. Summary of the experimental cross sections for

isomer production in 103Rh by electron projectiles.
-36__2
Eo/keV oiso/lo cm
800 154 + 233
720 112 + 17
650 72 * 11
575 54.0 £ 9.3
500 | N 1 46.7 + 7.3
425 37.2 £+ 6.6
350 0.8 + 1.5

a) The uncertainty does not include one arising from

bombarding current measurement.
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a function of incident electron energy E. Those for the 357-keV

level excitation, are also shown by the right ordinate.

O'C;

"The solid line shows a theoretical excitation function calculated

by a formula of de Forest and Walecka with semiempirical parameters
and the dashed line indicates that obtained with the experimental

B(E2)+ wvalue.
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4, Discussion

4.1. CROSS SECTIONS FOR THE 357-keV-LEVEL EXCITATION

103

The level scheme of Rh is shown in Fig. 1.9 for

27,28)

those levels below 800 keV. ‘The excited levels in

103Rh are interpreted in terms of the coupling of the

collective core excitation and an unpaired proton. The 3/2-
level lying at 295 keV and the 5/2- level lying at 357 keV
are a one-phonon doublet in the oscillating liquid drop.

model. Since B(E2) 4 values for those two levels are

substantially equal, 0.22 and 0.37 in units of 10-48 e2 cm2,

which have been measured in the Coulomb excitation experiment

27)

with nuclear projectiles, the cross sections for Coulomb

‘excitation of those levels by electrons may also be considered

to be about the same in magnitude to each other. From the

103 103

results of y-ray measurement of Pd, which decays to Rh

28)

by electron capture, by Macias et al.” with the « values

tot
for the relevant y-transitions compiled by Kocher,27) one

can readily evaluate the value of 6.2 x 10—4 for the branching

ratio of the 357-keV level to the isomeric level at 40 keV,

5

B, and an upper limit of 2.8 x 10 ° for that of the 295-keV

level, B', namely, B/B' > 22. This implies that, altbough
the 295-keV level in 103Rh may be raised by .Coulomb excitation

as much as the 357-keV level, isomers produced can be attributed
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almost fully to the 357-keV-level excitation. Thefefore,
the isomer production through the 295-keV level can be
neglected. This is confirmed in this experiment by the fact
that the activity of the isomer obtained at 350 keV is
negligible as shown in Fig. 1.8. In addition, the direct
excitation of the isomeric étate and the indirect one via
the 93-keV level which decays to the isomeric state with a
100% branching can also be neglected from a theoretical
consideration. The positive-parity quadruplets at 537-652
keV cannot be excited by Coulomb excitation for the reasons
same as above. This is established experimentally by the
use of heavy projectiles.

From the reasons presented above, the excitation
"function for isomer production can be regarded to be
proportional only to that for Coulomb excitation of the

357-keV level, that is ,

O'C;

g. = Bo

iso Cc* (1.7)

The values of 0o are summarized in Table 1.6. In Fig{ 1.8,

the value of Oc is given at the right ordinate by multiplying
= -4 '
Oiqo PY B = 6.2 x 107",
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Table 1.6. Summary of the experimental cross sections

for Coulomb excitation of the 357-keV level in ;03Rh by
electron projectiles.

E/keV GC/10—33cm2 a)

800 248 + 37

720 181 + 27

650 lle + 18

575 87 £ 15

500 75 £ 12

425 60 + 11

350 | 1 2

a) The uncertainty does not include those in the current

measurement and in B.
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4.2. THE DE FOREST-WALECKA FORMULA

The inelastic scattering of electron and nuclear
structure was reviewed by de Forest and Walecka by confining
themselves almost completely to scattering experiments where

1) The discussion was

one observes only the final electron.
carried out in the framework of first Born approximatioﬁ or
one photon exchange with the nucleus, which is expected to
be a good approximation for small Za/B. The cross section
for an electron with incident wave number kl to scatter
through an angle 6 to a final state with wave number k2

with the nucleus making a transition from the state |Z> to

the state |f> is derived in the lowest order of a as

~ " 2
do 8wa2 k2 ® |<Jf||MJcou (Q)llJi>l
oy e ALAALOND)
q, 1 J=0 27, + 1
@ |<s.||T el(qm;r 1 <a 12799 gy 10,51
+ v ) § —I—7 ARG A i
J=0 2J . + 1 2J. + 1
A 1
X 1 (1.8)

(1 + (ké - klcose)/E’ r

where
q 4
_ 1% 2 _ 2 .
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2 23 -
vp(8) = 0% - (9% + ig 2. (1.10)

Egs. (1.8), (1.9) and (1.10) are éiven in rationalized

natural units % = ¢ = 1. In those equations, MJcouZ( )

r

TJeZ(q) and TJmag(q) are irreducible tensor operators of
rank J in the nuclear Hilbert space, and |<f]] l|i>|2/(2Ji+l)

denotes the reduced nuclear transition probability. Moreover,

q andcﬁlare the three- and four-momentum transfers, respectively, -
A~

SLis given as Q = (51 +~§Q)/2, E' is the final total energy

of the nucleus, and, €4 and e, are the initial and final

energies of electron, respectively. The energy loss of

scattered electron w = El - €, is related to the momentum
transfer as ¢q 2 = q2 - wz.
H ~n

In the long wavelength limit, the transverse electric
multipole matrix elements can be reduced with the aid of

continuity equation to

1/2

FE -FE'" [J + 1 - l
) o<d e S g []9>

<g |17 .2%(q) || I,> > (
f J 7 g+0 q J

(1.11)

where k = F - E'.

The oscillating liquid drop model is then introduced as
a very simple model of the nucleus which turns out to be
very useful in correlating and understanding some of the
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systematics of electron scattering to discrete collective

levels in nuclei. For the allowed single surfon (quantum of
surface oscillation) transitions, which correspond to Coulomb
excitation of the drop to one of the basic shape oscillations

characterized by %, one finds

972
1672

1

2(3201)

(22 + 1)

l<( 2| i, () [ ]0>]? = 5ldg e 12

(1.12)

The form factor is given exactly by Ijz(qa)lz, where 4, (qa)
is the spherical Bessel function and a is the mean radius of
the liquid—~-drop nucleus. The nuclear transition probability
goes as Z2/(23202)l/2, where B, and ¢, are the mass parameter
and the restoring parameter, respectively. When resticted

to one-surfon transitions, the nuclear magnetic transitions
must be forbidden from parity considerations of the nuclear
medel used. Therefore, the differential cross section for

these allowed one-surfon transitions is given by

2k 2
do gma’ “2¢ 92 1 . 2
4% (9c0) = [ (28 + 1) 5—r—]|d, (qa) | “]
af a,* k1 16m2 2/(ByCy) Tk
< Wo(8) + 7(0) (Y L L
L T q T 91 + (k2 - klcose)/E' !

(1.13)
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where VL(e) and VT(e) are given by egs. (1.9) and kl.lO),
respectively. .

In this experiment, the case of g = 2 is conéerned,
which is the most basic mode and is encountered frequently
in almost all nuclei. The asymptotic form of the spherical
Bessel function is jz(qa) —;——q (qa)z/[(zz + 1)!!], so one

g0
has the form factor as |j2(qa)|2 = (qa)4/(5!! . The transition

1)

probability is also given by de Forest and Walecka as
ZZ/(2/§;E; ) = 22 X 3.211»/1-'7/6 from the semiempirical mass
formula.

By substitution of these relations in eq. (1.13), the
cross sections fdr Coulomb excitation of the 357-keV level
in 103Rh were calculated as a function of incident electron
energy. Eq. (1.13) is given in rationalized natural units
as are egs. (1.8)—(1.12). In the calculation, following

relations are substituted in eq. (1.13) to convert the units

into the conventional ones:

1/2

kl = (El2 + 2m§2E1) /e,

k. = [(E, - hw)? + 2mc2(E, - hw)]/fc
2 1 1 - ’
2 _ 2 2

q = ko + koo - Zklkzcose,

q.%2=q% - (w/e)?,

u ~n
2 _ 2 2
Q. = (kl + k2 + 2klkzcose)/4,
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AN AN
70 = (q,2/a) % 12E, + 2me? - Fw) P/ i) - aP1/2,
AN ) AN
P I 2
vp® = 0% - @)%/ + q,%/2,
gy = (El + mcz)/%b,
and
€, = (By + me? - Aw) Me. o (1.14)

Here El is incident electron energy and given in keV.

The last term in eq. (1.13), also in eq. (1.8), corresponds
to a recoil correction. This factor can be readily evaluated
for the conditions of this experiment. The largest recoil
correction is obtained at maximum incident energy El = 800
keV and at largest deflection angle 6 = 2m. This yields
2.1 x 10—5, which is negligibly small compared with the
error of the experimental results. Therefofe tﬁe recoil
correction is not taken into account in the calculation of
eqg. (1.13).

This experiment cannot obtain the information of the
differential cross sections. For that reason, the comparison
between the experiment and the theoretical calculation has

to be made in the total cross sections as a function of

incident electron energy, namely, the excitation function.
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The total cross sections for Coulomb excitation of the

103gh were obtained by summation of the

357-keV level in
" differential ones given by eq. (1.13) over aﬁgle 8. The
excitatioq_funcﬁion fhus;obtained is shwon in Fig. 1.8 by
the solid curve. Thé‘égreemént withuthé experiment is good
on the whole. | ‘ ‘

The product of the mass parameter B2 énd the reétoring
force parameter 02 can be determined from the reduced E2
transition probability B(E2)+ as |

VBT, = 2u(zea®)?B(E2)4 7, (1.15)

The B(E2)+ value has been obtained in the experiments using

heavy-ion projectiles as B(E2)t+ = 0.37 X 10_48 e2 cm4 for

the 357-keV level in 103

Rh [ref. 27]. The total cross sections
for Coulomb excitation of the 357-keV level were also obtained
by substituting this value into eqs. (1.15) and (1.13).

The contribution of the transverse.magnetic'component was
neglected, because the mixing ratio §(E2/Ml) is coﬁsidered

to be.infinitely large and therefore one may put B(M1)+ = 0.
The result is represented by the dashed line in Fig. 1.8,

and found to be about half the experimeﬁtai excitation
function.

As shown in Fig. 1.8, an approximate formula of de Forest

and Walecka can predict the cross sections for Coulomb
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excitation in this lowest energy region of some tenths
MeV.

The contribution of the transverse magnetic component
was estimated as follows, though it can be neglected in this
case. The transverse magnetic excitation can be related to

the transverse electric one as

do
ML _ 100, 2 2 -2 -2 B(M1) 4
(1.106)
The p(Ml)+¢ value for the 295-keV level in 103Rh, which

constitutes the one-phonon doublet with 357-keV level, is
given experiméntally as p(M1)y = 0.297 (eﬁ/2Mc)2 [ref. 29].
Although the oscillating liquid drop model forbid the M1
transition between the 295-keV level and the ground state

in 103Rh, a non-vanishing B(M1l) value ié due to a slight
admixture of the P3/2 single-particle configuration in the
295-keV level. The ratio §(E2/M1l) is also obtained as +0.15
in ref. 29. The ratio for the 357-keV transition is accepted.
to be infinitely large as mentioned above; nevertheless,

one can estimate an upper limit of the reduced M1l transition
.probability for the 357-keV-level excitation by substituting
the value for the 295-keV level as the worst case. Taking

the statstical factor into account, p(Ml)4 = 0.594 (eﬁYZMc)Z

was used for estimation of eq. (1.16). The ratio is obtained
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as doMl/dc = 0.57—-14.0 depending on 8. Integration of

E2

the differential cross sections yields that o,. ~ 0O This

M1 E2°
contradicts the assumption made in the calculation procedure

of eq. (1.13). Nevertheless, B(Ml) for the 357-keV transition
should be considered to be two orders of magnitude smaller

than that for the 295-keV transition even in the worst case.
Therefore, the contribution of the transverse magnetic
excitation should be smaller by a facﬁor of over 100 than

that estimated above.

The contribution of the transverse electric excitation
does not exceed 15% of that of the longitudinal electrostatic
excitation as found in the balculation of eq. (1.13).
Accordingly, the error resulting from neglecting the transverse
magnetic contribution is smaller than 12% of the total cross
sections. As a matter of fact, the 357-keV fransition is

almost pure E2, and therefore the calculated excitation

function describes the real situation quite reasonébly.

4.3. RESONANCE ABSORPTION OF PHOTONS

Resonance absorption of bremsstrahlung radiations (photons)
is considered as a competitive mechanism for excitation of
the 357-keV level. Bremsstrahlung radiations are produced

in the target by incident electrons. Provided that photons
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are produced at the surface of the target and all of them
traverse the target perpendicularly, thé isomer activated
by this process was estimated. The number of the isomer
activated per second is given, bybintegration of the Breit-
Wigner single-level formula, as | |

X A |
W, o = Nz0q— gT B, (1.17)

iso 4
where Nx is the number of target nuclei per cm2, ¢ the
incident rate of bremsstrahlung radiations at resonance, A
the wavelength of resonant photons, g the statistical

factor, TI', the partial width for the 357-keV radiative

0
transition and B the branching ratio of the 357-keV level
to the isomeric state. The energy spectra of bremsstrahlung

radiations produced in the target by incident electrons of

350—800 keV were obtained from the tabulated values computed

by Pratt et a1.30) The values of ¢ are ¢ = 4.376 X 10_6—
6.116 x 10—6 s—l for incident electron energies of 425-800
keV. The observed B(E2)+ value leads to I', = 5.7 x 10 ° ev, .

0
and Nx is 1.813 x 1020 cm_z. By substitution of these values,

the numbers of isomer produced by y-resonance absorption

were estimated, in this extreme way, to be approximately .

two orders of magnitude smaller than the experimental results.
- Therefore, the contribution of resonance absorption of

bremsstrahlung radiations to isomer production can be neglected.
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4.4 ESTIMATE OF COULOMB EXCITATION IN 18905

The nucleus l8903 in which the evidence for NEET was
first obtained [refs. 2,3] is not a good example of the
oscillatiﬁg liquid model. The excited nuclear levels may
be described by the collectively rotational model. In that
model, transitions in the same band are limited to pure Ml.
However, this appears that the pure rotational assignment
explains some properties of a few low-lying nuclear levels, and
hence the second excited state of the X = 3/2 ground-state
band is expected to be at about 170 keV if the rotational
motion is undisturbed. Coulomb excitation experiments
indicate that the collective excitations of the ground state
have the energies of 70 and 219 keV, deviating strongly from
those of a pure rotor. As a result, the admixture of E2 is
expected for the 70-keV transition. This is established
by expeiiments as 68% M1 + 32% E2 [ref. 27].

From reasons mentioned above, the contribution of the

transverse magnetic coniponent should be checked by eq. (1.16).

3 2 31)
Hy 7

which is much smaller than that for the 295-keV transition

in l03Rh. It is clear, therefore, that the transverse

189

The B(Ml)+ value is determined to be (4.6 * 0.7) x 10

magnetic excitation of the 70-keV level in Os is
negligibly small compared with the transverse electric

excitation. Consequently, the estimate of the contribution
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189

of Coulomb excitation in Os in ref. 3 can be regarded to

be quite reasonable. Coulomb excitation of the 70-keV level
is not responsible for isomer production observed when 18905
is bombarded with 70-100-keV electrons. As a result, isomers
activated by electrons can be attributed to the excitation:

of the 70-keV level by NEET. This gives a further verification

of the existence of NEET.
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5. Conclusion

An approximate formula of de Forest and Walecka based
on the oscillating liquid drop model for Coulomb excitation
by electréns was found to be valid even in the lowest energy
regions of some tenths MeV. The estimate of Coulomb

189

excitation as a competitive mechanism in the Os experiment

using electron projectiles was reconsidered to be reasonable,
and therefore NEET in 18905 is concluded to conquer that
alternative process for isomer production. A supplemeﬁtary
verification for NEET in 18905 was obtained in the experiment

described in this chapter.
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Appendix 1.1

Estimate of n's

The bombarding current Iy was obtained from the measured
current I eas by using eq. (l1.1). Provided that monoenergetic
electrons. perpendicularly impinge on the Rh target and the

Cu mount, the numerical values for n's in eq. (1.l) were

estimated as the following.

Al.l. ng

Frederickson7) has meésured backward elect:on yield for
metals (al, Cu and Pb) bombafded with 0.4-MeV t6'1.4—MeV
electrons. These energies cover almost all of the range
studied in this experiment. Backward electrons can be

divided into two parts: energetic electrons and low-energy
ones. Electrons with energies below dozens of eV are referred
to as the secondary electron. Frederickson states that tﬁe
low-energy component is always less than 0.5% for all of the
metals and energies investigated; therefore, it is reasonable
that, in this experiment, Ng
incident energies (0.35-0.8 MeV).

is set to be 0.005 for all
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Al.2. ng

From empirical equations for hB/nB(sat) and for'nB(sat),

N was estimated for each incident energy EO' - Koral and

8)

cohen”’ presented an empirical éxpression for the ratio of
the backsqattering coefficients at normal incidence for a
scatterer with a thickness ¢ tovthe saturated value as a
function of t for a given EO and 2. Their expression,

applicable to the range from 5.0 keV to 3;0 MeV, is
ng () /ny(sat) = 1 - expl-a(2t/R)"] + a, (AL.1)

where o and n are -the parameters, R is the range of electrons
with energy Eo, and a is a small correction factor. The

parameters o and n are given numerically by

o = 0.760 29-°3 (A1.2)

and

n = 2.32 - 8.40 x 107°2.  (al.3)

In eq. (Al.1l), R is given in milligrams per square centimeter

by the Katz-Penfold equation:32’33)

P = %_;i 412 E (1.265 - 0.0954 ZnEo)'

57 0 (Al.4)
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where Eg is in MeV. The values used for 4 (0.015 for Cu and
0.005 for Rh) were based on data in ref. 8.
According to Tabata et-al.,g)'nB(sat) is expressed

empirically (valid for z > 6 and 50 keV < g < 22 MeV) by
- 2,23 .
ng(sat) = al/[l + aZ(EO/mec ) 71, (A1.5)

where ai's are constants for a given target and mecz is the
rest mass energy of the electron (mec2 = 511.006 keV).
These ai's are given as:
a; = byexP(-b,z ),
.‘bs
612 = b4 + bSZ 14 .

a3 = b7 - bs/z' : ’ ) (Al.6)

Numerical values for these bi's are given in Table Al.l.
From two empirical equations, nB'for the Rh target with
thickness 31 mg/cm2 was determined as a function of incident

electron energy Eg-

Al.3. nT

Tabata and Itoll) has proposed an empirical equation for
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Table Al.l. Numerical values of the constants bi in eq. (Al.6)

"given by Tabata et al;.a)

Constant - Numeical value

by 1.15 + 0.06
b, 8.35 ° + 0.25
b, 0.525 + 0.020
54 0.0185 + 0.0019
be 15.7 £ 3.1
b 1.59 - + 0.07
b7 1.56 + 0‘:02
bg 4.42  x 0.18

a) Ref. 9.
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the transmission coefficient Np as

np = [1 - exp(-57)1/{1 + expl(s, + 2) (¢/R_) - 5,1},
(A1.7)

where SO is the parameter, t is the thickness and Rex is the
extrapolated range of electrons. The parameter SO is

expressed by

a
‘e = e 2. %4
.SO = alexp{ az/[l + q3(E0/mec )

1}, (A1.8)
where ai's are constants for a given target and others are
the same in eq. (Al.5). These constants ai's are adjusted

to data in the ranges of Ey = 8 keV—30 MeV and % = 4—82 as

(1.209 * 0.015)

a; = (0.2335 * 0.0091)4/2
-
a, = [(1.78 = 0.36) x 107%]z,
ay = (0.9891 * 0.0010 ) - [(3.01 # 0.35) x 107412,
a, = (1.468 % 0.090) - [(1.180 % 0.097) x 10721z,
and
ag = (1.232 ¢ 0.067) /z(0-109 * 0.017) (A1.9)

From eq. (Al.7) with these adjusted constants, one can easily

obtain N of the target for various EO.
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]
Al.4. Ny
The backscattering coefficient for the Cu mount, nB',
was obtained in the same manner described in Section a4,
except that Eq was replaced by Er the most probable energy.
The most probable energy of electrons incident on the Cu

mount is Em = EF, - AEm,»where AEm is the most probable

0
energy loss of transmitted electrons through the target in
their forward movements. The most probable value of the

10)

energy loss is given by the expression:
AE, = glan(g/e") + 0.37], | A (A1.10)

where £ and g' are the parameters given by

ZWNAe4pZ , -
£ = t—a—5— . (A1.11)
mee B A
and
2.2
gneg' = Q,n(l — g )zI + 62. (A1.12)
Zmec B

Here Ny is Avogadro's number and 1 is a certain ionization
potential of the atom (r = 13.5 z eV). This expression is
verified to agree excellently with the experimént at 624 keV
by Warshaw and Chen.34)

Since the Cu mount was so thick as to give the saturated
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backscattering, ' was obtained as ng = nB(sat) for E. and

iz
- Z = 29 by using eq. (Al.5).
10)

Landau's theory ‘describes fhe energy distribution of
electrons traQersed a layer of matter. For reference, the
distributions of the energy loss of electrons traversed the
Rh target were evaluated. The distribution function is
represented as functions of thickness t and energy loss A by

Flt,0) = % 6N, | (A1.13)

where

o+ie

d(X) = E%I f exp(u %nu + Au) du,

g=ic

A={A - E[an(E/c") + 1 - Cl}/E. - (A1.14)

Here ¢(A) is a universal_function of a non-dimensional
variable X and u = &p is an integration variable and C =
0.5777-++ is Euler's constant. The function ¢(A) is
calculated by deriving asymptotic formulas for the large
valﬁe of |A| and is tabulated in ref. 35. By coﬁsulting it,
one can evaluate f(t,A) as a function of A. For.example,
the results obtained for 800 keV (§ = 2.453) and 350 kéV

(¢ = 3.212) are shown in Fig. Al.1l.

- 69 -



150

8 .
AE_ = 24.7 keV'———I ~
6 AEmz 30-3 keV "_‘l
Q
S 4t |
-
B FWHM 9 keV —s1—k
= » .
z :
-
zZ -
FWHM 13 keV G+
21 Eq = 800 keV >
E~ = 350 keV
O 4 *! i 1 1 J i i | \I\ 1
100 50

ENERGY LOSS/keV

Fig. Al.l. Energy loss of the transmitted electrons in the

Rh target calculated according to the Landau theory.
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. Al.5. nT'

The transmission coefficient fbr electrons'travérsing
the Rh target in the backward di:ections, nT',’was estimated
in the same manner described in Section A3, except that EO
was replaced by Em', the most probable energy of the electrons.
The most probable energy of electrons incident on the Rh
target is Em' = Em - AEm', where'AEm' is Fhe most probable
energy loss of backscattered electrons in the Cu mount.

The value of AEm' is given experimentally aslz)

5 0.3140
' =
AEm /E0 0.31 (Eo/meé ) . (Al.16)

-

Substituting E0 by Em, AEm' was obtained readily for various

Em. The nT' value was obtained from Eqg. (Al.7) for Em'.
The most probable energy loss of the transmitted
electrons in the Rh target Em and that of the backscattered

electrons from the Cu target mount Em' are summarized in

Table Al.Z2.
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Table Al.2. Most probable energy loss of the transmitted
electrons in the Rh target, Em, and that of the backscattered

electrons from the Cu target mount, Em'.

a) v reb)

Eo/keV Em/keV Em_/keV
800 : 24.7 182.6
720 ~25.0 176.5

650 25.5 ©170.8
575 26.1 164.1
500 - 27.0 156.7
425 V 28.3 : 148.3
350 30.3 138.7

10)

a) Calculated by a formula of Landau. See Section A4 of

the text.

b) Calculated with an empirical relation given in Ref. 12.
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Appendix 1.2
Correction of radioactivity

induced by backscatteréd electrons

This Appendix describes the correction of the amounts
of 103mRh'which are ascribable to activation by backscattered
-electrons applied in the ﬁrocedure deduciﬁg the results.

The observed activity of 103mRh extrapolated at the end
of bombardments with electrons of 350—800 kéV are summarized
in Table 2.1. The production rate of the isomer per
bombarding current of 1 mA was obtained by using 4 ahd'Io,
the latter is given in Table 1.1. These A/1, ;isted in
Tabie Al.l weie used the first tentative sét of data for
isomer production. This set of data was fitted by a linear
equation of E with weights of the inverse squares of their

standard deviations, and then the first preliminary excitation

function was obtained as
A/IO = 0.238 p - 82.3. (A2.1)

The contribution of backscattefed electrons was divided
into two parts: that of electrons backscattered iﬁ the Rh
target, and that of electrons scattered back from the Cu
mount. The fractions of backscattered electrons having

energy g were estimated in Appendix 1.1. The energy spectra
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Table A2.1. Observed activity of

103m

Rh at the end of

bombardment, 4, and the first set of the production rate

of the isomer per bombarding curreht of 1 mA, A/IO.

EO A (cpm) IO(mA) E/Io(cpm/mA)
800 50.40 + 1.78 0.393 128.24 + 4.53
720 38.97 * 1.58 0.413 94.36 + 3.83
650 21.66 *+ 0.80 0.348 62.24 *+ 2.30
575 13.89 * 1.17 0.300 46.30 * 3.90
500 10.35 + 0.58 0.268 38.62 + 2.16
425 6.41 * 0.64 0.219 ©29.27 + 2.92
350 0.14 * 0.24 0.218 0.64 + 1.10
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of backscattered electrons were assumed to be represented

by the obtained experimentally by Both,26)

and further
angular-independent. Backscatterea electrons were treated
to be efficient in activating the isomer by aﬁ extent given
by eqg. (A2.1) depending on their energies. The energy
intervals of one thenth of full energy were used for the
sake of simpliéity of calculation.

The amount of activity induced by backscattered electrons
were evaluated and then subtracted from the fisrt data
yielding the second improved data.A The second excitation

function was obtained by fitting a linear equation to the

second set of improved data as
A/I0 = 0.210 £ - 72.4; (A2.2)

In this fitting procedure, only the standard deviatiohs of
the firs£ data and those obtained in the correction of
backscattered electrons were included in thevweights. The
residual errors obtained in the fitting were excluded, since
the true excitation function was not expected to be linear
on EF as the prelimianry one used.

The same procedurekwas repeated by use of eq. (A2.3),

the third excitation function was then obtained as
A/IO = 0.214 £ - 73.5. : A (a2.3)
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The fourth exctiation function was obtained as
A/I0 = 0.213 F - 73.4 . ' (A2.4)

The fifth set of corrected data was considered as the the
final one, since the excitation function was converged as
expressed by eq. (Al.4). The final set of the isomer
production rate ia given in Table 1.3.

The amounts of the correction applied to backscattered
electrons are shown in Fig. A2.1l. All corrections are

the redunction of the amounts of acitivity.
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CHAPTER 11
NUCLEAR EXCITATION BY ELECTRON TRANSITION IN 18%0s
FOLLOWING K-SHELL PHOTOIONIZATION |

1. Introdﬁctory remarks

Nuclear excitation by electron transition was first

observed in 18903 by the detection of the induced activity

of l89m05 after the electron bombardment of natuially

1)

abundant osmium. A precise experiment was also carried

out by using the same technique except that the target was
replaced by enriched 1?905 [ref. 2]. Both experiments

could not exclude the contribution‘of Coulomb excitation of
the nucleus by electron projectiles as an excitation mechanism
competing with NEET. Quahtitative arguments on NEET and

Coulomb excitation, however, can separate the respective

contributions and hence give sufficient evidence for the
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existence of NEET. ) It was further confirmed in a

supplementary study on Coulomb excitation by low-energetic
electrons as described in Chapter i and ref. 3.

On the other hand, NEET can be observed without the
interference of Coulomb excitation by electron projectiles
in those experiments in which photons are used for K-shell
ionization in 18905. This situétion is illustratea
schematicélly‘in,Fig. 2.1. .As mentioned above, the
observation of NEET was made by using the path (1) - (2) -
(3) - (4) in the experiments of electron bombardment, where
an alternative path (5) - (4) had to be taken into account

as a competing mode for isomer production.l’z)

When photons
are used for K-shell ionization, the path (6) » (2) » (3) -

(4) should be responsible for isomer production, and Coulomb
excitation, (5), cannot participate in isomer production

as is evident from Fig. 2.1. The intense source of monoenergetic
photons is available, e.g., in the 60Co y-irradiation facility.
Nevertheless, it is probably unsuitable for this purpose,

since the resonance absorption of inelastically scattered
y—rays by higher-lying nuclear levels may contribute to

isomer production appreciably; The estimation of this
mechanism is quite difficult from the reasohs that the

~ properties of higher-lying nuclear levels which may absorb

photons are not well-established, and that the inelastic

scattering of y-rays cannot be treated by an analytical
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Fig. 2.1. Isomer production in 189Os by NEET, Coulomb

excitation and y-resonance absorption.
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form. 1In fact, the isomer production through this
mechanism has been observed in several nuclides other than

189 4-7) 60

Os. In addition, y-rays from "~ Co (1.17 and 1.33 MeV)

are not so efficienf in ionizing the K-shells of 189Os atoms,
since the cross section for photoionization decreases

rapidly with the photon energy. From these reasons,
bremsstrahlung radiations, produced by the deceleration of
electrons inAé converter, thé path (8), were used for the
iOniZation of the K-shells of 18905. Primary electron beam
was stopped completely in the converter, and hence the path

(5) could be excluded explicitly. In this experiment aiming
at the observatioﬁ of NEET in 18905 after K-shell photo-
ionization, the péth (8) = (6) »~ (2) > (3) » (4) is considered
to participate in isomer production. The path (8) is

equally a pure atomic process as (1); therefore, NEET should
be observed in proportional to the ratio of (1) and (8).

This may give é supplementary evidence for NEET in l8905,

if the results are consistent with the expectation. In order ‘
to suppress the contribution of the resonance abso:ption of
photons, the path (7), as much as possible, primary electrons
with energy of 200 keV were used in this study. The spectral
density of bremsstrahlung can be calculated and the interference
- of y-resonance absorption can be evaluated reasonably.

As a result, isomer production through NEET after photoionization

can readily be compared with that obtained by electrons.
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2. Experimental

2.1. PREPARATION OF 1°20s TARGET

A metallic Os layer was prepared by an electroplating

technique. for use as a target.s)

189

Metallic powder of osmium

enriched to 95.66% in Os was supplied by Oak Ridge

National Labofatory (ORNL) , USA. Isotopic constitution of

this sample is certified to be < 0.03% (18405), < 0.05% (

18645y, 0.063 (*870s), 0.743 (188 150

192

Os), 2.55% (

Os). Although the iéotopes 19005 and 19205 have the

Os) and 1.00%
(
isomer with half-lives of 9.9 min and 6;1 s, respectively,
the energies of these isomers are much higher‘Fhan those of
electrons and therefofe the activation of these>isomers can
be neglected completely. Other chemical impurities are also
analyzed to be Al (0.07%), Ca (0.04%), Cr (0.02%), Fe (0.08%),
Mg (0.04%), Ni (0.028), Si (0.25%) and Cu (0.02%). ALl nuclides
of these elements have no isomers, and moreover nuclear
reactions are not expected to occur on account of extremely
low energy of primary electrons.

Osmium was dissolved in sodium hypochlorite solution.
The solution was then added to the electrolytic bath composed
of (NH4)2H?O4 (45 g/1) and NaZHPO4 (240 g/1). rThe concentration -
of 18905 wasr4$1g/l in this bath. In 7 cm3 of ‘this electro-

lytic bath therelectroplating was carrieéd out at 70-75 °C
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with a current density of 2 mA/cm2 for 5 h on a 26-mm diam.
Pt disk -placed at the bottom of the vessel by using a
rotating Pt rod as the anode and stirrer. As a resulﬁ, a
metallic Os layer with thickness of 0.755 mg/cm2 and diameter
of 20 mm was obtained on the 0.5-mm thick Pt disk. The Os
layer was'satisfactorily stable in air and under wvacuum,

resisting electron bombardment.

2.2. IRRADIATION OF 189OSAWITH BREMSSTRAHLUNG

Bremsstrahlung was produced by the electrons from a
Cockcroft—Walton electron éccelerator at the Radiation Center
of Osaka Prefectﬁre. The target was placed aéwé distance of
3 mm behind from a Pt photon-producing converter which was
bombarded with 200-keV elgctrons from the accelerator. The
thickness of the converter was 106 mg/cmz, which is thicker
than the maximum range of 200-keV electrons in Pt, 89 mg/cm2
[ref. 9]. The experiméntal setups for irradiation are shown

in Fig. 2.2. The irradiation of 183

Os with bremsstrahlung
was made under vacuum for 5 h with a beam current of 0.2 mA.
The current incident upon the converter was measured with
amperemeter connected to the mount of the convértef. The

loss in current due to backscattering of electrons from the

converter was estimated to be 48.7% by an empirical formula
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10)

of Tabata et al. as given in eq. (Al.5), and the corrected

current was consistent with the output of the accelerator.

2.3. MEASUREMNT OF RADIOACTIVITY

The radioactivity induced in the target was measured
with a 27 windowless Q-gas-flow GM counter, surrounded by
peripheral GM-type anticounters, with background of below
0.02 counts/s. |

The detgction coefficient of this couter for 189mOs'was
determined as described in ref. 11 for consistency with the

2)

previous study using electron projectiles. The isomeric

189mOs proceeds for the most ﬁért by the

transition from
emisssion of internal conversion electrons. The relative
intensities of these conversion electrons are reported to be
Ll/Lz/L3/M/N = 30/2/100/40/15 [ref. 12,13]. The intensest
L3—conversion electrons (Ee—/keV = 30.80 - 10.87 = 19.93)
were adopted as the representative of conversion electrons

emitted from l89mO

s. For continuous B-rays, it is known
that the transmission curve is éften nearly exponential over
the majority of its length. Therefore, the fraction of the
total activity which is uniformly distribﬁted throughout

a thick source with a thickness of ¢ g/cm2 measured at the

surface is represented by
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c/cy = [1 - exp(-pt)1/(ut), (2.1)

where y is the maés—absorption coefficient and is nearly
independent of the atomic weight of absorbing material.
Empirically, y can be related to the maximum energy of g-rays,

E , as
m

- : -1.41 ' '
. —»0.0155 E_ , _ (2.2)

where Em is in MeV and y is in square centimeters per gram.l4)
In this case, monoenergetic conversion electrons are assumed
to be equal continious g-rays with the maximum enenrgy

three times as much as the energy of conversion electrons,
namely, E_ (g-rays) = 3 Ee—. Backscattering of conversion
electrons should enhance the detection coefficient, and this
was estimated as the same manner described in ref. 11. The
saturated backscattering coefficients for g-rays emitted

from 32P, 204Tl and 358 were measured at the Pt backing

15)

materials. Extrapolation of these data yields the correction

factor of 1.20 in this case. As a result, the overall detection
coefficient for 18°Mos was obtained to be 0.75 x 1.20/2 =
0.45. The factor 2 in the denominator.correspoﬁds to the
geometric factor of this 2y counter.

The measured decéy curve is shown in Fig. 2.3.

The decay curve obtained was fitted to the lgngs
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Fig. 2.3. Decay curve of the radioactivity induced in the
. target. The solid lines show the results of a least-squares

fit.
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component (tl/2-= 6.0 h)l3) and a constant backgféund one
: 16)

by a least-squares method} since this experiment was

free from radioactivities other than 18.ngs. The measurement
of radioactivity was continued for the period twice as long
as shown in Fig. 2.3. The solid lines in Fig. 2.3 are the

results of a least-squares fit of two cdmponents.
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3. Results
| N . . 189m
As shown in Fig. 2.3, the disintegration rate. of Os

induced in the targét was determined as

AO =-0.107 * 0.005 Bg [disintegrations/s]
at the end of irradiation. The quoted uncertainty includes
only the one in the fitting procedure. The errors in the

estimation of the detection coefficient of the counter for

189mOS is not includedf
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4. Discussion
4.1. ESTIMATE OF THE SPECTRAI DENSITY OF BREMSSTRAHLUNG

The calculation of the spectral density of bremsstrahlung
used in this experiment was executed on an ACOS computer
at Osaka University by using the DIBRE-DETECTOR code

developed by Nakamura et al..l7)

This code gives the

spectral yield of bremsstrahiung radiated from a thick:
converter at a given direction with respect to the primary
electrons beam. In the calculation procedure, the Pt converter
was treated as a stack of slabs with a thickness of 10-3
radiation-length units (6 Iﬁg/cm2 in this case), and the
degradation and scattering of incident electré%é and the
attenﬁation and buildup of bremsstrahlung passing through
the converter were takenvinto account. The differential
yield thus obtained was integrated over the geometric

factor between the converter and the target. For the sake
of simplicity of integration, the geometric factor was
rep;aced by the solid angle that was subtended by the target
at the center of the converter, euivalent to the averaée one
subtended at the plane of the converter. _The average solid

18)

angle was calculated by a Monte Carlo method, provided
- that the converter 20 mm in diameter was uniformly impinged

by the electron beam. Figure 2.4 shows the calculated
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spectrum of photons incident upon the target per primary
electron, namely, the yield of photons as a function of

photon energy is expressed by
_ .
W (E) = N_'(E) §, | _ (2.3)

where NY'(E) is the photon yield per primary electron and

Ne is the number of primary electrons.

' 4.2. NEET PROBABILITY FOR 18%0s

The NEET probability, P, is defined in this case as the

probability that the 70-keV nuclear level is excited per

disappearance of a K-hole created in the 18905 atom. The

value of P can be calculated from the disintegration rate
189m

Of OI

Os at the end of irradiation, 4 as

E
P =4y /1f ™ o (B)0_(B)aE nB(1 - &)1, (2.4)
E Y
K -

where UK(E) is the K~shell-ionization cross section for Os
by photons of energy E,'Ny(E) is the incident rate of photons
with energy E, n is the number of target atoms per unit area,
B is the branching ratio of the 70-keV nuclear level to the

isomeric level lying at 31 keV, ) is the decay constant of

- 95 -



the isomer and ¢ is the irradiation time. 'The limits of
integration of g are from Egr the K4el¢ctron binding.energy
(73.871 keV for 0s), to Epax’ the maximum energy of incident
photons correSponding to the enexrgy of primary'electrons
(200 keV in:this case). |

The integral in the denominator in eq. (2.4) was calculatéd

numerically as

200

fEmax
73.87

GK(E)Ny(EA)dE' =¥0_f GK(E')Ny'(_E)dE’, (2.5)

Eg
where g is in keV and NYi(E) was calculated as described in
Section 4.1 and is shown in Fig. 2.4 by the solid line.

The values of gK(E) were téken from ref. 19, aEd(the smoothed
curve connectiong them for interpolation is depiéted also in
Fig. 2.4 by the dashed line. .The integral was thus evaluated

to be 1.35 x 1024

Ng cm2/s for the conditions of this
experiment. |

As a result, the NEET probability was obtained as p =
4.3 x 1078 from eq. (2.4) with p = 1.2 x 1073 as given in
ref. 2. The result is smaller by a factor of four than that

2)

determined precisely in the previous experiment using the

electron projectiles for direct ionization of the K-shells

l8905 atoms. This disagreement is probably due to

in the
uncertainties in the irradiation procedure in this experiment.

Besides,'the DIBRE-DETECTOR code may overestimate'the'spectral
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intensity of bremsstrahlung in this case of 200-keV
primaries and the close configuration of converter and
target, although the calculated spéctra in the narro&ly
forward directions are declared to agree well with the

17)

experimental ones in the range 0.5-1.44 MeV.™' Although

the quantitative agreement between this experiment and the

2)

previous one could not be achieved, it may be considered
that the value of P obtained in this experiment agrees
qualitatively with that determined in the study using

electron projectiles.Z)

Hereafter, a more reliable value
P=1.7 x 1077 obtained in the previous experimentz) will

be used for further discussion.

4.3. RESONANCE ABSORPTION OF BREMSSTRAHLUNG

In this experiment, resonance abSorption of bremsstrahlung
(photons) by the nucleus remains competing with NEET for
isomer production; although Coulomb excitation by electron
projectiles can be excluded inherently owing to K-shell
ionization by bremsstrahlung. The radioactivity of the
- isomer produced through this resonant process at the end of
irradiation is given by integration of the Breit-Wigner

single level formula as
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2.2

Ag T T K gn NY(Er),(l - et ToT /T (2.6)

iso

where - is the wavelength of photons corresponding td the
resonant energy E, divided by 27, g is the statistical

factor, Tgr T

iso.and r are the radiative width to the ground

state, the partial width to the isomeric level and the total
width of the resonance level, respectively, and others are

the same for eqg. (2.4). Numerical values for the nuclear
parameters required for eq. (2.6) are liséed in Table 2.1

for all levels, lying at 3;, 36, 70 and 95 keV, below 200 keVv,

the maximum energy of bremsstrahlung used in this experiment.

13)

Those were evaluated from a compilation by Lewis and the

tables of internal conversion coefficients by R8sel et al..zo)'

The Value of ris for the 70-keV level was estimated as ris

o} (o]

= BI' in ref. 2. For those levels at 36 and 95 keV, the

following Weisskopf estimate were used,-respectively:zl)

Tsp/s"l = 1.1 x 1072 A8/3 EYg (for E4) (2.7)

and

T /s"l 1.1 x 101 A4/3 EY7 " (for M3) _ (2.8)

sp

‘where EY is the energy of the transition in MeV. By using

the photon transition probability of a single proton, Fiso

was calculated as Fiso =-ﬁ/rsp. The values of Fiso listed
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Table 2.1. Numerical values for

the nuclear parameters

required in eq. (2.6).

Zr d 0 lieo ~_

keV eVv eV - ev
30.80 5/2 6.6 x 10 26 =T 2.1 x 10”20
36.17 1/2 3.9 x 1078 . 10720 8.6 x 1077
69.52 3/2 3.1 x 1078 3.4 x 10710 @) 5.8 x 1077
95.23 1 6.0 x 1078 4.4 x 10710 2.0 x 107°

a) Estimated in ref. [2].
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in Table 2.1 were obtained by multiplying the E4 enhancement
factor of 100 for the 36-keV level and the M3 hindrange
factor of 1/100 fqr the 95-keV levei. However, Piso for the
latter level is replaced by the one via the 70-keV level,
since the indirect feeding from the 95-keV level torthe
~ lsomeric state via the 70-keV level is found to account for
riso of the 95-keV level as compared with the direcf branching
as estimated above.

As is evident from eq. (2.6) and Table 2.1, isomer
production by Y-resonance absorption is predominantly due
to the 70~ and 95-keV nuclear levels. The values of NY(Er)
at each resonant energy were calculated by the DIBRE-DETECTOR
code as shown in Fig. 2.4 by the solid squaresm[yY(Er) =
Ne'NY'(Er)]' The contribution of this competing mechanism
is estimated to be smaller by two orders of magnitude than
that observed in thé experiment. The reason why 200 keV was
chosen as the primary beam energy is to avoid explicitly the
appreciable contribution of the 219-keV level which has much
larger Fiso than these 70- and 95-keV levels, although the
electrons with higher energies are much more efficient in
producing and hence in activating the isomer by NEET.

Consequently the observed isomer can be wholly ascribed
to the excitation of the 70-keV level by NEET following

K-shell ionization by bremsstrahlung.
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4.4. RECONSIDERATION OF NEET IN l8908

In ref. 2, only the KM, electronic transition which is
of the smallest energy mismatch with the nuclear excitation

of the 70-keV level has been considered to participate in

189OS

the NEET process in , since the NEET theoryzz) was

constructed on the basis of the perturbation theory of nearly
- degenerates two-level syStems, as briefly mentioned in Section

2 of Introdution. As is evident from Fig. 2.5, the KM., KN

57 4
and KN5 electronic transitions should partipate in the NEET
189

process in Os as the atomic counterparts in addition to
the KM4 transition, since these transitions‘and their nuclear
counterpart (70-keV-level excitation) have nearly equal
energies and the common multipolarity of E2. imbng three
electronic transitions considered newly as the atomic
counterparts, the KM5 transition should contribute comparably
as the KM4 transition, whereas other two transitions cannot
be considered to contribute so much as the above. In this
circumstance, the NEET theory should be based on the three-
level systems even to first approxiﬁation, which demands
the fundamental reconstruction of the theory{ Therefore,
NEET will be discussed within the original frame of the
Morita theory for the sake of simplicity..

If it is permitted to neglect the mutual interference

of those atomic counterparts mentioned above, the NEET
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, ‘?2=‘1—’2¢2 (M4) ) 71.55
Y,y (M) \ / 71.48
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s L ¢2¢(N5) \ / 69.73

Fig. 2.5. The resultant atomic systems of nuclear levels ]
and electron-hole states ¢ participating in NEET in l8905.
The coupling between Wl and other four states is of electric

quadrupole interaction (E2). The energies of the resultant

states are in keV.
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probability for each combination can be simply related to
the Coulomb interaction energy between the nucleus and

orbital electron, E', as
P = (1+T,/r)@E/M2, | (2.9)

where Pl and F2 are the total widths of the initiai and

final_atomic states participating in NEET, respectively, and
A is the energy difference between the atomic and nucléar
transitions as defined by eq. (7) in Introduction. Eq. (2.9)
is readily obtained by combining eq; (5) and eq. (6) in
Introduction. The ratio oﬁ total decay constants of Wl and
Wz is replaced by'that of the level widths of 91 and ¢2,
since the width of nuclear excited state is much-narrower
than those of atomic states. For Os (z = 76), the value of
ry was estimated by the semiempirical K-width expression of

Leisi et al.23) as

rp =T = 1.73 x 107° 22?3 (ev) = 42.6 (eW).

The values of r, were taken from the calculated data by

24)

McGuire for the M subshells of Os, and interpolated from

those calculated by‘McGuirezs)

for N subshells of neighboring
atoms. The values of g' were estimated by using eq. (10)

in Introduction, with 4 = 189, 7z = 76, ¢ = 2, and = 2 or
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2.5 according to the KM or KN electron-hole transitions.
The numerical values thus obtainedAforrthe parameters in
eq. (2.9) and the calculated P's aré listed in Table 2.2.
Evidently the total NEET probability for 189Os becomes about

twice as large as that estimated only for the KM, electronic

4
transition.

In iecent years, it has been pointed out that the
magnetic interéctions between the nucleus and orbital
electrons should make a non-vanishing contribution to NEET
in addition to the Coulomb interaction, naturally under the
circumstances in which the NEET conditions are satisfied.
Compared with the KM4 transitions, a smaller A-value of

1.30 keV is attained by considering the KM elgctronic

1 :
transition as a substitute of the atomic counterpart. This

transition had been disregarded because of its multipolarity
of M1, although the 70-keV nuclear transition is an admixture
of M1 and E2 as shown in Fig. 2. The Ml—tjpe interaction

of such a combination should, however, be taken into
consideration, since both transitions also satisfy the NEET
electronic

conditions. Restricting the #us »+ 1ls

1/2 1/2

transitions in atoms with the atomic number 3z, Morita26)

has
estimated the energy of this Ml interaction between the .

nucleus and orbital electron as

(0) ¢, (0)

v = 2
E = 3 uNuB(gp/2) ¢ 1/2

M1 nsy /o
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Table 2.2. Numerical values for the parameters in eq. (2.9)

and the calculated NEET probability P for the E2 transitions.

Transitiona) A/keV Fz/eV E'/evb) Pb)
KM, 2.32 4.18 -0.60  7.35 x 10”8
KM, 2.39 2.35 ~0.60 6.63 x 1038
KN,  4.06 8.38  -0.16 - 1.85 x 10°°
KN, 4.08 8.13 -0.16  1.82 x 1072

a) For all transitions, E, = 73.871 keV, E, = 69.52 keV,

1 N

and Fl = T'(K) = 42.6 eV.

b) Provided that f =1 (E' « f, P « fz).
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= -8 “BUN(Z/aO)3 n_3/2, (2.10)

where up and py are the Bohr and nuclear magnetons, respectively,
g, i1s the gyromagnetic ratio of proton, ¢ (0) is the

root of the probability for the nsl/2 electron existing in
the nucleus, and ag is the Bohr radius. In addition to KMl'

the KNl, KOl, KM4 and KN4 transitions (See Fig. 2.6.) can

participate in NEET in 18905 with the Ml interaction. The

latter two transitions have already described for having

the E2 contributions to NEET. 1In this case of M1, E' cannot
be estimated so simple as other three transitions} therefore,
KM4 and KN4 are neglected in the estimate of the contribution

by M1 interaction with the nucleus. For KM

KN, and KOl,

17771
values for EMl' were estimated by eq. (2.10). For these
M1 trénsitions, P's were also calculated by eqg. (2.9), and
are summarized in Table 2.3. The level width of the Ol
subshell was extrapolated from those of 5s multiplets in the
rare earth region calculated by McGuire.27) The contribution
of M1 is found to amount to about 16% of that of E2. After
subtraction of this M1l contribution, the correction factor
appeared in eq. (10) is obtained as f = 1.0 by comparing
with the experiment.

Some NEET parameters are recalculated for the resultant
atomic systems including the dominant KM, and KM, electronic

5
transitions. The mixing angles g as defined in eq. (4)
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Fig. 2.6. The resultant atomic systems of nuclear levels y
and electron-hole states ¢ participating in NEET in 18955,
The coupling between Wl and other five states is of magnetic
dipole interaction (M1). For thbse levels shown by the

dashed lines} their contributions to NEET are incapable of

being estimated.
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Table 2.3. Numerical values for the parameters in eq. (2.9)

and the calculated NEET probability P for the Ml transitions.

Transition A/keV Fz/eV E'/ev P
KM, 1.30 20.4 -0.13 1.48 x 1078
KN, 3.70 15.7 -0.09 ~ 7.57 x 10719
KO, 4.27 3 -0.06 2.26 x 10710
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4 4

were determined to be tanf = -2.6 x 10 ° and -2.5 x 10

respectively for the KM, and KM_ electronic transitions.

4 5
The energy shifts of the resultant states § were also obtained
by using eqg. (8) in Introduction as § = 1.6 x 107% ev ana

1.5 x 10—4 eV for the KM4 and KM5 transitions, respectively.
It is natﬁral that thése results are about a half of those
obtained in ref. 2, since the interference between the
participants in NEET is not taken into account. For other

transitions, 6 and § are about one order of magnitude smaller

than those for two dominant transitions.
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5. Conclusion

18905 could be obserVéd

In this experiment, NEET in
" by using photons for K-shell ionization, with exclusion of
Coulomb excitation by electron projectiles and with
superiority over y-resonance absorption. The results obtained

may offer additional verification of NEET the first stage

of which is a purely atomic process.
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CHAPTER 111
NUCLEAR EXCITATION BY ELECTRON TRANSITION IN 237np
FOLLOWING K-SHELL PHOTOIONIZATION |

1. Introdﬁctory remarks

Nuclear excitation by electron transition (NEET) was

189 1,2)

first observed in Os by Otozai et al. by activation

of the isomer with electron bombardment. As described in

Section 6 of Introduction, the nuclide 2317

189

Np satisfys the

NEET conditions. Unlike NEET in Os which has a positive

A-value and proceeds by E2 radiation, NEET in 2317

Np has a
negative A-value and a common muitipolarity El. The nuclear
excitation of the 102.95~keV level proceeds by El as does
the electronic transition between the K ana L3 shells with

an energy of 101.072 keV. Therefore, NEET should be occur

by the exchange of virtual photons between these transitions.
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Since 237Np has no long-lived isomer suitable for

residual radioactivity measurement, a radiochemical technigque

cannot be applied to the observation of NEET in 23_7Np.

Some attempts to detect NEET in 237

3,4)

Np have been made by
Otozai et el. with a ingenious technique of examining
the perturbed Np X-ray spectrum exhibited in the EC decay

237P

of u. As described in Introdution, no significant value

for NEET probability can be deduced from Fhe intensity ratio
of the satellite X-ray pairs owing to the poorer resolution

of the X-ray spectrometer used in the experiments. An upper
limit of 2 x. 107> was obtained for the NEET probability in

23740 by Shinohara et al..?

The improvement of the resolution
of spectrometer is essentiél to obtain a significant value
for the NEET probability, since other instrumeﬁtal techni@uesr
such as coincidence method are incapacity for pickiﬁg up the
signals relating to NEET selecﬁively.

This Chapter describes another attempt using a quite
different method to observe NEET in 237Np. A 237Np sample
was irradiated with photons to produce the K—holé in the
237Np atom. Nuclear excitation of the 103-keV level can be
observed by detecting one of deexcitation y-rays emitted
in the decay process of the 103-keVv nuclear level. As Fig.
3.1 shows, y-rays with energy of 60 keV are thé intensest
among them. Therefore, the 60-keV y-rays are aimed at to

detect in the course of irradiation of 237Np by photons.
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Fig. 3.1. NEET diagram for Np. The numerical values in
the brackets indicate the photon intensities per 100

. 5 .
disintegrations of the 103-keV level. )The intensest y-ray

at 60 keV was detected as an indication of NEET.
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2. Experimental

2.1. PREPARATION OF 237Np SAMPLE

237

The oxide of Np supplied by ORNL was radiochemically

238P 241 233

impure because it contained u, Am and Pa. -These

contaminants should be removed for the following reasons:

238

Pu,(tl/2 = 87.75 y) had its radiochemical concentration

about 150 times as high as 237Np, and therefore it was

quite dangerous in handling the 237Np sample; 241Am (¢

1/2 ~
433 y) decays to the 60-keV level in 237Np abundantly, and

hence emits the 60-keV y-rays which:are the y-ray aimed at

as an indication of NEET in 237

Np in this experiment; and,
233

237

Pa (¢ = 27.0 d), the daughter nuclide of Np and being

237

1/2

in radioactive equilibrium with Np, interferes the photon

spectrum since it emits various y-rays of high intensities.

From the reasons mentioned above, the 237Np sample was

purified repeatedly according to the scheme of Smith6)

7) 237Np

and
Fujiwara et al.. About 200 mg of powder of the
oxide was added to the mixed solution of the same volumes of
conc. HNO3 and conc. HCl. After bromine water was added,

the mixture was refluxed for 4 h to dissove the oxide of

237Np completely. Neptunium was then precipitated by adding
NH4OH._ The hydroxide of Np was dissolved in conc. HCl, and

Np was reduced with hydroxylamine hydrochloride. Neptunium
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was absorbed on the Dowex-1 anion exchange resin conditioned

with HCl1l, and the transplutonium elements such as 241Am

were washed out with conc. HCl. Plutonium was eluted by

conc. HCl including 10% of HI with NH,OH-HC1 being put on

2
the top of the column. Neptunium was then eluted by 5N HC1,

‘and precipitated on addition of NH4OH. The precipitate was
washed with water. As shown schematically in Fig. 3.2, this
purification procedure was.repeated for three times by using

new column and glassware in each case. The decontamintation

factor (DF) for 238Pu was determined by g—-spectrometry.

About 1 ul of the eluate was put on a Pt disk, and the disk
was assayed to g-spectrometry after it was flamed. In the

second run, the eluate was electrodeposited on a stainless

steel disk. Alpha-spectrum was taken with a Si surface
barrier type spectrometer connected with a 400-channel
analyser through standard electronics. The spectrum obtained

is shown in Fig. 3.3. The pulse-height was biased at 2 MeV.

Relative amounts for 238Pu and 237Np can be evaluated from

the peak areas appeared in the spectrum. The final DF

238

value for Pu was obtained to be 1300. This method is

241

inapplicable to the decision of DF for Am, since g-~rays

241

from Am (Ea = 5.486 and 5.234 MeV) are indistinguishable

238

from those of Pu (Ea = 5.499 and 5.457 MeV) in the spectrum

241

taken by this system. Therefore, DF for Am was determined

by another method as will be described later.
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PREPARATION OF 23/Np TARGET

Np oxide

be— HC1+HNO. +Br
+ 3
(Np4 ) - 2

! | ” 3 times

ANION EXCHANGER (HC1)
|

v
24]Am 238Pu e HF
N3 ‘IL
2370 (flouride) TARGET || SUPERNATANT
( 233, )
e— HC1+H.,BO
L 3 23t_
\L 1meS - .
ANION EXCHANGER (HC1)
v
2
Nd,0, ( am )y
L ) X 237
Fig. 3.2. Flow diagram for the preparation of the Np
241

target. Chemical procedure for determining the Am content

is also shown.
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Fig. 3.3. Alpha-spectrum of the eluate after the second purification

measured with a Si(Au) detector and a 400-ch MCA (biaéed at 2 Mev).
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After purification, the hydroxide of Np was dissolved

237

in conc. HCl. The fluoride of Np was precipitated by

addition of hydrofluoric acid, whereas the daughter atom

233Pa was left in the supernatant. The precipitate was

‘collected on a 7.4-—mg/cm2 thick Teflon filter, leaving

233 237

Pa in the filtrate. The Np fluoride, 2 cm2 in area,

"together with the filter, was placed between two O.9—mg/cm2

thick Mylar films, and sealed with epoky—resin adhesive.

This assembly containing 266 mg of 237

target. This weight of 237NpF4'

'237Np obtained by y-spectrometry (0.14 mCi = 5.18 MBq).

NpF4 was used as a
agrees with the radioactivity

of

By Y—spect:ometry using a Ge(Li) y-ray spectrometer and a

4000-channels multi-channel analyser (MCA), DF for 233Pa

was determined to be 1.7 x 104. -

For comparison purpose, a similar assembly containing

238UF 237

the same amount of 4 23S NpF

4
same manner. In 238U, NEET is not ekpected to occur,

was prepared in the

whereas the scattering of y-rays are quite analogous for

these two aséemblies.

After the measurement of NEET in 237Np had been done,

the 241Am'content in the 237Np target was measured by the

chemical isolation of'24lAm and y-spectrometry of the isolated

237Np target (fluoride) was dissolved in the

sample. The
mixed solution of the same volumes of saturated boric acid

solution and conc. hydrochloric acid. Neptunium was
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precipitated with NH4OH, and then dissolved in conc. HCI.
After 9.2 mg of the Nd carrier was added to the solution,

Np was absorbed on the Dowex-1 anion exchange resin célumn.
The solution passed through the column was purified by the
precipitation of the Nd hydroxide including 241Am, and then
dissolved- in conc. HCl. Neptunium was removed once more by
the Dowex-1l resin column. Ammonium oxalaﬁe was added to the
eluate, and then the Nd oxalate was precipitated by adjustment
of the solution to pH 2 with NH 4OH. The precipitate was
collected on a cellulose acetate filter, and reduced to the
oxide in a porcelain crucible by heating. The oxide of Nd
was collected on a filtef éﬁd assayed to y-spectrometry.
Chemical yield of the Nd cérrier was 79.5%. ?pe GO—keV y-ray
from 241Am was measured with a low-energy photoﬂ spectrometer,
as described in Section 2.3 of Chapter I. Intensity for the
y-ray was obtained to be 0.0618 + 0.0009 counts/s with the
spectrometer in the closest configuration. The efficiency

of this spectrometer for the 60-keV y-ray Was obtained from

a curve as shown in Fig. 1.6. The disintegration rate of

241Am was determined to be 93 + 1 pCi.

2.2. MEASUREMENT OF PHOTON SPECTRA OF 237Np AND 238U

237

The Np (fluoride) target was measured with a low-
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energy photon séectrometer system as.shown in Fig. 1l.6.
The spectrometer consists of a 16-mm diam. x 7-mm sensivive
depth hyperpure Ge crystal and a pfeamplifier cooled‘at the
liquid N, temperature. The entrance window is made of 0.13-mm
thick Be and the front contact is evaporated light metal;
thererore, the interfefing photons cénnot be produced in this
front end of the spectrometer. The MCA was replaced by a.
NAIG 4000-channel MCA.- The resolution of this system was
typically 390 eV for photons withrenergy 6f 60 keV at count
rate below 1500 counts/s..

The arrangement of the target, the spectrometer and a

57Co source is schematically shown in Fig. 3.4. The 4.7-mCi

57Co photon source for MSssbauer spectroscopy was placed

-

at a distance of 2 cm from the target. The detéctor was
placed at a distance of 15 cm from the 237Np target
perpendicularlyito the source-target axis. The Pb shield
was carefully placed not to enhance the inelastic scattering
of photons. Some parts of the surface of the Pb shields
were lined with brass plate in order to reduce the scattering

of photons. The measurements were made for three-types of

the combination of target and source:

i) 237Np target irradiated with the 57Co Y-rays,
ii) 237Np target Without the 57Co source,

and
iii) 238y, target irradiated with the 5700 y-rays.
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The purposes of the combinations of (ii) and (iii) are

to check the appearance of 60-keV peaks from the 237N

241

P
Am) without photon irradiation

and from the inelastic scattering of the 57Co &-rays,

target (mainly due to

respectively. The photon spectra taken with the spectrometer

are shown-in Figs. 3.5-3.7. The reason why ‘the 57Co photon

source was used in this experiment for NEET in 237

57

Np is

Co are probably most suitable

for ionization of the K-shells of the 237Np atoms, since

that the y-rays emitted from

they have energies of 122 and 136 keV which are slightly
higher than the K-binding energy of Np (119 keV). 1In addition,
rather intense 57Co sources are available as those for

M&ssbauer spectroscopy.

In this experiment, the self-absorption of photons in

the 237Np target is not insignificant since the target was

not so thin. This self-absorption was corrected including

the geometrical factor by the measurement of y-rays and

X-rays from 237Np. Those used for correction were the 29.373-,

46.53~-, 57.15~-, 86.503-, 106.12-~, 131.043-, 143.208-, 151.37-,

169.17-, 195.096-, 212.415-, and 238.04-keV y-rays from

237Np, the Pa Ka

233P

1 and qu X-rays, and the 75.28-keV y-rays

a. The peak areas were calculated with the aid of
8—11) |

from

the BOB75 y-spectra analyzing code

the literature?’llehe relative efficiency curve for photons

emitted from the 237Np target was then constructed as shown

, and compared with
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in Fig. 3.8. The lower energy part (< 106.12 keV) and the
higher energy part (> 106.12 keV) were fitted separately by
a biquadratic equation and a cubic‘equation as shown in Fig.
3.8 by a solid line;’,The relative efficiencies for photons
with energies of 60 and 101 keV were calculated by using
the fitted equation as €101 = 0.90 + 0.06 and €60 0.76 =

0.06 relative to €86 where €p is the efficiency for E-keV
photons emitted in the target. Therefore, one obtains
8101/660 = 1.2 * 0.1. The quoted error includes those of

the emission probability of y-rays and X-rays and of the

analysis of the measured peak areas.

2.3. ANALYSIS OF THE 60-keV PEAK

As is described in Section 1, NEET in 237Np can be
observed by the detection of the 59.5-keV y-ray emitted
in the decay of the 103-keV level which is excited by NEET.

In the region near 60 keV of the photon spectrum of 237Np

irradiated with the 57Co y-rays, no peaks were recognized
by the automatic peak-search routine of the BOB75 y-spectra

analyzing code, 8711

Consequently, that region was analyzed
separately in the following manner. The first and second
derivatives of the data points were obtained with the aid

of the smoothing routine of the BOB75 code. The second
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Fig. 3.8. Relative efficiency pof the spectrometer for photons

237

emitted in the Np target, including the self-absorption

in the target (886 = 1).
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derivative clearly indicates the presence of a peak at

59.5 keV with a width close to that expected. for singles
photopeak, as shown in Fig.- 3.9. The baseline counts'in the
peak‘region were interpolated by a éubic expreésion fitted

to the data points (908-920, 940-960 channels) outside the
full Qidth at one tenth of the presumed maximum of the peak
at 59.5 keV, where the width at one tenth.maximum was assumed
to be equal to halif of that at half maximpm. ' The reduced
Xz—value in this fit is 0.83 for 30 degrees of freedom, and

the obtained cubic equation (cl = =0.36996 x 108, c, = 0.1226

2
x 10°, ¢y = ~0.13560 x 103, and c, = 0.50014 x 1071) has

inflection pointsroutside the fitted and peak regions. The
remaining counts form a syﬁmetric distributioq'centered at
59.50 keVv, which is extfemely close to that of the y-ray of
237Np to be detected, 59.536 keV. The results are shown in
Figs. 3.5 and 3.10. Its full width at half maximum (FWHM)
is 7.94 channels, which is consistent with those of the
nearest neighbors (7.25 channels at 57.15 keV, and 7.98
channels at 86.50 keV) within a difference of 10%. From

these facts, it may be judged that the 60-keV y-ray of 237Np

was observed in the photon spectrum of 237

Np being irradiated
with the 57Co y-rays.
The peak area was obtained by summention of remained

counts in each channels in the 60-keV peak region after

subtraction of baseline counts. The result was 4701.1 +
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1002.1 counts for an accumulation time of 2.1 X 105 s,

and hence 0.0224 + (0.0048 counts/s,
The same procedure was-applied to the analysis of the

237Np and 238U'irradiated with the 57Co

photon spectra of
Y-rays. As shown in Figs. 3.6 .and 3.7, no peaks could be

extracted - in the vicinity of 60 keV for both cases.

2.4. INTERFERING COMPONENTS OF THE 60-keV PEAK

Interfering components of the 60-keV peék are considered

to arise from the following origins:

. i) 59.5-keV {—rays emitted from the 241

present in the 237Np target,

Am impurity

ii) sum-coincidence peaks appearing in the>vicinity of
60 keV, by summation of lower-energy photons,

iii) pulse pile-ups in the circuits of the spectrometer
system, and

iv) 59.5-keV y-rays following y-resonance absorption of

the 103- and 60-keV nuclear levels in 2> Np.

The alternative origin of the 60-keV y-ray is most

241Am that may have remained in the 237Np target

owing to insufficient removal of that element. The 241Am

probably

content was assayed efficiently by y-spectrometry after the

241

chemical isolation of Am with the Nd carrier from the
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target, as already described in Section 2.1.

In the decay of 237

Np, sum peaks may appear at 59.82
and 59.65 keV if the 46.43-keV y-ray is added to the Pa La,
and Ly, X-rays emitted in a cascade transition, respectively.
The intensity ratio of the sum peaks to the original y-ray
peaks could be determined by examining the photon spectrum

237Np without the 57Co source. Although this interfering

of
component was found to be negligible from the experiment,

a more acculate estimate was made from.the nuclear data given
in ref. 5. The ratio was obtained to be less than 1 x 10 2.
| There is a possibility.that pulse pile-up generates |

broad pseudopeaks at positions near 6b keV. Pulse pile-up
is considered to be proporﬁional to the produq?rof the count

rates of independent pulses. The count rate of pile-up is

~given by
N = f’Nl'Nz (3.1)

where Nq and N, are the count rates of independent pulses
and y is a proportionality constant corresponding to the
resolving time of the spectrometer. The value of f was

determined from the experiment using the 122- and 136-keV

57 241

y-rays from Co and the 60-keV y-ray from Am for the

spectrometer used in this study. By use of f = 10—5—6,

an upper limit of 1 x 10“5 counts/s was obtained for this
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interféring component.

The 60-keV Y-rays may be emitted as a result of y-
resonance absorption by the 60- and 103-keV levels in 237Np.
There,is a gquite small possibility that the inelastically
scattered photons are in resonance with these nuclear levels.
In the estimate of this interfering component, an extreme
case was considered such that all photons emitted from the
57Co source distrubute in one-keV interval around the resonant

energy. The emission rate of the 60-keV y-rays following

Y-resonance ‘absorption is expressed by

(3.2)

I = NY(Er)-n-fc(E)dE°B'G-€6O ,

P

where NY(Er) is the incident rate of photons wiﬁh energy
at resonance, n is the number of 237Np atoms, B is the
factor including the branching ratio to the 60-keV level and
the emission probability in the decay of the 60-keV level

60 *S
the efficiency of the spectfometer for the 60-keV y-rays.

for the 60-keV y-rays, G is the geometric factor and €
The integral of ¢ over E is given by
Joyae = \/aygr g, (3.3)

where FO is the radiative width of the resonant nuclear level.

and A =_hc/Er. This is included in egs. (1.17) and (2.6).
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By using the nuclear data of the 60- and 103-keV levels in

237Np [ref.5], G = 6.67 X 1074 (at a distance of 15 cm in
this case), n = 2.52 x 10°%- em™2 and ¥ (60) = m,(103) = 1.6
x 107 keV—l-s_l, one obtains I = 1.4 x 107° counts/s for the

6

60-keV-level excitation and 2.2 X 10 ° counts/s for the

103-keV-level excitation. As a result, one can consider
this interfering component contributes much less than 4 X

1070 counts/s.

2.5. EVALUATION OF THE FLUORESCENCE Np Ko, X-RAY INTENSITY

1

237

The formation rate of the K-hole in the Np atom is

obtained from the measurement of the fluorescence Np K X-rays

emitted in the cource of the irradiation of the 23-7Np target

57

with the ~'Co source. BAmong the Np K X-rays, the Ko

1 peak was

selected to be analyzed, since the Ka2 X-ray lies between

the U and Pa Kal X-rays emitted respectively in the decays

233 237N

of Pa and p. The peak area of the Np Kdl X-ray was

calculated by the BOB75 code® 1)

237 57

from the photon spectum

of Np with Co taken simultaneously with the 60-keV y-ray.
The conditions of the peak fitting were: skewness factor =
0.94, tail—to-peak ratio = 0.005, tail-to-peak separation =
10.3589 channels and FWHM = 9.7458 channels. The degree of

fitting was 0.17027 x 10—4, and the peak area obtained was
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4

4912771 * 2584 counts for an accumulation time of 3 x 10" s,

and hence the count rate of the Np Kal X-ray was evaluated

to be 163.76 * 0.09 counts/s.
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3. Results

The estimated intensities for interfering components
of various origins, as described in Section 2.4, and the

observed intensity for the 60-keV peak in the spectrum

237 57

of Np with Co are summarized in Table 3.1. As is evident

from the table, the 60-keV peak cannot beiexplained except

237

by NEET in Np following K-shell photoionization. The

observed 60-keV peak can be ascribed fully to the nuclear

excitation of the 103-keV level in 237

K-shell ionization by the 57Co Y-rays.

Np by NEET following

The count rate for the 60-keV y-ray following NEET is

expressed by

. = n-0K~Ny-P°B'e (3.4)

237

where # is the number of Np atoms, o, is the K-shell

K
ionization éross section for Np by incident photons, NY is
the incident rate of photons, p is the NEET probability for
excitation of the 103-keV level per K-hole created in the
237Np atom, p is the branching ratio of the 103-keV level to
the 60—kerlevel times the emission probability for the
60-keV y-ray per disintegration of the 60-keV level, and

€eo is the counting efficiency of the spectrometer for the

60-keV photons. In a quite similar way, the count rate for
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Table 3.1. Comparison of the estimated intensities for
interfering components of various origin and the observed

intensity for the 60-keV peak in the spectrum obtained with
237 57

a combination of Np and Co.

. . =1
Origin » Count rate (s ™)
Gamma-rays from 241Am (4.2 + 0.5) x 10—4
Sum coincidence 1.3 x 10—4
Pulse pile-up A <1 x 107>
Gamma-rays following

Y-resonance absorption <4 x 107°
Observed (2.2 + 0.5) x 1072
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the Np Ka, X-ray is expressed by

1

CKal = n-cK-yY-mK[rR(KL3)/FR(K)]elOl, (3.5)

K

is the radiative widtﬁ of the KL3 electronic transition in

Np, and PR(K) is the total radiative width of the K shell in

where o, is the fluorescence yield for the Np K-shell, FR(KL3)

Np. By combining eq. (3.4) and (3.5), one can obtain the

following relation for P:

_ % €101 Yk Tri¥ey)
cKal € B PR(K)

(3.6)
60

where PR(Kal) is the natural width of the Np Ko line and

1
equal to FR(KL3). Therefore, P can be determined from a

237Np irradiated with the 57Co

237

the incident rate of ionizing photons and the K-shell-

singles photon spectrum of
-y-rays independent of the number of the Np aﬁoms,_
ionization cross-section data. The ratio 5101/560 was
determined experimentally as 1.2 + 0.1, as described in

" Section 2.2. Therefore, (Cy/chl)(elol/SGO) was obtained
to be (1.6 + 0.4) x 10_4. The other values were taken from
the literature as yy = 0.971 + 0.003 [ref. 13], B ='0.35 &
0.02 [ref. 5], and PR(KaI)/ IR(K) = 0.476 [ref. 14].

The lastest value is the result of the theoretical calculation

.
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and is stated that the uncertainty is about 10%; therefore,
the error was assumed to be 10% of the quoted value. The
NEET probability was then obtained as |

P = (2.1 & 0.6) x 1074,
This is consistent with an upper limit of 4 X 10~3 obtained
by Shinohara et al. from the measurement of the Kal satellite

pairs emitted in the decay of 237Pu.4)

- 141 -



4. Discussion

The result obtained for the 60-keV peak area was

considered statistically by Shinoharals)

16)

according to the
definitions propbsed by Currie. Three'specific levels:
(1) a decision limit, (2) a detection limit, and (3) a
determinataion limit were introduced by Currie for the
statistical statements of the experimental.results in

16)

analytical and nuclear chemistry.” It was found that the

peak area obtained from the‘spectrum could satisfy the
conditions for level (2).15) Therefore, the result can be
stated to be detected qualitatively, althoqgh it is
insufficiently précise to yield a satisfactory_quéntitative_
estimate.

If it is permitted to consider that the result is
quantitatively significant, some NEET parameters can be
deduced readily from P obtained in this experiment.

The Coulomb interaction energy between the nucleus and

orbital electron, E', is approximately related to P in this

case as

' = - || YP/TT + T(L3)/T(R)] ~ (3.7)

where P(L3) and T'(K) are the total widths of the L., subshell

3
and K shell, respectively. The ratio F(L3)/F(K) can be
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evaluated as
T (L) /T(K) = [Tp(Ly)/To(K)]+ (0 /ug), (3.8)

where FR(L3) and- w., are the total radiative width and the

3
fluorescence yield of the L3 subshell, respectively. The
value of Ip(Ly)/T(K) is calculated to be 3.93 x 1072 by

14)

Scofield, and that of w

17)

3 is presented to be 0.484 by Fink

and Rao. The value of E' was then determined experimentally
as E' = =26 * 4 eV. |
A theoretical estimate for E' is given by eq. (10).
With 2 = 1,4= 237, Z = 93 and 7 = 1.5, E' was evaluated to
be -2.54 f keV. By comparing it with the experimental value,

-5 -
as a reasonable value.

one obtains f = 10
The mixing angle 6 defined in eq. (4) was calculated
by eq. (6) as

cosfsing = tang = E'/A = -26/(-1.88 x'1o3) = 1.4 x 10’2.

The energy shift of the levels was evaluated by eq. (8)

as

§ = E'2/A = 0.36 eV.

These results for 237Np are compared with those for
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18955 reevaluated in Chapter II in Table 3.2. The reason

189

why NEET in Os could be observed more precisely in spite

of the smaller P value is due to the experimental technique

used on l8903. Indirect measurement using the residual

radioactivity can achieve the excellent signal-to-noise
ratio as compared with direct one.

‘The small f-value obtained as above is qualitatively
understandable by the fact that the ratesAof the low-lying

El transitions in odd-4 nuclei of the actinide region are

4-5

retarded by a factor of 10 with respect to those calculated

8)

by the Weisskopf single-proton formula.l The NEET

probability is proportional to the square of f , and hence

should be retarded by four orders of magnitude from that

obtained when f = 1. This is expected from eq. (9), since

the term < er > in éq.A(9) describes the off-diagonal

matrix elements for the nucleus and therefore the sqguare

2
N

transition. The retardation of nuclear transition of low-

|< » >|2 is proportional to the probability of nuclear

energy El in the actinide elements is due to the violation
of the conservatioﬁ law of the asymptotic quantum numbers.181
These quantum numbers are not quite good ones, and hence
retard the transition pfobability instead of inhibiting the
transition. _Therefofe, the NEET probability obtained for
237Np can be considered to reflect the character of the

nuclear transition involved quite faithfully.
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189

Table 3.2. Comparison of the NEET parameters for Os and
237,

189, _ 237y,
tromoition (n) KM, KoMg KoM KoL
traneition () 3/2- = 5/2- 3> 3
E,/keV 71.840 71.911 70.822 101.072
Ey/keV 69.52 102.95
A/kev +2.32 +2.39 +1.30 ~1.88
Common ' -
multipolarity E2 (M1) E2 M1 El
2 7.4x107%  6.6x107°  1.5x107%  2.1x107*
tand —2.6x10"% -2.5x107% -1.0x107% 1.4x1072
E'/ev ~0.60 ~0.60 ~0.13 ~26
§/ev 1.6x107%  1.5x107%  1.3x107°  0.36
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5. Conclusion

Nuclear excitation by ‘electron transition in 237Np,

18905, was successfully observed in the singles

237Np irradiated with the 57Co Y-rays.

237

subsequent to
photon spectrum of

The value  of P obtained for Np is much larger than that

18905 as expected from the fact that NEET proceeds by

189

for

Os. . The result is'

consistent with the upper limit obtained in the 237Pu

£l in 237Np and by E2 (and M1) in
experiment. The small f-value is understandable by the

well-established character of the nuclear transition involved

in NEET.
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CONCLUDING REMARKS

Nuclear excitation by electron transition was first
considered to occur as a result of the accidentally near

degeneracy of a nuclear and an electron-hole states by

1)

Morita. . Experimental evidence for the existence of NEET

was first obtained by Otozai et al.z) on 189Os-and the

quantitative study was repeated by the same authors.3)

189

Complementary studies on NEET in Os were made to check

a competihg mechanism, Coulomb excitation by electron,
appeared in the experiment using the electron projectiles,B)

18905 can be achieved by photo-

and to verify that NEET in
ionization of the K—sheils. These studies are describéd in
Chapter I'[ref. 4] and Chapter II. NEET was also observéd

in 237Np as described in Chapter III [ref. 5]. It was found
that NEET is a extremely minor deexcitation mode as compared
‘with the emissions of X-rays and Auger electrons. Other
candidates which satisfy the NEET conditions can be found

by comparing the transiﬁion energies of the nuqleus>and
electron systémuand thei; multipolarity. This is illustrated

in Fig. Cl. Excited levels of stable and long-lived B-stable

nuclei are shown together with the binding energies of
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Fig. Cl. Excited levels of stable and long-lived B-stable
nuclei and the binding energies of electron and muon.

The NEET levels are shown by the solid circles.
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electron and muon. Nuclear levels which can be excited by
NEET are shown by the solid circles. As is evident from

Fig. Cl, there exist a quite small number of candidates

235

for NEET. The isomer production in U by the TEA co,

laser beams was interpreted in terms of NEET in 235ﬂ;6)

nevertheless, the values for the NEET parameters could not

be deduced. Therefore, further extensive studies on NEET

235

are expected including U. There is a poSsibility that

the nuclear transitions in unstable nuclei may coincide
nearly with those of the electronic transitions. In such
circumstances, NEET should play more important role in the

decaying modes of atoms and nuclei than those observed in

1890s and 237N

-

p. This may be realized in the heavy element

region.
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