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Climbers

Moments of time

May be mountains,

Leaning up the long slant of day,
An arduous climb,

And rougher still

The steeper slopes of night,.
There are other mountain climbers
Than mountain climbers;

Other summits than beaks.
Sometimes

Even to rise from sleep

Is Everest.

Charles Lee
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ABSTRACT

The decays of Np238 and Pa233 were studied by means of .high-
resolution spectroscopic instruments. The proposed decay schemes were
tested by comparing the experimental data with predictions of the Bohr-
Mottelson Theory of Deformed Nuclei, Previously unreported transitions
were observed and some of these were used to assign new levels in the

238

and U233. Gamma -gamma coincidence techniques

were used to study the electron-capture decay of CmZAl. The decay

daughter nuclei, Pu

scheme is discussed in the light of data obtained.

An accelerating permanent-magnet electron spectrograph for the
detection of low-energy electrons was constructed. The instrument can
be used as either a pfe- or postaccelerating spectrograph, The equip-

233

ment was used to study the low-energy electron spectrum of Pa .
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Part One
NUCLEAR  SPECTROSCOPIC STUDIES IN THE HEAVIEST ELEMENT REGION

I. INTRODUCTION

Within the last decade great advances have been made toward the
understanding of nuelear structure. A large amount of experimental data
has been accumulated in the fields of high=-energy nuclear physics,
nuclear reactions, and nuclear spectroscopy, and much of this information
has been correlated and at least partially explained by theory. Some of
the largest strides of this nature have been made in nuclear spectroscopy,
a field wherein two theories of nuclear structure have met with remarkable
success. (It is certainly unnecessary to do more than mention the nuclear
shell model.of Mayer;l and Haxel, Jensen, and Suess:,2 and the collective
model of Bohr and Mottelson.)3’™ '

Because of the great success of the collective model in explain-
ing the dynamical aspects of deformed nuclei, the heaviest element region
has become to the spectroscopist a frultful area of investigation, and
much work has already been accomplished in this region. As the theoreti-
cal treatments have become more refined it has become increagingly im-
portant that the experimentalist obtain correspondingly detailed informa-
tion about nuclear decay schemes which may serve as a test of the theory
and thus lead to better understanding.

Because deformed nucleil possess rotational, vibrational, and
intrinsic modes of excitation, spectroscopic studies in the regions of
deformation attempt to discern the natures of the observed studies and
to classify them with appropriéte quantum numbers. To -this end such data
as energy spacings, transition multipolarities, relative transition pro-

babilities, and transition rates are required.
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This study has been undertaken to obtain information about the
decay schemes of some heaviest element nuclei and to analyze these datsa
for the above purposes, The technigues employed and the analysis under-
taken are typical of those used in the fiels of nuclear spectroscopy.

For this reason it 1s felt unnecessary to pfesent a detailed general
discussion of such topics as the application of the Bohr-Mottelson theory
to the heavy element region. For a general reference of this nature a

report by Hyde is recommended.5

L6
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II, EXPERIMENTAL TECHNIQUES

A. Instruments

The -instruments used in this study have all been described in
previous publications; therefore only a brief description will be given

and references cited.

1. Permanent-Magnet Spectrographs
Permanent magnet spectrographs6 with field strengths of 52, 99,

160, 216, and 350 gaués were used for the detection of conversion
electrons. These spectrographs have a resolution of ~0.1% and a trans=

mission of the order 0.1% to 0.01%.

2. Accelerating Spectrograph

A permanent-magnet ‘preaccelerating spectrograph was used to study
the low-energy electron spectrum of Pa233. This instrument is described

in Part Two of this dissertation.

3. Double-Fbcusing Spectrometer

Conversion electrons and continuous beta spectra were measured by
means of a double-focusing spectrometer7 of 0.3% resolution and 0,1%
transmission, A VYINS film of ~ 100 pg/cm2 thickness was used as the

counter window.

4, Bent-Crystal Spectrometer

The DuMond transmission-type bent-crystal spectrometer. Mark i8

(located at the California Institute of Technology, Pasadena, Californis)

2 of the energy and Intensities of

was used for precision measurements
gamma, rays resulting from ﬁhe decay of Pa233. This Instrument measures
the wave length of gamma rays by means of direct crystalline diffraction
in a bent quartz crystal. A thallium-activated sodium iodide crystal
serves as the primary detector. Two different detector arrangements
were used. The initial experiment employed a 3-inch-dismeter by 2-inch
cylindrical sodium lodide crystal connected to a single-channel pﬁlse-

height analyzer with chart recorder. Later, a 5-inch-diameter by 3-inch
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long cylindrical sodium iodide cyrstal was used with the single«channel
analyzer for energy determinations and with a 100-channel Penco Gamma .
Analyzer for intensity measurements. The pulse-height analyzers were
used to reduce the background counting rate by distinguishing those
pulses arising from radiations whose energies differed from that of the
photons being focused on the detector by the bent quartz crystal.

The instrument is such that the width at half maximum of the
recorded peak (AN) is constant over the wave length range; A\ is of the
order of 0.28 x-unit. The resolution, defined as Ax/x, varies with A
(and hence with energy). The resolution is of order 0.2% at 100 kev and
0.9% at 40O kev. The transmission is approximately the solid angle sub-

tended by an 0,008-inch source at 2 meters,

5. Lens Spectrometer
A thick-lens solenoidal-type sPectrometerlo with 2% resolution

and 2% transmission was used for certain phases of the work,

6. Penco Gamma Analyzer

‘A 100~-channel pulse-height gamma analyzerll with a 3 x 3=inch
thallium-activated sodium iodide crystal was used for the detection of
gemme. rays. The resolution was &% at 560 kev and 10% at 280 kev,

7. Gamma-Gamma Coincidence Apparatus

A fast-slow type of coincidence apparatus was used in the study
of the decay of szbrla Thallium-activated sodium lodide crystals (1-1/2
x l-inch) were the detectors, and the data were recorded by a 50-channel
pulse~height analyzer. A block diagram of the apparatus is given by

'Pilger.lz

B, Intensity Measurements

The relative intensities of the conversion lines recorded photo-
graphically by the permanent-magnet spectrographs were obtained by two

different means -~ densitometer tracings and visual estimates, A Dietart

ARL Recording Densitometerl3 was used to trace the photographic plates,

C
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and these tracings were analyzed by the method of Mladjenovic and Slatis}ﬁ

Standard sources had previously becn used at this laboratory to determine
the relation between the exposure and photographic darkening for the film
used, which was Kodak no-screen x-ray emulsion (25u) on glass backing.

In some instances the ratio of background to line intensity was
too high to permit an accurate analysis by means of densitometry. In
these cases relative intensities were obtalined from visual comparisons cf
platesvexposed'for different periods of time. Two photographic plates
differiﬁg in exposure by a known factor were placed one on top of the
other with emulsions touching, and were viewed over a diffuse source of
light.  Two lines that were to be analyzed were lined up beside each other
and their relative intensities compared. If, under these conditions, the
intensities of tﬁe lines appeared to be equal, then the absolute intensi-
‘ties of the lines were assumed to differ by the same factor aé»the ex-
posures. By superimposing the plates in this manner one hopes to cancel
differences in the backgrounds of the plates, because both lines are
viewed through the same background. This method proved so useful that a
set of standard-intensity plates was prepared by making several exposures
of/a”Paz33 source, the exposure time varying from 2 to 80 hours, In those
cases in which comparison could .be made the agreement between intensities
obtained by densitometfy and visual estimates was good to within 10%. In
all cases corrections were made for instrument geometry (by multiplying by
the radiuvs of curvature of the electron pathlu) and for film efficiency,
"The relationship'between £film efficiency and energy 1s discussed in Part

Two,

C. Source Production and Chemistgl

1. Neptunium-238
5 .
The Np 38vspectrograph samples were prepared by ilrradiating
X L00-pg -quantitics of Npa37 in the Materials Testing Reactor, Arco,

Idaho, Capsules prepared by heat-sealing both ends of 1-1/2-inch pleces '
of 6-mm quartz tubing held the target material. After one end of the
tubing had been sealed, the Np237, dissolved in a drop of hydrochloric
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acid, was introduced and centrifuged to the bottom the acid was evépor
rated, then the tube baked dry and the other end sealed. An irradiation
time of 5 hr at a flux of 2 x lOlu neutrons/cmz/sec was chosen in order
to obtain a large ratio of Np238 to Np239 activity.
The following chemistry, similar to that described by Gibson,'15

was used for purifying the sample:

(a) The sample was dissolved in concentrated HCl containing a small
amount of concentrated HNO3.

(b) Approximately 3-mg quantities of carriers were added:s Zr(IV) to
carry the neptunium, and Ba, Sr, Cd, and La as hold-back carriers.

(e) Fe'™ was added and the solution warmed to reduce the neptunium
to the (IV) state.

(d) The Np(IV) was carried on Zr3(P04)h precipitated by the addition
of concentrated H3P04.

(e) The Zr3(P04)h‘precipitate was dissolved in 1 M:HNO3, 4L M HF, and
lanthanum carried added to precipitate LaF_ which carried the Np.

3
(f) LaF. was dissolved in an H_BO_-HNO., solution and La(OH)3 pre=

cipitated by3the addition of NHAOH.3 ’ ’

(g) 'The La(OH)3 was dissolved in concentrated HCl and passed through
a Dowex A-l column (6 em X 3 mm), The La passed through and the Np was
adsorbed, '

(h) The Np was eluted with 1 M HCI.

The TTA (thenoyltrifluoracetone) extraction used by Gibson was
replaced by the anion column, because of difficulties encountered in back-
extracting the neptunium from the TTA, The anion column is not as selective
as the TTA, and would not have removed any Zr(IV) or Fe(III,II) that might
have reached the final step.

Anva238 sample was also prepared for measuring the spin of Np238
by the atomic beam technique. The spin measurement was performed in co-
operation with Richard Marrus and Jack Hubbs. The sample was made by
neutron irradiation of a mixture of 3 mg of Np237 and 10 mg of U238 oxides
for 72 hr at a flux of 2 x lO13 neutrons/cm?/sec. The target was prepared
by coprecipitating neptunium and uranium hydroxides by the addition of
NHhoH to a HCl solution of the metals. The hydroxides were converted to
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the oxides by heating. The U238 was added to serve as a Carfiér for the
small quantity of Np237.

Following the irradiation no purification chemistry was performed.
The oxides were mixed with an excess of graphite powder, which served to
reduce the oxide to the metal, and placed in the oven of the atomic beam

epparatus.

2. Protactinium-233
Production of Pa233 was accomplished by neutron irradiation of

0.5- to 1.0-g quantities of Th232 metal foil in the Materials Testing
Reactor. The foil was sealed in quartz capsuls and irradiated for 24 to
72 hr at a flux of 2 x ]_Oll‘L neutrons/cmz/sec.

The chemistry performed was similar to that reported by Hill.
The Th232 was dissolved in 10 M HCl and # O.1 M HF and the sample passed

through a Dowex A~1 column after the fluoride had been complexed by means

16

of H3BO3. The protactinium was eluted with 3 M HC1l, extracted from 6.9 M
HC1l into di-lsoptopyl ketone, and back-extracted into 2 M HCl. Again the -
protactinium was adsorbed onto a Dowex A-1 column from 10 M HC1 and pos-
sible zirconium impurities eluted with 6.0 M HC1, The protactinium was
then eluted in 9.0 M HCl and 0.1 M HF.

One Pa.z33 sample for the bent-crystal spectrometer was preparéd
by irrsdisting 3.5 mg of ThO, in a 0.008~inch quartz capillary in the
lattice position of the MTR (flux ¥ 3 x lOl)+ neutrons/cmz/sec) for 2
months, No chemistry was performed on this sample; the ThO2 capillary

served as the spectrometer source,

3. Curium-241 R

Bombardment of 80 mg of Pu?3? with 48-Mev alpha particles in the
60-inch Crocker cyclotron produced szhl by reaction Pu239(a,2n)Cm2hl.
The plutonium was bombarded in the form of the fluoride, which was slur-
ried into a platinum "boat" and baked dry.

The chemistry used has been described by Glass.l7

The sample was

dissolved by digesting in hot agua regia. The bulk of the Pu239 was re-

moved from the sample by adsorbing it on a large Dowex A-1 column.,
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Partial purification of the sample was achleved by coprecipitation with
LaF3. The fluoride was dissolved in borate and a,La(OH)3 coprecipitation
performed. The La(OH)3 was then dissolved in HC1l and the actinides were
separated from the lanthanides on an alcoholic-HCl column with. an eluting
agent of 80% concentrated HCL and 20% absolute alcohol. The resin used
was a colloidal Dowex-50 resin, Final separation of the curium from other
actinides was obtained on a Dowex-50 cation column (5 cm x 2 mm) with an

elution agent of 0.4 M ammonium alpha-hydroxyisobutyrate (pH k.k4).
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IIT. DECAY-SCIEME STUDIES

A. Neptunium-238

1., Introduction
238
The levels of Pu
decaylg’zo of Cmgyz and the decayZl-?5 of Np238. The alpha decay of
sz42 leads to a well-defined ground-state rotational band, a state of
.26

505 kev which has been assigned19 as (1-, 0),” and two states of 937
238

- .18 ‘
have been studied previously  from the

kev and 1030 kev, The high-energy states of Pu are populated by
only a very small fraction of the total alpha decay, and (selection
rules permitting) are studied more easily through the beta decay of
Np238

and by Baranov and Shlyagin25 have defined levels at about 988, 1030, and

21,22

The spectroscopic studies of this nuclide by Rasmussen et al.

1076 kev; these levels are of theoretical interest because of their

18,22

tentative iﬁterpretation as vibrational states. _

Certain features of the decay scheme suggested further experi-
mental work:; In the earlier studies, the two prominent transitions of
about 1030 kev energy had never been completely resolved and the transi-
tion between the (2+, 2) and (4+, O) states had not been reported; there-
fore, it had not been possible to make a complete comparison of the ex-
perimental transition intensities with those predicted by theory. In
addition, the tentative assignments of vibrational levels in this nucleus
offered the hope of finding additional data concerning this mode of ex-

citation.

2, BSource Preparation

The sample was electroplated onto a 0,010-in, -diameter platinum ‘

wire from a solution of ammonium oxala_te,z7 and the conversion-electron
spectrum studied on permanent-magnet spectrographs with field strengths

of 52, 99, and 350 gauss.

3. Experimental Results

The experimental results are summarized in Table I. The reported

trensition energies (EY)-are weilghted averages of the results of several



Table I

Np238.donverSion~Electroﬁ.Data
~Electron " Con- Transition =~ Selected ; Abundan@es per Relative
' energy version 3energya transition. 100 beta disintegrations intensities _
(kev) shell (kev) energyP- Freedman Sl18tis_. Rasmussen Baranov and This
: (kev) et al.© et al.® et al.® Shlyaginf work
21.76 Lp - Mol - 38 28.7  --- 23.1 ---
25.96  Lirp 4h.02 20 21.0  --- 2l.1 ---
38. 4k MII .. 4k, 00 1k -— -—- 11.6 ——-
39.40 M11 43.96 - ~=- - 5.72 -——-
42.58 Nip 43.96 -—-- 15.2 _— 3.71 ——
. h2.84 NIII | 43.97 3.2 —— —-——- -—- ——
Crh3LTL 0 ~hh.0 - : - —— - -— -—-
| © (u.11)P
79.52 L 101.8 . 1.9 1.4 --- 1.21 ---
83.74 Lo 101.8 --- 0.9 --- 0.6k ———
96:20 MII 101.8 - 1.2 0.7 -—- 0.40 ——-
97.17 MIII 101.7 - -—— -— : 0336” -
*100.3 N, | 101.7 - ——- -— -—— -
3101. 4 0 101.7 _ ——— -—- - —-— -—
_ 101.7
96.79 L 119.9 : -—- R --- -—-
113.9 MI - 119.8 ——— -——- ——— --- -
118.1 NI 119.7 --- - - --- —--

119.8

-ST-



Table I (continued)

Blectron Con- Transition Selected Abundances per Relative

energy version energy® transition 100 beta disintegrations intensities®

(kev) shell (kev) energy® =  TFreedman S18tis  Rasmussen Baranov and  This
- : (kev) et al.¢ et al.d et al.® Shlyaginf work
99.22 K 221.0 221.0 - -—- — _—— 0.09
170.8 K 292.6 292.6 -— .e- - - - (72)

748.8 K 870.6 870.6 - - -— -—— <0.0L
762.8 K 88k.6 88k4.6 --- -—-- -— -—- 0.014
803.6 K 925.4 925.4 --- 0.05 0.0k --- 0.03%4
818.8 K 940.6 - 0.10  0.07 0.09 0.072
917.9 Lp,Lp;  9%.2 - 0.06  --- - 0.021
93k MM 9%0.0 - - - - 0.0075 é;

ouo. 4 1
821.3 K 943.1 943.1 —— - —-- - 0.0093
864.0 K 985.8 0.3 0.26  0.20 0.20 0.20.
963.1 LsLog 985. 4 -—- 0.13 0.06 0.06 0.059
967.8 L1 985.9 - --- --- - 0.010
980.2 MI,MII 985.8 - - -— -—— 0.020
985.3 N ~086 - - -—— —— 0.0090
985.7 |

867.3 K 989.1 989.1 --- --- --- --- - 0.012
905.6 X 1027.4 | 0.3 0.22%  o0.20% 0.16F 0.048

1005.1 LpsLog 1027. 4 ' - 0.08 0.04 0.03 0.018

1021.7 M ~1027 -— 0.06 0.02 -—- _ extremely

weak
1027.k :



Table I *{continued)

~Elecgron Con- Transition Selected - Abundances per Reiative
energy version energya transition 100 beta disintegrations intensities®
(kev) .shell (kev) energy® Freedman S18tis_ Rasmussen Baranov and  This
(kev) et al. et al.9 et al.® . Shiyagin work
908.1 K 1029.9 .- -——— C e-- 0.08 0.15
1007.3 Ll 1029.6 o --- -—- -— 0.03 '0.039
1024.8 M ~1030 - —— ——- ——— 0.011
\ 1029.9
912.1 K 1033.8 1033.8 - - _— . <0.01
973.5 K 1095.3 1095.3 ——- ——- R - | 7

(a) Electron binding energies were taken from Hill, Church, and Mihelich, Revs. Sci. Instr. 23,
523 (1952). o

(b) The selected values are weighted averages of the exper imental values.
(c) Reference 23.
(4) Reference 24
(e) Reference 21
(f) Reference 25

(g) For purposes of comparison, the relative intensities from Baranov and Shlyagin and from the
work reported here were normalized to Rasmussen's value of 0.20 for the K line of the 985-kev
transition. In the last column question marks indicate uncertainty as to the actual existence
of the lines.

(h) The weighted average is 44.00. The value 44.11 had been reported previously by Smith and
Hollander (Reference 20) and is considered more accurate.

(i) The intensities listed for the 1027-kev transition by Freedman, S18tis, and Rasmussen include
those of the unresolved 1030-kev transition. The division of intensities by Baranov and
Shlyagin between 1027 and 1030 is reported as only approximate.

"gI'
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exposures. Since no internal standard was used, absolute errors are not
given; however, except for very weak lines the relative precision of the
energies should be ® 0,1%, The value L4k, 11 kev listed in parentheses has
been used in the decay scheme instead of the value 44,00 kev obtained in
this experiment, because the former value was obtainedzo with use of
several internal sfandards, and is considered the more accurate.

The more certain features of the decay scheme are shown in Fig.
la. Thils scheme is similar to those given by Rasmussen et alazz_and by
Baranov and Shlyagin,25 with small differences in the energies of some
of the states. Figure lb shows the levels of Pu238 populated by the
alpha decay of sznz,19

The transition intensities shown in Fig. la are those deduced
from a consideration of the relative intensities of the conversion elec-
trons together with previous information on the beta-decay branchings;
these data are discussed below, The relative conversion-electron intensi-
ties listed in Table I are the results of six determinations made by the
visual comparison method (Section II.B). For purposes of comparison the
intensities are normalized to a value of 0.20 for the K line of the
985.7-:kev transition. They are probably accurate to about 25% for the
stronger lines and to a factor of 2 for the weaker lines, Intensities
reported by the other investigators are also listed for comparison. Note
that the relative intensities reported in this work for components of the
R 1030-kev doublet, which are completely resolved, disagree with the

2
> Baranov and Shlyagin report that the

results of Baranov and Shlyagin,
lower-energy (1027-kev) component is more intense than the higher-energy
(lO30=kev) component, whereas this work shows the opposite result. The

other investigators reported a composite intensity without attempting to

divide it between the two transitions.

4, Branching-Ratio Comparisons

From the experimental K-conversion coefficients measured by

zl,ez and by Baranov and Shlyagin,25 it is fairly certain

Rasmussen et al.
that the 1030- and 986-kev transitions are predominantly electric quad-

rupole. It is not unreasonable to assume that the 925=kev transition is
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also electric quadrupole, with the possibility of some magnetic dipole
admi_xture.Zl’22 _ o
On the assumption that all transitions depopulating the (2+, 2)
and (3+,.2) states are electric guadrupole, the experimental relative
reduced photon»transition probabilities have been calculated from the
observed K-electron intensities by dividing by the theoretical E2 K-
conversion coefficients28 and correcting for the fifth-power energy
dependence, The experimental and theoretical intensities are compared
in Table II, These data tend to support the assignment made by
Rasmussen et a.l,22 of K = 2 as the major K value of the upper band, but
because of the relatively poor agreement of experimental and theoretical
branching ratios, admixtures of other K values cannot be ruled out, It
.1s interesting to note that WNathan reports an experimental value of

B (3 -2) for the depopulation of the (3+, 2) level

B (3 —945
That this value is nearly the same as our value of 1.0 for

1,3 for the ratio
in,Dyl6O. 29

the analogous transition in Pu238 may be coincidental or may indicate a
systematic deviation, perhaps arising from admixtures of M1 radiation,
g—%%—fiﬁ% for K = 2 is 2.5. If the 1027-kev
tranvition were pure E2 and the 925-kev transition had a ho% admixture

of M1 radiation, then the experimental branching ratio iggg—ffgg-would

The theoretical value of

be 2.5, in agreement with the theoretical value., There are no experi-
mental data that rule out the possibility of 40% M1l admixture in the
925-kev transition,

5. 'Discussion of OtherTransitions

In addition to those considered above, a number of other--mostly
much weaker--conversion lines were observed (Table I). If only one
conversion line of a transition was seen, it was assigned as a K line,
Of the transitions to be discussed here (at 119.8, 221.0, 292.6, 870.6,
9Lko. 4, 943.1, 989.1, 1033.8, and 1095.3 kev) only the one of 940 kev has
been reported previously, These transitions cannot be fitted uniquely
into the .level scheme; therefore, the interpretations ventured here are

‘speculative,
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Table II

(Final states are all in K=0 ground-state band)

experimental and theoretical relative reduced EZ photon
transition prgbabilities

ET/E' B(I_feIf) Experimental Theoretical
v E(fif;f——y Rasmussen  This work K =0 K =1  K.=2
i e et _al.® i i~ i
Initial state 1030 kev
986 B(2 -2
1530 B2 S0 1.3 1.5 1.k 0.36 1.4
885 B(2 - L) '
1030 m <0.3 0.15 2.6 1.1 0.071
Initial state 1071 kev
1027 B(3 —.2)
— ' --- 1.0 --- 0.4 2.
925 B(3 5> 1) >

(a) Reference 22.
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~Figure 2 is a tentative interpretation of the new data., The two
weak transitions of energies 989.1 and 10338 kev differ by 4h.7 kev, ap-
proximately the energy of the first excited state; hence these transi-
tions are used to define a level at 1033.5 kev. The sum 870.6 + 119.8 =
990.4% kev is within approximately 0.13% of the energy 989.1 kev, Although
énergy differences observed with these instruments between lines lying

close in energy are usually much better than 0,13% (see, for example,

Fig, la), it is possible that the precision of energy measurements of

'extremely weak lines is no better than this. The above sum may be used,

therefore, to assign a level at 914,7 kev, The observation of only LI’
MI’
polarity is M1 and not El; E2 is certainly ruled out. We know nothing

and NI lines of the’119.8-kev transition suggests that the multi-

of the multipélarities of the other transitions. It is possible that
one, or both, of these levels is associated with an octopole vibra-
t1onal 0?3 band with the base state (2-, 2) as is postulated, for ex-
ample, in w182, 32 ,Dyl6o, 29,33 _na Th228’ 34 :

Of the remaining transitions one stands out in intensity, the
940,4-kev transition of which K, L, and M lines are seen, That this
transition should occur without a partner of similar strength appears
at first strange, for almost any type of state at this excitation is
expected to decay by at least two competing transitions to members of
the ground rotational band. It is possible to suggest an interpretation
within the framework of a beta-vibrational (K = 0) band, following upon
18,35 238 ,t 937 and 988 kev

earlier work that suggested that levels in Pu

are the first two states of the K = 0 band, One would not expect the

first member (0+, O) of this band to receive direct population by Np238

beta decay, because of our assignment of 2+ for the Np238 ground state
(see Sections 6 and T); such a beta transition would be second-forbidden.
The second member (2+, 0) of the band, however, should be reached by an
allowed transition (though K-forbidden), and it is to the de-excitation
of this state that we assign the moderately strong 940,k4-kev transition.
The (2+, O) state is thus defined as 984.5 kev,

.The following considerations explain why thefe might be observed

in the electron spectrum only one transition from the (2+, 0) state.
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Fig, 2, Tentative assi%ments of the less prominent transitions

in the decay of Np23°,
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Perlman et al.36 have found from szu2 alpha decay that the EQ transition
from the (O+,.0) level to ground (® 940 kev) is about one-half as intense
as the E2 transition (% 890 kev) from this level to the (2+, 0) state at
4L kev. Because of the great difference in conversion coefficients

(ek/Y (B2) =~ 1%k ek/Y (E0) = ), the K line of the EOQ transition is 50
times as strong as that of the E2 transition,. Such a result is consist-

37 38 39

ent with the theoretical studies by Reiner, Peaslee, and Rasmussen
concernihngO transition probabilities, If & similar competition exists
between EO and E2 radiation in the depopulation of the 984,5-kev state,
then the much weaker electron lines of the E2 transition (984,5 kev)

would not be observable in this work. For example, a line 1/50 as intense
as the 94%0-kev K line would have an intensity of only 0.001,

One expects a weak intraband transition from the (2+, 0) state to
populate the (O+, 0) base state of the beta-vibrational band, Such a low-
energy transition was not observed in this work, and it is difficult to
set an upper 1limit on its intensity because its conversion lines would
fall among those of the very strong 44 11-kev transition. A more sensi-
tive determination of the population of the (0+, 0) state would be the
observance of the high-energy EQO transition to ground. We 4id observe
in this work a transition of 943.1 kev which,is.onlyvl/lo as strong as
the 940,4k-kev transition; however, this energy (943 kev) disagrees by
0.7% with the energy (® 937 kev) of this EQ transition measured by
Perlman et al°36 and Asaro et al°l9 Because of this enérgy discrepancy,
the 943,1-kev transition cannot be assigned with certainty to the (O+, 0)
. level; thus we do not know the extent to which this state of the beta-
vibrational band arises from Np238 decay.

Other possible transitions seen at 221.0, 292.6, and 1095,3 kev
have not been placed in the decay scheme. Two weak electron lines ob-
served at X 106 and X 156 kev were without the K lines of the strong
228~ and 278-kev transitions in Np239 decay, and therefore are not listed

in Table I.
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6. Spin of Np238

The spin of Np238 was determined to be 2 by the atomic-beam

magnetic-resonance method., The equipment has been described by Brink
et al.ho and the experiment is fully described by Albridge et al.hl
Transitions were observed corresponding to at least four of the five

possible F (= | T+ I |) states for spin I = 2.

7. Beta-Decay Branchings
Information regarding the total intensity of the soft beta

component has been obtained by Freedman et al.,23 Rasmussen et al.,Zl i

and Baranov and Shlyagin;25 their respective values, in fairly good
agreement, are 53%, 55%, and 59%. In order to obtain intensities of

the individual‘transitions, the measured (relative) electron intensities
of this work were converted to transition intensities by use of Rose's
theoretical E2 conversion coefficient328 and placed on an absolute scale
by requiring that the total equal 56% (average of above determinations).
The vaiues so obtalned are compared in Table III with those obtained
directly ffom the absolute electron intensity measurements of Slatis

at al.zJ+ and of Rasmussen et al.zl The agreement is good.

From the abové information, along with the beta populations to
the low~lying levels given by Rasmussen et al.Zl and by ﬁaranov and
Sch_lyagin,25 log ft values of béta decay to the various levels were
calculated, and are given in Table IV, It is to be emphasized that
these calculations are not independent of the present assignment of
~the multipole orders of the various transitions; however, the only ft
value which is affected strongly is that of the beta decay to the 98k-
kev level, If the transition which de-excites this state should prove
to be MI or E2 instead of EO, then the log ft value would decrease by
approximately one unit or two units, respectively.

The log ft for decay to the 1hb6-kev level is also listed as
uncertain because of the experimental difficulties inﬁolved in deter-
mining the beta population of this level (see below). The multipolarities
of the transitions that depopulate the 915- and 103L4-kev levels are un-

known, but some assumption must be made regerding them in order that the
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Intensities of high-energy transitions in sz

Table IIT
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decay

K-electron intensities

Transition intensity

E (percent of disintegrations aKd (percent of disintegrations)
(kev) Slﬁtisb Rasmussen’ This work (Theoretical) Slétisb Rasmussen This work
871 - —- < 0.01 h.2x1073(a) - - < 2.4 (a)
885 . --- - 0.0L4 1.2x107C -— --- 1.2
925 0.05 0.0k 0.034 1.1x107% 5 4 3.1
940 0.10 0.07 0.072 ) 0.10 0.07 0.10
93 .- —— 0.009 . ——- - 0.013
986 0.26 0.20 0.20 1.0x1072 26 20 .20
989 - — .0.012 3.3x1073(a) - - < 3.6 (a)
1027 ‘ 0.0L8 0.91x10"¢ 3
0.22 0.20 22 20
1030 0.15 o.9lxlo'2 17
103k - - < 0.01 3.2x1073(a) - _— < 3.1 (a)

a. In order to establish the maximum

possible transition intensities for the 871-, 989-, and 1034-kev

transitions, the theoretical El conversion coefficients have been used.

with the postulate made in the text that these transitions may originate from states of odd parity.

bt. Reference 2k,
Reference 21.

d. Reference 28

Their use is consistent

-1-(2-.
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Table IV
238 .
Np beta-decay branchings and log ft values
Final state Final state Percent of log ft

(In,K) , (kev) beta decay :
2+,0 bh, 11 ~U5 8.k
4+,0 145.8 ( ~3)2 (9.4)
914.7 <2.h >7.9
2+,0 984.5 0.10 . 9.0
2+,2 1030 38 6.2
1034 <7 >6.9

3+,2 071 8.4 6.6
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transition intensities canlbe éalculated from the electron data, In order
to establish the maximum intensities of these transitions (and thus the
maximum beta'populatioﬂs of the 915- and 1034-kev levels) we have assumed
that these transitions are electric dipoles, This.assumption is consis-
tent with the postulate made in the preceding section.that these trénsi-
tions may arise from odd-parity levels,

The log ft values are of importance as an indication of the parity
of Np238, The most reasonable choice, based.upon the existing data, seems
to be even parity. The log ft values of 6.2 and 6.6 to the 1030- and
1071~kev levels, fespectively, indicate either slow allowed transitions
(AL = 0 or 1, no) or rather fast first-forbidden transitions (AI= O or
1, yes). As pointed out by Rasmussen et alo,zz the nuclear rearrangement
accompanying the decay to the vibrational levels may tend to hinder these
transitions; thus the intefpretation of the transitions as slow allowed,
with even parity for Np238, is chosen,

The reported observance>’ of X 3% primary beta decay to the (L4+, 0)
level at 146 kev (log ft = 9.4) is in contradiction to an assignment of
even parity to Np238, because with this assignment the transition should
be_secorid-forbidden° However, because of the following theoretical con-
siderations, it would be surprising if as much as 3% primary beta decay
occurs, regardless of the parity assignment. The relatlve reduced beta-
decay transition probabilities for decay to the ground-state and 146-kev
level can be calculated by means of vector addition coefficients, The
result  listed in Table V, is (2 224 = 14, The ratio of the ft values
for decay to ﬁhese levels should ~ be Jjust the inverse of this number, or
é%%%%—f?%% = 1/14, " Thus, if log £t (2 —4) = 9.4, calculated from the
3% beta branching, the value log ft (2 —0) = 8,3 is indicated for decay
to the ground state, which corresponds to approximately 60% beta popula-
tion. The prediction of such a large percentage of decay to the ground
state is inconsistent with the conclusion of Rasmussen et a,l.22 that

approximately 100% of the hard betas go directly to the Llh-kev level,

In consideration, also, of the fact that the experimental difficulties

of measuring a small percentage of beta decay to the 1lhb6-kev level are
large, we seriously doubt the measurement of direct bheta decay to this

level°25
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Table V

2
Np 38 experimental and theoretical ‘
relative reduced beta-decay transition probabilities .

(initial state is the (2,2) ground state of Np23§)

B(I, % If)

E(T":?f""T Experimentala Theoretical
i f

Ground~state rotational band L=2

(2 -0
2 -k

0| od

? 1k

Gamma vibrational band. L =1

B(2 -2

B(2 =3 2.5 2.0

a. The experimental values are the inverse of the ratio of

the experimental ft values for decay to the states.

v
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The predicted and observed reduced transition-probability ratios
for beta decay to the gamma vibrational band, also listed in Table v,
are in reasonably close agreement, which i1s an indication of the K purity
of these states, The beta decay to the 2+, 2 level can proceed by either
L =1or L =0 decay, Since the theoretical branching ratio was calcu-
lated for L = 1 decay, the agreement between the theoretical and experi-
mental ratios is also an indication that the 2+ — 2+ beta transition is
predominantly L = 1, '

The log ft value of 9,0 for decay to the (2+, 0) level at 984 kev
is consistent with an interpretation of a K-forbidden allowed transition
as required by the level assignments. The log ft values for decay to the
levels at 1034 and 915 kev are not in disagreement with the suggestion
that these levels may be associated with an octopole vibrational band,

8. Proton and Neutron States in Np238

238

is 2 (Section III.A.6). Knowledge of
the parity of Np238 is of interest because it can shed light on the

The measured spin of Np

nature of the single-particle states that comprise the ground state of

this nucleus.
The coupling rules for the angular momentum of individual particle
43

states in odd-odd nuclei, originally presented by Nordheim, have recent-

ly been modified by Gallagher and Moszkowskim+ to apply to the particle
states of deformed nucleil, Withln the asymptotic quantum description of
these states [an A ] Q , where the + in the brackets indicates Q =
A 1/2,lLS the rules predict which of the two possibilities I = IQP t in
lies lower, as follows:

I=0, +9 fora =A *1/2a0d0 = A *1/2,
I=|a -o |foroq = A *1/2andQ_ = A ¥ 1/2.
b n P P n n

Here N is the principal quantum number (total number of nodes in the wave
function); n, is the number of planar nodes perpendicular to the nuclear
symmetry axis; A is the proJjection of orbital angular momentum on the sym-

metry axis; X is the proJjection of the intrinsic spin on the symmetry
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axis; Q is the projection of the total spin on the symmetry axis; and
n i1s the parity.

It is simplest to assume at first that the ground states of the
odd proton and neutron in Np238 are the same as in the nearest isotopes
and isotones; that is, that the 93rd proton is in the [642+] 5/2+ state
as in the Np239 and Np237 ground states,h6 and that the l&5th neutron
is in the [631-] 1/2+ state, as in the Pu239 ground state.u6 It is also
possible that the proton is in the [523-] 5/2- state, found in Np237 at
60 kev'! and in Np>3? at 75 kev. Although the (1/2-) spin assingment
of U237 is less certain, = we must consider also the neutron state
[501-] 1/2- . According to the above coupling rules the possible combi-

nations of these states that give a ground-state of spin 2 are as shown

below,
Proton Neutron Final state
[642+] 5/2+ [631-] 1/2+ ' 24
[6hz+] 5/2+ (501-] 1/2- | 2-

Thus, the coupling rules predict for the proton state in Np238 the unigque
assignment [642+] 5/2+. With the selection of even parity for Np238 the
choice of the neutron state is [631-] 1/2+.

B. Protactinium-233

1. Introduction

Although the nuclear energy levels of U233 populated by the decay
' 16,49-54
7 and

of Pa233 had been studied previously by a number of workers,
the general features of the decay scheme were well known, a large amount
of information had yet to be obtained before a detailed discussion of the
scheme could be attempted with confidence, Newton has analyzed the
scheme in light of the previously known data and has mentioned the need
for further experimental work.ss
It was thought'that the Berkeley permanent-magnet spectrographs
and the bent-crystal spectrometer at the California Institute of Technology,

Pasadena, could be used to obtain additional information on the transition
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intensities and multipolarities; Correlation of these data with the
franéition intensities predicted by the theory of Bohr and MottelsonS’h’LL2
would serve as a test for the quantum assignments of the nuclear energy
states of U233, |

In addition, the ability-to produce very intense sources of Pa

233

by the neutron irradiation of Th232'and to study these sources on high
resolution equipment offered the hope of discovering weak transitions that

had not previously been observed.

2. Source Preparation 4 » ,¥\

Sources used in the permanent-magnet spectrographs and in the
double~focusing spectrometer were prepared by electrodeposition onto 0,010-
in, -diameter platinum wires. An ammonium fluoride electrolyte (pH 6.3)
was used with a plating current of 100 to 150 ma, vThese sources varied in

" strength from 0,02 to'SO r/hr as measured by a beta-gamma, survey meter at
a distance of approxiﬁately 3 inches,.

Two sources were prépared for the benﬁ-crystal spectrometer, The
first was electroplated onto a 0,005-in,-diameter platinum wire in the
manner described above. This wire was threaded into a 0.008-in, i.d.
quartz capillary which was then sealed with a torch, The source was
measured as greater than 100 r/hr of gamma acﬁivity at a_distance of

" approximately 4 inches,

Because x-ray emission of the platinum wire (induced by the in-
tense beta source) proved troublescme, a second source was prepared with-
out the wire. Approximately 3.5 mg of ThO2 in a 0,008-in,-diameter quartz
capillary was neutron-irradiated for twoimonthsiin the Materials Testing
Reactor, The irradiated ‘_I'hO2 in the capillary was itself used as the

spectrometer source without further treatment,

3. Conversion-Electron Daﬁa

2 . '
" The Pa 33 conversion-electron data, taken on the permanent-magnet
spectrographs, are summarized in Table VI, Reproductions of several re-
presentative photographic plates are shown in Fig. 3, The unassigned

lines, listed in Table XIV, are discussed below., Most of the electron



Table VI
P8233 conversion-electron data
Flectron Conver- Tran- Selected Conversion-electron inten- Remarks
energy sion sition +tran- sities®
(kev) shell energy® sition (percent beta decay)
(kev) energy® This Hollander Selected
(kev) work and Hamilton  value
n.72 . M 17.27
12.07 Mo 17.25
12.96 MIII 17.26
15.78 N, 17.22
. 7.2L
15.97 NII 17.2
' 17.26
6.756 LI 28.52
7.57 LII 28,51
11.37 LIII 28.53
23.01 MI 23.56 1.9 1.7 1.7
23.37 M1 28.55 0.94 0.47 0.47
: 1 ,/\ [t - [l
2k, 26 MIII 28.56 1.0 0.52
27.05 NI 28.50
27.22 Noy - 28.49
7. J .5)
27.50 NIII 28.54
28.25 oI 28.57
28.54
18.62 LI 40.38 1.1 - 0.96
19.h2 Lo 40.36 h.2 -- 3.7
23.15 i1 40,31 3.1 2.7 2.7
3h.73 40.28
35.10 Mo 40.28 0,70 -- 0.70
o~ E
35.96 MIII 40.26 0.78 -- 0.78 Masks
58-LI
38.99 L. L0.26
b I
39.2k 0 Nypg 10.28
4O, .
0.06 OII 40.31

40.29



-32-

Table VI (continued)

Electron Conver- Tran- Selected Conversion-electron inten- Remarks
energy sion sition tran- o sities®
(kev) shell energy? sition_ . _(percent beta decay)
(kev) energy” This Hollander Selected
. (kev) work and Hamilton® value
36.92 L 57.86 . L- line
II mgsked by
40-M1T1
40,74 LIII 57.90 MII% lige
57.90 masked by
YS-LI
53.37 LI 75.13 8.2 8.6 8.6 Masks 58--'MIII
54,14 LII 75.08 1.1 1.2 1.2
58.01 LIII 75.17 0.12 -~ 0.13
69.57 M 75.12 | 2.5 2.1 . 2.1 Masks 87-LIII
69.90 M 75.08
70.81 MIII 75.11 _
73.65 Ny 75.09 0.78 -- . 0.78
73.82 NII 75.09
Th. 77 OI 75.09 . 0.31 -—- 0.31
75.06  P; ~75.1
75.13
64.75 LI 86.51 9.6 9.4 9.4
€5.50  Lp U 86Lk 1.2 1.3
L --  0.26" 0.26 Masked by
III : 75'MI
80.85 M 86.L40 2.8 2.6 2.6 ‘
8L.14 MII 86.32 0.47 0.58 0.58
-- 0.13 0.13 Masked by
M1 103-L,
84.93 NI 86.37 . 0.73 == 0.73
86.05 0 86.37 ~0.18  -- ~0.18
- 86.45
81.91 LI 103.7 2.7 2.6 2.6 Masks 86-
: g : _ MIII
82.68 L_. 103.6 . 0.39 O0.47 0.47

II
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Table VI (continued)

Electron Conver- Tran- Selected Conversion-electron inten- Remarks
energy sion sition tran- sities
(kev) shell energy® sition, " (percent beta decay)
(kev) energy This Hollander ; Selected
(kev) work and Hamilton  value
86.37 Lii1 103.5 0.11 0.10 0.10
98.11 MI 103.7 0.81 -- 0.81
98.39 MII 103.6
99.36 MIII 103.7
102.2 Ny 103.7 0.36 -- 0.36
103.3 0; 103.7
103.6
155.8 K 271. 4 0.057 -- 0.057
250.6 L,Lp  271.5 0.055 -- 0.055
254, 4 LIII 271.5 §0.0h2 -- ED.OMZ
266.0 ,MII 271.6 '
269.9 NN 271.3
27L.5
184,k . K 300.0 5.5 5.2 5.2
278.1 .LI 299.9 1.3 1.1 1.1
278.5 Lo 299.4 0.1k 0.16 0.16
LIII * (estimated as 0.01L4) -- -- Masked by
‘ - 398K
294,k M. 299.9 0.31 0.32 0.32  Masks 311-L. ,
298.3 NI 299.7 0.083 -- 0.083 ,
300.0 OI 300.3 (estimated -- -- Masked by
299.8 85 0.02k4) : 416-K
196.2 K 311.8 22 27 27
289.7 LI 311.4 4.8 6.3 6.33
290.7 LII 311.6 0.57 0.59 0.59
| P— (estimated as 0.021 -- - Masked by
3OO-MI
306.3 MI 311.9 1.5 1.5 1.5
306.9 MII 312.1 -- -- --
310.0 NI 311.L4 0.52 - 0.52"



-34-

Table VI (continued)

Electron Conver- Tran- Selected Conversion-electron inteh- Remarks
energy sion sition tran- sities®
(kev) shell energy® sition (percent beta decay)
: : (kev) energy® This Hollander Selected
(kev) work and Hamilton™ wvalue
311.4 0; 311.8 0.13 -- 0.13
311.7
224.9 K 34%0.5 2.6 2.6 2.6
318.5 LI 340.3 0.57 -~ : 0.57
319.5 Lot 340.5 | 0.073 -- 0.073
323.0 P 340.1 -- - --
334.8 M 340.3 0.18 -- . 0.18
339.5 N 340.9 0.073 -- 0.073
340.1 0, 340.4
o -~ 340.3
259.9 X 375.5 0.078(0.055)° 0.043 0.043
353.6 L 375.3 [o.oz3]f-- 0.012
354.2 Lo 375.2 [0.047] -- 0.025
' 358.4 Loy 375.5 [0.023] -- 0.012
369.8 MI 375.k
- 375.5
282.7 X 398.3 0.10(0.073)%-- 0.073 Masks 300-
¢ Lrrt
376.6 L 398.3 [0.044]" -- 0.022 Mjyyr line
I
- masked by
1+16-LI,LII
377.3 LII 398.3 . [0.075] -- 0.039
381.3 LIII 398.4 [0.024]: -~ 0.012 \
398.3
300.0 K 415.6 0.26(0.18)° 0.18 0.18 Masks 300-0
393.7 L ns.5 [o.078]f-- 0.036 Masks 398—MIII
394, 4 Lig 415.3 [0.055] -- - 0.025 Masks:398fMIII
398.3 Lot 415.4 [0.015] -- 0.0068
410.0 M 415.5
413.8 N, 415.3

415.6
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Table VI (continued)

Electron binding energies were taken from Hill et al., Reﬁ. Sci.
Instr. 23, 523 (1952).

The selected values are weighted averages of the experimentai values.
The measured relative intensities have been. converted to ébsolute
values by a method described in the text.

Reference 57.

The values in parenthesis have been renormalized by a method
described in the text.

The square brackets indicate an uncertainty in the normalization

factor used for these values. See text.
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lines listed in Tafle VI were detected by means of the conventional
permanent-magnet spectrographs; however, the lines of the 1l7-kev transi-
tion and the L lines of the 28-kev transition were detected with the
pre-accelerator camera described in Part TWQ of this dissertation.

It was possible to oﬁserve most of the electron lines in from two
to four different spectrographs (i.e., at two to four different field
strengths) so that a cross check on the measured energies was possible.
The maximum differencé observed in the energies of lines measured on
more than one spectrograph was ® 0.6%; these differences appear to be
systematic, probable arising from errors in the calibration of the indi-
vidual spectrographs. The relative precision of measurement of the
energies of lines taken on a single spectrograph is within 0.1% except
for extremely weak or extremely strong lines,

The selected. transition energies listed in Table VI were chosen
as most representative of the data; they are weighted averageé of several
determinations.

Only relative conversion-electron intensities were determined
directly in this work. The absolute intensities listed in Table VI are
the relative intensities normalized by a means described in Section I11.B.7.
The intensities listed for this work are averages of from two to seven
visual estimates (see Section II.B) and, when possible, two or three
densitometer traces. Densitometry could not be used for very weak lines
or lines in regions of strong background. When the visual estimates
were being made, comparisons were made among the lines until a self-
consistent set of values was obtained, If later the assigned intensities
seemed questionable for any reason, more estimates were made and a new
average computed.

In a few cases two different conversion lines arising from dif-
ferent transitions overlap. 1In these cases the intensities of the two
lines were estimated from the assigned multipolarities of the transitions,.
The estimated intensity bf the weaker component was then subtracted from
the total measured intensity to‘gi#e the fihal-intensity for the stronger

component, The estimated value of the weaker line is listed in Table VI,
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Tt is estimated that the electron intensities of this work are accurate
within ~ 25% for the strong and medium lines and within a factor of two
for the weak lines,

Relative conversion-electron intensities were also obtained with
the Berkeley double-focusing spectrometer, These data are listed in
Table VII along with the data of other workers for comparison, The re-
lative intensities in Table VII have been normalized to absolute inten-
sities by the method described in SectionﬂiII.B.7, Column 1 lists the
energies of the peaks recorded by the double-focusing spectrometer and
column 2 the conversion lines which, on the basis of energy considera-
tions, are included in the peak, The relative intensitiles of the peaks
were determined by integrating each peak with a planimeter and dividing
the result by the Mb value of the peak., For the low-energy electron
lines window-absorption corrections were made by use of the curves of

56

Saxon for nylon films, No corrections were made for source absorption
which, for the low-energy lines, might have been apprecilable, since the
source used in the spectrpmeter was not mass-free.

Most values in cdlumn 6 are fhe averages of from one to four
separate determinations; parentheses indicate the value is that of a
single determinatién only:or that the value is urdertain for some reason.
The intensity valuéé.listed in columns 7 and 8 wére obtained by summing
the intensities obtained by means of the high-resolution instruments
(Table VI, columns 5 and 6) for the conversion lines comprising the peaks.,
(The data of Hollander and Hamilton are discussed below.) Columns 3, 4,
and 5 are normalized relative intensities reported previously by other
investigators. Columns 3, 4, and 5 are normalized to a value of 26 for
the K line of the 312-kev transition. The intensity of the K line of the
strong 312-kev transition was difficult to determine in this work because
of the intense sources used; therefore columns 6, 7, and 8 are normalized
to a value of 2.6 for the K line of the 340-kev transition. In most cases
the agreement between the intensity values obtained in this work by
spectrometer and spectrograph is within 30%; however, the agreement be-
tween these values and those in columns 3, 4 and 5°is in general poor.
There is good agreement between the data of this work and thosc of

Hollander and Hamilton,sq (see below),



The decay of Pa

Table VII
233

— comparison of conversion line

Intensities measured by several workers

a8 -

Ee Conversion Intensities Lnormalized to percent beta decay)c
(kev) lines Elliot? aad Brodie~ Hok an This work This work Hollander
Underhill Kramer (double- (spectro- and
focusing graph) Hemilton™’

v spectrometer)g

18.3 40-Ly,Lo; _— 1.3 - 1.9 5.3 --
21.5 ho-LIII; 28-M- - 2.6 -- h.2 6.9 4.9
25.9 28-N - 0.39 - 0.79 - --
34.8 40-M - -- - 2.5 1.5 -
39.2  L40-N,0; (58-LIII?) - -- -- £ 0.89. -- --
53-3  T5-LpLeg 5.2 5.5 5.2 12 9.3 9.8
647 86-LI,LII 6.2 4.6 (7.5) (15) 11 11
€9.7  T5-M 1.3 0.26 . (1.8) 2.b 2.5 2.1
4.0 75-N, O - -- 0.078 (1.2) 1.1 -
81.9 86-M; 103-LI,LII - - 3.5 6.3 6.4 6.4
8L.5 86-N, 0; 103-L 31 -- -- 0.78 0.78 1.0 --
98.8 103-M 0.78 0.52 0.78 0.86 0.81 --

102 103-N, 0 - - - 0.21 0.36 0.36 --

186 300-K 2.6 1.0 5.7¢0.52 (6.0) 5.5 5.2

197 312-K [26] [26] [26] - 22 27

225 340-K 2.6 2.1 2.6 [2.6] [2.6] [2.6]
260 375-K -- -- - (0.039) 0.078 0.043



Table VII (continued)

Ee” & Conversion Intensities (normalized to percent beta decay)®
(kev) lines Elliott and Brodie®  Hok an% This work This work Hollander
Underhilld Kramer (double- (spectro- and 4 4
focusing graph )P Hamilton ’
, spectrometer )& ,

278 3oo;LI,LII -- -- 0.91 1.1 1.4 1.3

281 300-Loy5 398-K -- -- -- (0.31) 0.10 --

291 312-Lp,L; "~ 6.5 6.5 5.2 (6.0) 5.4 6.9

293 300-M; 312-L. -- -- -- . .0.29 0.33 0.32

300 415-K; 300-N, O -- - -- 0.29 0.37 -

306 312-M - -- 1.2 1.2 1.5 1.5

310 312-N, O 0.65 <1.0 ©0.39 0.44 0.65 -

320 3hO-LI,LII _ 0.47 - 0.49 0.64 -

335 340-M - - 0.13 £0.12 0.18 --

342 340-N, O - -- - 07065 0.073 - --

357 375-L ' - - 0.026 .0.049 0.093 -

378 398-L -- ‘ - '0.039 (0.034) 0.1k -

399 416-1, - -— ©0.065 0.065 0.15 -

411 M16-M - -- - 0.026. (0.020) -- --

a. Be is the approximate energy of the peak sden in the double-focusing-spectrometer spectrum.
Only peaks whose intensities were measured by the spectrometer of this work have been listed

for comparison.

& £ . *
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Table VII (continued)

.The conversion lines lis ted are those whose energies (as determined by the permanent-magnet

spectrographs) fall within the limits of the spectrometer peak.

. * The intensities are normalized to a value of 26 for the K line of the 312-kev transition with

the exception of the Berkeley and Uppsala work, which are normalized to a value of 2.6 for the

K line of the 3L40-kev transition. This normalization converts the relative intensities to>per—

cent beta decay, as discussed in the text.

Reference 50,

Reference 51.

Reference L49. _

These values are the averages of from one to four determinations with the double-focusing spec-
trometer. Lines for which only one determination waé made or which are uncertain for some
other reason are enclosed in parentheses.

These values are the intensities determiped from the higher-resolution equipment. They are the
sums of the intensities of the individual cbnversion lines appearing in the pesk. ' |

Reference 57.

-0;-(-
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In general, the intensity data of the double-focusing spectrom-
eter have been used only as an-indication of the precision of the .
spectrographically determined intensities. The latter values are
selected as the experimental intensities of this work because the high
resolving power of the spectrographs makes possible the indiﬁidual de~
termination of the intensities of many lines that are unresolved by .the
double -docusing spectrometer. In some cases, however, the spectrometer
values have been used to unravel problems created by ambiguous spectro-
graphic data, These cases are explained below,
After this work had been completed, Hollander and Hamilton57

measured the intensities of some of the stronger conversion lines with

58 at the University of Uppsala,

an iron-free double-focusing spectrometer
Sweden, These intensities, normalized to a value of 2.6 for the K-line

of the 340-kev transition, are listed in Tables VI and VII for compari-
son: It is seen that the agreement with the spectrographic data of this
work (Tabie VI)is quite good; the two sets of data agree within 10% in —
the majority of cases, Poor agreement occurs only for a few of the weak
lines; these cases are discussed below, The agreement between the two

sets of data speaks well for the method of intensity measurements used

in this work, and lends a large degree of confidence to those intensities
reported here but not measured by Hollander and Hamilfon._

In those cases in which an intensity was measured at Uppsala this
value has usually been chosen as the final value because a high-resolution
counter spectrometer is inherently a better instrument for determining
intensities than is a photographic recording spectrograph. It should be
noted, however, that there would be no appreciable difference in the
interpretation of the decay scheme were the intensity data of this work
used exclusively. ‘

More than half of the intensities reported in this work were not
measured at Uppsala, In these cases the final values were taken as the
data of this work which, in come cases, were slightly adjusted., These

adjustments were made in the cases where Hollander and Hamilton had

measured only one line of a given conversion shell, The adjustment
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consisted of multiplying this author's infensity'valués for that shell by
a factor which brought about agreement with the one Uppsala intensity
value, In this manner the reiative sabsheli raﬁios of this work were
maintained, .
"The interpretation of the two highést energy levels in U233 de-
pends strongly on the assignments of multipolarities to the 375-, 398-,
and 415-kev transitions. These multipole 'assignments in turn depend
upon the measured intensities of the éonversion lines of these transi-
tions. Because of the importance of these intensity values and of the
difficulty in obtaining‘them, it is thought that special comment is
warranted. ‘
' The Uppsala group57,measured the intensities of the K:-lines of
the 375- and 415-kev transitions, and those values do not agree well
with the values of this work. Because of this disagreement, several
more visual estimates ﬁere'made by this authof of the intensities of
these lines and of the K lines of the 398-kev transition., The new
determinations did not differ appreciably from the original ones.

The intensity of the 415-kev K line has been well established
by the Uppsala iron-free spectrometer and the Berkeley double-focusing
spectrometer., In the Berkeiey doublée-focusing spectrum this line is
not resolved from the N and O lines of the 300-kev transition; however,
corrections were made for the intensity of these interfering lines by
means of the spectrographic data. A corrected average of 0.18 was ob-
tained from four spectrometer measurements. The value 1s probably
accurate to within 16%, and agrees well with the iron-free value of 0,18,

In obtaining the intensities of the three high-energy K lines by
means of the permanent-magnet spectrum, a special effort was made to
insure that the measured intensities of the lines relative to one another
were as precise as possible so that a normalization of these intensities
to a value of 0.18 for the L415-kev K line would be Jjustified. The values
so normalized are given in parentheses in Tdble VI next to the measured
values, It 1s seen that for the K line of the 375~kev transition there
is reasonable agreement between.the normaliﬂgd value and the value re-

ported by Hollander and Hamiltoni57 For this reason, the normalized
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intensity value for the K line of the 398-kev transition (not measured
at Uppsala) is taken as the final value. The intensity of this line: as
measured by the Berkeley spectrometer is highly uncertain because in the
lower-resolution spectrum the line lies between two fairly intense con-
version lines,

The intensities of the L lines of the 375-, 398-, and 4l5-kev
transitions were determined in-this work but not at Uppsala. The photo-
graphic plate by means of which these intensities were determined is
shown in Fig, 3. The intensities of these nine lines relative to one
another are probably fairly precise; however, there wag difficulty in
normalizing these values to the intensity scale used for reporting the
data (1.e., to a value of 2.6 for the 340-kev K line). This difficulty
arises from the fact that the lines in question are quite weak, so that
the .lower-energy portion of the photographic plate on which the lines

are seen is extremely dark, hence it was difficult to observe a line of

-known—intensity-so-that—-the normalizetion—could-be—effected .. -Because—of
these uncertainties the intensities of these lines listed in Table VI
are enclosed in square brackets. The L—subshell‘ratios,of these lines
are not affected by this normalization uncertainty.

Fortunately, it was possible to bring aboﬁt a normalization of
these lines in an indirect manner, The values of the total intensities
of the L lines of the 375~ and ﬁlS—kev transitions measured by the
Berkeley double-focusing spectrometer (Table VII) are fairly precise
(i.e., in each case three individual measurements agree with their
average to within 20%). The values (0.049 and 0,065, respectively)
indicate that the spectrographically determined values are too large by
a factor of approximately two; hence the spectrpgraphically determined
intensity values for the 375~ and 416-kev L lines have been normaliied
to bring about agreement with the total L values measured by means of
the Bérkeley double-focusing spectrometer. The spectrographically
“ measured intensities of the 398- kev L lines have likewise been corrected
by dividing by a factor of two. (The value of 0,034 for the intemsity of
llthe 398-kev L line, as measured by the Berkeley spectrometer, is uncertain.)

These corrected values are listed as the selected values in Table VI,
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The intensities of the conversion lines of the L4O-kev transition
are also of special importance in the interpretation of the decay scheme
(see Section III.B.8). For this reason it is worth while to discuss here
the accuracy with which the intensities of the low-energy electron lines
have been determined. For the intensities of the conversion lines of the
28- and 40-kev transitions the spectrographically determined values of
this work are subject to large errors due to film efficiency correlations
and to line broadening which makes visual estimates difficult; hence these
values are probably not accurate to any better than a factor of two. The
values obtained with the Berkeley double-focusing spectrometer could also
be in error by a factor of two.

The intensities of the low-energy electron lines as measured by
the Uppsala group from the peak heights of the lines are probably the most
accurate; however, these values, too, are subject to large uncertainties.
These uncertainties are evidenced by the fact that the resolutions ob-
tained for the LO-kev LII and L

LLL
as compared with a typical 0.1% for lines of higher energy. Such line

lines were 0.42% and 0.24%, respectively,

broadening at low energies was undoubtedly due to absorption effects. For
these reasons it is felt that the selected values of the intensities of
the conversion lines with energies less than approximately 50 kev may be

too small by as much as a factor of two.

4, Photon Data

The gamma-ray and x-ray data taken on the Pasadena bent-crystal
spectrometer are listed in Table VIII, The method of determining the
energy of an observed photon is described fully by DuMond.8 Briefly,
this method consists of taking two profiles of each photon--one on each
side of the zero-angle position of the source. Several of the profiles
are combined to give a "composite profile" which represents an average
shape of the observed profiles. This composite profile is normalized to
the height of each individual profile and superimposed in such a way as
to give the best fit between the composite and individual profiles., The
centerline of the composite profile is then taken as the position of the

photon profile, and the average of the values for the right hend and the
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_ Table VIII
The decay of Pa233 — photons detected with the Pasadena:bent-crystal
spectrometer
Gamma rays
Energy (kev) Intensity (percent beta decay)
This work Brownea Pt wire ?hoz Averagev Brownea
source source
28.67 £ 0.02 0.060
40.35 £ 0.01 40.47 £ 0.1 0.015 0.015 0.048
41.65 + 0.02 + (weak)
75.28 £ 0.01 75.4 £ 0.2 0.82 0.82 1.3
86.59 '+ 0.01L ~  87.0 £ 0.3 2.0 1.5 1.7 [1.7]
103.86 £ 0.02 0.62 0.70 0.66
145.42 £ 0.05 0. 44 0.4k
271.62 %+ 0.23 ‘ 0.33 0.25 0.29
300.20 £ 0.24 6.0 . 6.5 6.3
311.91 *+ 0.13 [34] [34] [34]
340.51 #.0.18 3.9 3.8 3.9
375.35 + 0.32 0.51 0.61 0.56
398.57 £ 0.40 1.1 1.0 1.1
415.87 + 0.42 | 1.} 1.6 1.5
X~rays .
Energy (kev) Intensity (percent beta decay) Transition
This work Accepted® Pt wire ThOp Average Browne® BeckmanC BB
source  source
Uranium
9k4.655 Ok.664 8.3 7.2 7-7 [7.71  [7.7] K-Lop X a,
98. 441 98. 442 16 12 14 15 1k K-LIII K o
110.421 110.428 2.0 0.95 1.5 2.0 K-MII ‘K ﬁ3
111.297 111.307 3.6 3.0 3.3 : 3.8 ;K~MiiI_K gl
114.502 114.568 1.3 1.7 1.5 . 1.7 Eﬁﬁlfﬁhﬁﬁgﬂ’
, 111 2
115.405 115.412 0.37 0.37 0.37 0.42 K-gll, --

III
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Table VIII (continued)

X-rays , _ 7
Energy (kev) o Intensity (percent beta decay) Transition
This work Accepted® Pt wire ThOp Average Browne® Beckman® T
S source  source
Platinum
65.127 65.122 K-L.; Ka,
66.861 66.831 - K-Lp Ko
75.292 T5-kevy+
K 63
75.75%  75.749 ' K-Mpr1 K 8]

a. Reference 6.
b. The accepted energies were deduced from electron binding energies listed in
the tables of Nijgh, et al., (Reference 69).

c. Reference 65.
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left-hand profiles is used for the purpose of energy determinations.
Corrections are made for--among other things--the nonlinearity of the
screw that drives the source., This method eliminates the need for
determining the exact zero-angle position of the instrument.

A second method of determining the center position of a recorded
photon was also employed. In this method the center of the peak was
found by superimposing the two photon profiles back to face. After the
profiles were carefully aligned to give a best fit, a pin was pushed
through the profiles to produce a mark on each, The average value of
the positions of the pln marks is the center position of the photon
peak regardless of where the pin is inserted. Once the center position
was determined the photon energy was calculated in the same manner as
outlined above. The energies determined by these two different methods
were in excellent agreement, The limits of error quoted are based upon
estimates of the precision with which the center positions of the pro-
files were determined., The agreement between the measured and accepted
energies of the uranium and platinum K x-rays59 indicates that the ac-
curacy of the energy measurements is good. v

' The photon relative-intensity values listed were obtained by
positioning the source at the angular position determined during the
energy measurements as the profile center, and recording the photon peak
with the pulse-height analyzer. The pulse-height analyzer is used in
order to reduce the background counting rate, The values obtailned by
means of the wire source and the single-channel analyzer, and those ob-
tained by C. J. Gallagher with the ThO2 source60 and the 100-channel
analyzer are listed in Table VIII.

These intensities have been corrected for detector efficiency
and the photopeak-to-total ratio,6l Corrections were made for absorption
in the source, 8102 capsule, alr between source and detector,. and the
aluminum cover of the detector crystal. With the exception of the
source absorption these corrections were made hy the direct use of the
exponehtial attenuation equation and the attenuation coeffiéients of
Grodstein,62 A graphical integration method was used to calculate the
source absorption. This method as applied to each source is described

in detail in the Appendix.
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The largest correction appliéd to the gamma-intensity data arises
from the energy dependence of the reflectivity of the quartz crystal.
When the spectrometer is adjusted to accept photons of a given energy,
not all the photons of this energy that strike the bent crystal are dif-
fracted toward the detector. Lind et al, have reported that for a bent
quartz crystal the ratio of the diffracted beam to the incident beam (the
reflection coefficient) is proportional to l/Ez.63 This energy-dependent
correction was applied to the data in Table VIIT by multiplying each
photon intensity by (EY/E31+O)2 in order to normalize the intensity to
that of the 340-kev transition, The 340-kev transition was chosen as
the norm because it is near the middle of the energy range investigated
and because the majority of the gamma rays observed were of energies
close to 340 kev, The magnitude of the correction factor varies from
0.014 for the 40-kev transition to 1.49 for the 4l5-kev transition.

In selecting the final intensity values from the bent-crystal
data there was some question which set of data (that of the platinum wire
source or that of the ThOz source) was the more reliable, The data of
the ThO2 source have the advantage of being obtained by means of a 100-
channel gnalyzer which permitted a simultaneous sweep of the energy
spectrum, whereas the Intensity data of the platinum wire ‘source were obtain-
ed point by point with the single-channel analyzer. On the other hand,
the platinum source was many times as intense as the ThO2 source, When
the averages of the two sets of data were taken it was seen that individual
values agreed with the averages to within 10%‘in all but two cases and that
the maximum deviation was 16%; hence the averages (listed in Table VIII)
have been chosen as the final values., All the intensity data listed..in
Table VIIT have been normalized to the conversion-electron relative-
intensity data by means of the theoretical K-conversion coefficient of the
312-kev transition (see Section III.B.6). The photon intensities have also
been placed on an absoiute basis of percent beta decay by a means described
in Section III.B,T.

Gamma-ray data published by Browne64 are also presented in Table
VIII. The energy data of Browne are in reasonably good agreement with the

data of this work; however, the relative intensitiles of the low-energy
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gamma, rays are not in agreement., For the purpose of comparison>the in-
tensity data of Browne were normalized by means of the 87-kev photon
intensity. The values'of this work and of Browne, so normalized, deviate
considerably at lower energies. This deviation is such that the ratio of
Browne's intensities to those of this work, for photons of lower energy

than 87 kev, varies linearly with energy. The deviation therefore sug=:. = . -
gests a systematic error in one of the sets of data. The cause of the

deviation is unknown.

In Table VIII uranium K-x-ray relative-intensity data of Beckman65
and of Browne6h are listed, normalized to a value of 7.7 for the K a, line,
The relative intensities of this work are seen to be in close agreement
with those of the previous workers. The absolute values of the uranium
x-ray intensities determined in this work require discussion.

Because of the short lifetimes of vacancles in the atomic K shell,66
K x-rays have large intrinsic line widths, These line widths are, in fact,
larger than the instrumental spectral window of the Pasadena bent-crystal
sPectrometer;67 hence when the x-ray intensitieé are measured by focusing
on the center of the peak, the spectrometer does not "see" all the line,
Nuclear gamma rays, however, arise from nuclear states whose lifetimes are
of sufficilent length that the natural line widths of the gamma rays are
smaller than the spectral window of the spectrometer,

| It is true, therefore, that the technique of intensity measurements
empioyed here decreases the measured intensities of the x=-rays relative to
those of the gamma rays. Gallagher, who poiﬁted out this fact to the
author, has observed in the decay of Wl87 that the rhenium x-ray intensi-
ties .a8. measured by the Pasadena bent-crystal spectrometer are reduced by
a factor of 1.6 relative to the gamma intensities.68 In this work it was
possible to determine the total K-x-ray intensity by means other than the
bent-crystal spectrometer, and hence to determine the factor by which the
relative K-x-ray intensities are too small in the bent-crystal measurements.
This determination (explained in detail below) gave a factor of 2,0.

The total measured K-x-ray intensity (i.e., the sum of the indi-
vidual x-ray intensities in Table VIITI) is 17. The total K-x-ray intensity

was also determined from the K-conversion electron intensity data, from the
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K-Auger electron intensity data, and from the photon spectrum recorded on
the Penco scintillation spectrometer. The values obtained by these three
methods were 34, 31, and 44, respectively. The first determination was
made by summing the K-conversion electron intensities listed in Table VI
end multiplying this sum by the fluorescent yileld (0.963) as given by
Nijegh et al.69

The second determination involves the K-Auger electron intensities
given in Table XV. The total intensity of the KLqu lines is 0,68, In-
cluded in this sum are estimates of 0,02 and 0,08 for the intensities of
the KLIILII and KLIIILIII lines which are not observed in this work., These
estimates were obtained from the data of other workers (listéd in Table XV)
for Auger lines in the region of'Z=80 (see Section III.B.9,for details).
Although intensities were not obtained for Auger lines of the type KLY
and KXY, where X and Y indicate shells higher than L, it is possible to
estimate these intensities by means of the tables of Nijeh et al.69 This
publication gives values of 0,7 and 0.05 for the ratios of %%% and %%%,
respectively, for Z = 90. For this work, therefore, the estimated in-
tensities of the KLY and KXY lines are 0,48 and 0,034, réspectively; and
the total K Auger intensity (KLI+KLY+KXY) is 1.2, Using the fluorescent
yield of 0.963 leads to a calculated K-x-ray intensity of 31.

The third x-ray intensity determined was made by using the gamma-
ray spectrum taken on the Penco scintillation spectrometer; this is a much
less accurate method. The spectrum shown in Fig, 4 was obtained with a

233

mass-free Pa source evaporated on Mylar film. The source was approxi-
mately 20 cm from the sodium lodide crystal. The relative intensities of
the peaks'at 100 and 312 kev were determined and normalized to the in-
tensity data of Table VIII by means of the 312-kev peak, which is a
composite of all gamma rays between 270 and 340 kev, The intensities from
the Penco spectrum were corrected for photoefficiencies by means of the
curves of Heath.7o. The K-x-ray intensity contribution to the 100-kev
peak was then determined by subtracting the gamma intensities listed in
Table VIII for the 75-, 87=~, and 10k-kev gamma rays., The K-x-ray in-
tensity determined in this manner is 44, That this value is larger than

those determined by the other two means is probably due to the Compton
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tail of the higher-energy gamma rays in the 100-kev peak. It was difficult
to estimate this contribution to the lower-energy peak, hence the value bk
is only approximate.

The most accurate of these three determinations is undoubtedly
the value 34 obtained from the K-conversion electron intensities, This
value is exactly twice the directly measured value X K-x-ray = 17, hence
the x-ray intensity correction factor we obtain is 2.0, somewhat higher
than the factor 1.6 determined by Gallagher.68 Presumably this correction
factor would be unity if the intensity measurements were made by recording
the entire photon and x-ray lines (by sweeping in energy) rather than by

focusing only on the line peaks,

5. Multipolarity of the 312-kev Transition:
The multipolarity of the 312-kev transition was determined from its

L-subshell ratios and measured K-conversion coefficient. These data show.
the transition to be approximately ﬁure Ml. The K/L ratio is discussed in
the next section,

From Table VI it is seen that therLI/LII ratio of the 31l2-kev ;
transition measured by the Uppsala group57 is 11. The theoretical value®
(Tsble IX) for Ml radiation is 10; hence the measured LI/LII ratio is
consistent with an assignment of pure M1, The 31l2-kev LIII line is masked
by the 300-kev MI line; however, it is possible to set an upper limit on
the intensity of the LiII line in the following manner: The L-subshell
ratio of the 300-kev transition indicates that this transition is pre-
dominantly M1, The other predominantly M1 transitions seen in this work
have LI/MI ratios of about 3.6, none exceeding a value of 4,2, If we
assume that the upper limit of this ratio for the 300-kev transition is k.5,

then from the measured intensity of the 300-kev L_ line (l.l) we can set a

I

lower limit of 0.25 on the intensity of the 300-kev M. line, Subtracting

this value from the total measured intensity of the cimposite line (0.33)
gives a maximum value of 0.07 for the intensity of the 312-kev LIII line.
An LIII line of this intensity would indicate a 9% E2 admixture in the

312-kev transition; thus the E2 admixture does not exceed 9% and is most

likely much less than this value,
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Bxperimental values

. Theoretical values®

8] o o O - O = T a =
(kev) % 1 %m %m M roem A 7 ment % %y %y %y % wmy % Ly OLpy  Oppy %y g
28 - -- - - MI/MH/MHI=1-0/0-27/0-30 - - e- ggﬁgx;u - ”1/“11/“1:11=1'°/°'1/°'°°)‘7 - - ‘&/“n/”&n=l'°/28/28 -
40 - 64 230 180 - 47 52 - - 470 -- 73;141 - 50 4.2 0.29 5% [ — 16 %00 390 806 -

30% E2
5 -- 1u 1.5 016 2.6 @ -- - 0.95 0.38 13 - 92253141 - 8.9 0.75 0.043 9.7  -- - 1.2 23 17 58 --
2
87 - 5.5 ©0.76 0.15 1.5 0.3k 0.076 0.43 0.11 6.4 -- g;%m -- 5.8 0.49 0.027 6.3 - -- 0.60 1 8.0 20 -
B2
104 -~ 3.9 0.71  0.15 1.2 -- -- 0.55  ~- b8 - 3?’3'21 - 3.5 0.30 0.016 3.8 - -- 0.30 4.9 3.2 8.0 -
272 0.20 0.19 <0.1% - - - -- -- <0.33 >0.59 E2 1.2 0.23 0.023 0.00093 0.25 L7 0.089 0.023 0.082 0.033 0.138 0.65
300 0.83 0.17 0.025 -- 0.051 -- -- 0.013 -- 0.20 k1 98?41 0.86 0.17 0.017 0.00068 0.19 L.6 0.075 0.018 0.055 0.020 0.073 1.0
10% E2
312 HL?B]b 0.19 0.017 -- 0.04k  -- -- 0.015 0.0038 0.21 3.9 M 0.79 0.16 0.016 0.00062 0.18 45 0,070 0.017 0.048 0,017 0.065 1.1
341 0.67 0.15 0.019 -- 0.046 -- .- 0.019 -- 0.17 4.0 9;‘1))& 0.60 0.12 0.012 0.00046 0.13 4.5 0.059 0.01k4 0.033 ©0.0i1 0.047 1.3
5% K2
375 0.077 0.021 0.045 0.021 -~ - -- -- - 0.087 0.90 B2 0.48 0.098 0.0099 0.00036 0.11 4.4 0.051 0.012 0.02% 0.0076 0.0 1.2
399 0.066  0.020 0,035 0.011 =~ - -- -- - 0.066 1.0 E2 0.40 0.081 0.0082 0.00030 0.089 4.5 0.045 0.010 0.018 0.0055 0.034% 1.3
u6 0.12 0.024 0.017 0.0045 -- - - -- - 0.046 2.7 }gm 0.36 0.074 0.0076 0.00027 0.082 4.4 0.043 0.009% 0.016 0.00k7 0.030 1.k
E2

G refers to the sum of the L-conversion coefficients determined in this work. %51, differs from a {total L-conversion ccefficient) in those cases in which not all of the L-subshell
electron intensities were measured.

The relative photon intensities were normalized to the relative electron intensities by means op the theoretical ‘%12, which 1s 0.79 (see text).

Reference 28.

uqhw
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The K-conversion coefficient of the 312-kev transition was measured
by use of the thick-lens spectrometer and lOO—channel scintillation spec=.-
trometer. Four sources were prepared by evaporating a solution of Pa233
onto Mylar films which were mounted on brass rings. A l/h-inch margin on
the source side and the entire back side of the Mylar was coated with
Aquadag to minimize source charging. These sources were used to measure
the intensity of the gamma-ray and K-conversion electrons of the 3lz-kev
transition in the scintillation spectrometer and thick-lens beta spectrom-
eter, respectively. The peaks of the 312-kev transition were not resolved
in either the gamma spectrum or electron spectrum, however, the relative-
intensity data obtained from the permanent-magnet spectrographs and bent-
crystal spectrometer were used to determine the extent to which the 312-
kev transition contributed to the composite peaks. Since these fractions
were large in both cases, the errors associated with these quantities led
to small percentage errors in the final value of ak

A Bi™ 207 source was used to determine the normalization factor for
converting the observed ratio of electron intensity/gamma intensity to an

207 5904

kev transition whose conver51on coefficient is known (a = 0,017). 71,72

absolute conversion coefficient. Used for this purpose was the Bi

Measurements of the Bi 2ot source were taken in the same manner as with the
Pa £33 and the known conversion coefficients used to determine the normal=-.
ization factor., The photon intensities were corrected for photoefficien¥

70

cies by means of the curves of Heath,

233

Four separate Pa sources were used in the determination of the
conversion coefficient., The relative activities of these sources were
1/3/5/7, and the values of ailz obtained were 0.86, 0.89, 0.62, and 0.5k,
respectively. For the most active source the electron counts were of the
order of lOS/min at the peak of the 312-kev conversion .line, and it is

. almost certain that the use of the two most active sources resulted in low
values for'aﬁl2 because of coincidence losses in the scaler unit of the
veta spectrometer., No correction was made for such coincidence losses
because it was easier to use the less intense gources in order to eliminate
the coincidence losses than it was to determine the correction’factors.
Corrections in the gamma-counting rate were made through use of a "dead

1

time"” meter on the gammsa spectrometer.
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The theoretical value for the conversion coefficieqt of a 312-kev
magnetic dipole transition is given as 0.79 by Rose28 and és 0.72 by Sliv
“and Band573 The value O.86_has been selected as the experimental value
of dilz, and the limits of error are estimated as # 30%; hence the experi-
mentsl value 1s not inconsistent with an interpretation of pure M1 for

the 312«kev transition,

6., Conversion Coefficients and Multipole Assignments
In order to calculate from the electron and gamma relative inten-

sities the conversion coefficients of the observed transitions, the gamma
intensities were normalized to the electron intensities by means of Rose's
theoretical K-conversion coefficient for a 312-kev M1 transition.28 (Sub~
sequently both the electron and photon intensities were normalized to
"percent beta decay" as explained in Section III,B.7,) 'This means of
normalization was chosen because the large limits of error on the experi-
mental valué.of-cxﬁl2 made this value undesirable as a normalization
factor, If the 312-kev transition had the 9% E2 admixture set as an
upper limit, then the use of the theoretical ailz for a pure M1 transi-
tion would introduce an approximate &% error in the normalization and
in the calculated conversion coefficients.
The conversion coefficients calculated are listed in Table IX.
From the limits of error placed on the electron and gamma intensities,
one can estimate limits of error of about 35% for most of the experimental
conversion coefficients listed in Table IX. The values for the weak
transitions may be in error by as much as a factor of two.,
The experimental L-subshell ratios, ak/thi ratios,

conversion coefficients were compared to the theoretical values of Rose2

T4

and absolute

in order to assign transition multipolarities. Rose's theoretical values
for M1 and E2 transitions are listed in Table IX along with the experi-
mental values and the assigned multipolarities,

Some general observations can be made about the data and assign-
ments presented in Table IX, First, it 1s true that in most cases the
major multipole component of each transition is clearly indicated., The

percentages of admixed multipoles were calculated from the conversion
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coefficient data; and although the listed percentages of the less intense
multipole components are approximate, they are quantitative.

In making these quantitative estimates of multipole admixtures
most weight was given to the L-subshell ratio data. In most cases the
experimental absolute conversion coefficients are larger than expected
from these assignments and the theoretical conversion coefficients. This
is especially evident in the pure E2 assignments. These differences are
probably-due to experimental errors in the electron- and photon-intensity
data and to the means of normalizing the photon intensities to the electron
intensities, If it were assumed that the K-conversion coefficient of the
312-kev transition were less than 0,79 because of a few percent of E2
admixture, then the photon-intensity normalization would make all calcu-
lated conversion coefficients several percent lower, Not all the dis-
crepancies can be eliminated by an adjustment of the normalization factor,
however,

Finally, it is.noted that the experimental ak/aZLi values of ths
300-, 312-, and 340-kev transitions are approximately 10% smaller than
would be predicted by the assigned multipolarities and theoretical values,.
It has been mentioned that the electron intensities from Hollander and
Hamilton57 are the measured peak heights of the conversion lines., These
workers also measured the intensities of the 312-kev K and LI lines by
integrating the area under the pegks, The K/L ratio of the 312-kev transi-
tion obtained in this manner is 4.2 * 0.4 and is more accurate than the
value of 3.9 obtained from the peak heights; thus unless the error limits
have been chosen too conservatively, there is no discrepancy between the
experimental and theoretical K/L ratios for this transition. It would be
of interest to perform a more accurate experimental measurement of this
quantity.

The K/L ratios of the 300-kev transition (measured by the Uppsala
group from peak he;ghts) and the 340-kev transition (measured in this work
by means of photographic film) are known less accurately than that of the
312-kev transition. Furthermore, it is reasonaeble to assume that the
former quantity would be approximately 6% larger if it were measured from

integrated areas rather than from peak heights, The experimental K/L
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ratios of the 300- and 340-kev transitions, therefore, most likely agree
with the theoretical values within the experimental errors. It should
be noted that Bisgard et al. report values of approximately 5 for the K/L

ratios of the 300f, and 312-, and 3L40-kev transitions.53

23

Teble X is a reproduction of a table from Bisgard et al,,”~ who

have assigned multipolarities to the transitions in U233 on the basis of
relative conversion-electron intensities measured with a six-gap beta
spectrometer, For comparison the corresponding experimental values used
for the interpretation in this work have been included, (Also inclﬁded
>

in the table are the multipole assignments of Albouy and Valadares and

those of this work.,)

The theoretical values listed by Bisgard et al. were reported to
be taken from the tablesvof'Rosen28 In some cases the theoretical values
used in this work (also from Rose's tables but not listed) do not agree
exactly with those of TAble X, These differences are probably due to
differences in the assigned transition energies and are not large enough

to greatly affect the interpretation of the data.
53

The agreement between the data of Bisgard et al, and this work

is not good, the differences being by a factor of two in many cases., The
multipole assignments made by the Danish group are, however, essentially
the same as those of this wofk, the assignments 6f this work being more
quantitative, One exception is present. Bisgard et al, assign the 416~
kev transition as magnetic dipole, whereas we interpret the transition
as an M1-E2 mixture, predominantly E2. We do not understand why Bisgard
et al. make this assignment, since their experimental values do fall
between the theoretical M1 ana E2 values. |

It is encouraging that the data of the Danish group53 and of this
work for the 375- and 399-kev transitions are in reasonably close agree-
ment, The multipole assignments of these transitions are gquite important
in the interpretation of the decay scheme, and this agreement suppdrts
the assignments of these transitions .as electric quadrupole.
The multipole agsignments by Albouy and Valadares54 are also in
essential agreement with those of this work, with the exception of the 4o-

kev transition. The French authors report this transition as an M1-E2



Table X

The decay of P5233 — multipolarity assignments of varlous workers

E Conversion Experimental This Theoretical values® Multipolarity
ratio values work B E Bisgard Albouy snd This
(kev) Bisgard et al.” 1 2 " et 81.®  Valadares®  work
28 M+ M .5 4.3 2.2 0.7 170 ML+E2 Ml+E2 98% M1
Mz 2% E2
M >20 -- 1.9 62 7.6
My
L0 Lp+ Lyp 1.0 1.7 1.1 L. 230 Ml + B2 20% M1 T0% ML
Lo 80% E2 30% E2
L A0, b 0.27 . 0.7 0.03 13
Irr
M+ M 1.7 - 2.0 1.1 200
Mrrx
Moo >50 - 2.8 L6 7.3
My
13 L+ Ly >130 ™ 2.2 1.3 223 M m (<% E2) 9% ML
- ' 2% E2
Ly ~13 7.1 1.4 0.06 12
Lor
87 Lp+ L >20 %0 2.4 1.3 207 ML ML(<$E2)  9TH ML
j— : 3% E2
L ~5 7.4 1.5 0.06 11
Irg
10k Ly +Lyg >30 30 1.9 .6 229 ML Ml (<% E2)  95% M1
p— 5% E2
Lp ~3 5.6 0.9 0.06 10
Lrr
273 K/L 0.55 0.59 5.2 0.67 b6 B2 E3,Eh, or E2
= E5 o
Ml + E2
Ly + LII 2.8 1.3 6.7 3.3 274
Lo
301 K/L 5.0 41 5.2 0.8 W5 ML ML 90% M1
10% E2
313 X/L 5.1 3.9 5.1 0.9 4,5 M M1 ML
34 K/L 5.0 4.0 5.2 1.1 4.5 ML ML 95% M1
5% E2
Ly + Lyg >100 - 8.2 M2 277
Loy
377 K/L 1.2 0.90 5.1 1.2 L6 E2 -- B2
Ly + Lop 3.1 3.0 9.0 k9 287
Loy
koo K/L ~2.4 1.0 5.2 1.3 k.5 Ez -- B2
Lp+ Ly 4.0 5.1 9.2 5.1 294
L
ik K/L 3.9 2.8 5.1 1.5 Ly M1 -- 22% M1
78 E2
L+ i‘n >20 9.0 9.9 5.5 297
Lopr

a. Reference 53.
b, Reference 54.

¢, This table is & copy of one presented by Bisgard et al., with the data of this work and of Albouy and
The theoreticel values listed are those in the original table and
in some cases are not exactly the same as those used for the interpretation herein (see text).

Valadares included for comparison.
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admixture with approximately 20% M1, whereas we interpret the transition

as M1-E2 with approximately 70% M1,

7. Absolute Transition Intensities and Log ft Values
‘ 49,50,51

From the data of previous investigators, it is apparent
that approximately 95% of the beta decay populates -the ﬁpper four levels
in U233. (Beta intensities measured in this work with the Berkeley double-
focusing spectrometer showed approximately 90% of the beta decay populating
the upper four levels; however, the intensities of the previous workers are
considered more accurate because the emphasis in this work was placed upon
conversion-electron intensities, not on beta intensities.) The measured
relative intensities in Tables VI, VII, and VIII have been placed on an
absolute basis of percent beta decay by requiring that the sum of the
intensities of the transitions depopulating the upper four levels be 95%
of the total beta decay. The transition intensities (the sums of the
electron and gamma-ray intensities) are listed in Table XI.

Since no gamma-ray data and only limited electron-intensity data
are available for the 28-kev transition, its intensity was estimated in
the following manner. The multipolarity of the 28-kev_transition was
deduced from the relative M-subshell ratios by comparing the experimental
values to Rose's theoretical values.28 The transition was found to be Ml
with approximately 2% E2 admixture, The theoretical M-conversion coef=
filcients for a gamma ray of this multipole admixture were deduced from
Rose's M1 and E2 conversion coefficients, The measured M electron in-
tensities and the deduced conversion coefficients were used to estimate
the 28-kev gamma-ray intensity. Since the conversion coefficients are
large, this estimated gamma intensity is a small fraction (0.2%) of the
total intensity.

The total L-electron intensity was approximated as 3.6 times the
total M electron intensity. The factor 3.6 is an average of the ratio of
total L to total M intensities for other M1 transitions observed in this
work, This empirical factor was used in preference to a theoretical

factor deduced from Rose's tables,28 because the M conversion coefficients

of Rose have not been corrected for screening or for finite nuclear size,
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Table XI

The decay of Pa233.—

Total sbsolute transition intensities

Transition Transition

e?§£§§ (perciﬁzeEZi:ydecay)

17 -
28 ‘ ~2
" 9.4
- | 1L
86 | H

104 | >

2o 0.48

300 13

312 w©

Mo 7.3

s 0.66

398 "

415 1.7
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Finally, the N and O electron intensities were assumed to be smaller than
the M-electron intensity by facdtors 3 and 9, respectively. (This latter
assumption was made also in estimating the total intensities of other
transitions whose N and O intensities had not been measured,)

The percent beta population to each level in U233 was deduced
from the absolute transition intensities; these are listed in Table XII.
Hok's measured intensity values for the low- and medium-energy beta com-
ponents are 37% and 58%, respectively.u9 The corresponding values deduced
from the values in Table XII are 40% and 54%; thus there is close agree-
ment. in the values of these beta-decay groups determined in independent
ways.

The value of 5% decay to the ground state listed in Table XII is
the value measured by previous workershg’so’Sl The log ft values in

75

Table XII were calculated by the method of Moszkowski' ”~ by using the beta

intensities listed,.

8. Discussion of Decay Scheme

The above data have been used to construct the decay scheme shown
in Fig. 5. The general features of the scheme are the same as proposed
by Brodie51 49
of the U233 levels suggested by Newton55 are confirmed., Some Coulomb-

and supported by Hok and Kramer, The quantum assignments

excitation data of Newton are included in the scheme for completeness.

The energies 6f the levels have been assigned so as to give good agree-

ment between the sums and differences of the energies of the gamma rays

" connecting the levels., In all cases the different possible energy values

of a level as computed by different sums and differences agree within 0,04%,
The ground-state spin of U?33 has been measured as 5/2 by a number

of investigators.76-8o As pointed out by N'ewton,55 the ground state is

most probably the 5/2+ [633] Nilsson level, The ground state of Pa233

was measured as 3/2 by Hubbs and Winocur.81 Evidence that the ground:

state of Pa233 has odd parity was obtained by a beta-gamma angular cor-

relation experiment performed at Uppsala by Hamilton, Hollander, and

Pettersson.82 An anisotropy observed between the 250-kev beta group and

the 312-kev photon establishes that the beta transition to the 312-kev
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Table XII
Beta~component intensities and log ft values in
the decay of Pa233

Final state Intensity log f't

(xev) (percent)
415.80 S 22 26.72
398.55 <18 S 6.93
340.52 18 7.32
311.93 | 36 7.20

40.35 ‘ o
5 9.16
0.00
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Fig. 5. The energy levels of U233.
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level cannot be purely éllowed. Thus, the parity of Pa233 is odd if that
of the 312-kev level is even. The Pa.233 ground state has been inter-
preted83 as the 3/2 member of a K = 1/2 band based on the Nilsson level
1/2 - [530]. With this basic information and the data at hand it is
-possible to analyze the scheme with respect to beta branchings, photon
branchings, and log ft values. It will be convenient to discuss each

of the rotational bands separately.

a, Ground-State Band

The assigned quantum states indicate that the ground-state beta
transition proceeds largely by the "unigue" AI = 2, yes type of decay,
since AL = 1 transitions are K-forbidden (AK = 2). In addition, the first-
forbidden transition to the ground state is "hindered," in the notation of
Alaga,s)+ since a selection rule on the asymptotic quantum number A is
violated. Thus, the calculated log ft of 9.16 for the ground-state transi-
tion is consistent with the assigned quantum states.85

It is possible to estimate from theory the beta branchings to the
ground and first excited states in the following manner: From Hok's work
it is known that the total beta population of these two levels is approxi-
mately 5%.49 The relative amounts of beta decay to the ground and first
eXcited states méy be estimated from vector-addition coefficients if it
is assumed that the decay to both states is L = 2 radiation. This as-
sumption is Justified since L = 1 radiation is, according to the quantum
assignments made, K-forbidden. -The ratio of the ft value for decay to
the ground and first excited states is thus predicted as 0.75, and this
ratio is realized if the beta populations of the ground and L4LO-kev levels
are 3% and 2% respectively. In this case the log ft values are 9,38 and
9.48, respectively,

The rotational constant (hZ/Z%) for the ground-state band was
calculated from tﬁe energy of the first excited state (40.35 kev) by means
3)

of the equation

E. ¢ = hZ/Z% (T(T+1) -1 (1, +1].

The result is hZ/Z% = 5,764 kev, With this constant the energy of the
second excited state is calculated to be 92,22 kev, in reasonable agree-

ment with Newton's measured value of 92,0 kev.
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One apparent discrepancy has been pointed out by Albouy and
Valadares.5u The total estimated population of the 40-kev level is
larger than the measured intensity of the L4O-kev transition. The French
workers reported this difference to be a factor of 3 to 4., In this work
the difference is by a factor of 1.7 if the assignment of 2% beta decay 5
to the 40-kev level is correct and by a factor of 1.5 is no beta decay
proceeds to the first excited state.

It is of interest to determine if the errors associated with our
measured transition intensities are large enough to explain this incon-
sistency. The predominant decay to the first excited state is the 300-
kev transition (13%); the measured intensity of the 40-kev transition is
9.4%. The values of the gemma-ray intensity of the 300-kev transition
measured from the wire and ThO, sources agree exceptionally well, Like-
wise, the intensity measurements of the conversion electrons of this
transition by the Uppsala group57 and by this author are in excellent
agreement. It is therefore probably reasonsble to assing an error of
about 15% to the measured relative gamma and electron intensities of the
300-kev transition.

Errors in the normalization of the relative gamma intensities to
the relative electron intensities result in errors in the absolute transi-
tion intensities. If the possible error in the normalization is * 10%
and the error limits of the relative gamma and electron intensities are
t+ 15%, then the over-all error limits of the 300-kev transition intensity
are about * 20%, » v '

If the measured intensity of the 300-kev transition is 20% too
large and the population of the‘ho-kev state by modes other than the 300-
kev transition is approximately 3, then the measured intensity of the 40-
kev transition is about 32% too small. If no beta decay proceeds to the
40-kev level and if the intensities of the 375~ and 27l-kev.transitions
have been slightly overestimated, then the measured intensity of the 40-
kev transition is approximately 20% too small,

The discussion in Section III.B.3 shows that the electron-line
peak heights of the LO-kev transition may have been substantiaily at-

tenuated by source absorption effects. For this reason, it i5 beclieved
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that the discrepancy of 20 to 30% in the intensity balance which we note
for the 300-kev—40-kev cascade is not only within the experimental un-
certainty but also actually in the direction that should be expected.
Thus we do .not confirm the observation of Albouy and Valadaresszhat there

is an intensity discrepancy here of a factor of three to four,.

b, K = 3/2 Band
The levels at 311 kev and 340 kev have been interpreted as the

3/2 and 5/2 members of a rotational band based on the Nilsson level

3/2 + [631].”7 The calculated log £t values listed in Table XII for beta
decay to these levels are in agreement85 with first-forbidden nonunique
decay (A I = 0 or 1, yes) and hence in agreement with the assigned spins
and parities, The experimental beta branching to these two levels dif-
fers by a factor of two from the theoretical value.predicted from vector-
addition coefficients, The theoretical value for L = 1 decay is

g E§§§ ::;;g; = 1.5,‘whereas the experimental value (inverse ratio(of/
ft values) is 0.76., It is permissible to compare only L = 1 radiation
because L = 0O decay to the 3/2 level is K forbidden, It is possible to

explain this disagreement by assuming an error of about 75% in the esti-
mated intensity of the 28ekev transition. To bring about agreement the
intensity would have to be about 21 instead of the assigned value of 12,
which is quite possible in view of the absorption effects on these low~-
energy conversion line (as discussed earlier) and because the intensities
of the L lines of the 28-kev transition were not measured but only esti-
mated from the measured M-electron intensities, It is possible, too,
that some decay to the 31l2-kev state takes place by L = O radiation due
to admixtures of K values other than the principal ones in the initial
or final states (or both),

It is possible to test by photon branching the quantum assignments
of only the 340-kev level and this by only one ratio, %%%E%%.' Other com-
parisons for transitions depopulating the K = 3/2 band involve small ad-
mixtures of electric quadrupole radiation whose intensities are not known
accurately enough to Jjustify guantitative evaluation. The experimental
and theoretical.relative reduced photon transition probabilities are list-

ed in Table XIII, The theoretical values are the ratios of the squares
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Table XIII

The decay of Pa233 — experimental and theoretical
relative reduced photon transition probabilities

L: B(Ii—alf)

Experimental values

1 - : Theoretical From photon  From electron
Er%Ey Ki/Kf L: B(ii_élf) values intensities intensities
75/103  1/2/3/2 ML: B(3/2-5/2) 1.5 3.3 3.2
Ml: B(3/2~3/2)

416/375 1/2/5/2 E2: B(3/2-5/2) 1.3 1.2 1.2
' E2: B(3/2>7/2)

300/340 3/2/5/2 Ml: B(5/2-7/2) 2.5 2.3 2.1
- Ml: B(5/2—-5/2)
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of vector-addition coefficients; thévexperimental ones were calculated
by'two nearly independent means. The experimental values in the first
set are the ratios of the measured gamma-ray relative intensities cor-
rected for the E22+l energy dependence and for multipole admixtures,
Those in the second set were determined in a like manner except that the
relative photon intensities used were deduced from the measured con-
version-electron intensities and the theoretical conversion coefficiénts.
The values calculated by these two means are nearly the same. It is seen
that there is good agréement between the experimental and theoretical
values for the 300- and 340-kev transitions,

The assigned transition multipolarities (Table IX) allow no other-
spin assignments to the 312-kev and 340-kev levels, The only K values
consistent with these spins are K = 1/2 or 3/2 for the 312-kev state and
K =1/2, 3/2, or 5/2 for the 340-kev state, In both cases the value of
1/2 is fuled out by fhe character of the radiation depopulating the two
levels since, with,K = 1/2, dipole radiation would be K-forbidden. The
value K = 5/2 for the 340-kev state is not in agreement with the experi-
mental data since this assignment leads to a theoretical value of 0.40
for the photon relative reduced transition probability, (The experimental
value is 2,3.) Therefore the agreement between the experimental and
theoretical ratios in Table XIII for the 300~ and 340-kev transitions
supports the assignment of K = 3/2 for the 340- kev level and thus makes
reasonable the interpretation of this level as g fotational level based
on the state at 312 kev,

From the energy difference between 3/2+ and 5/2+ members of this
band (28,59 kev) one calculates a rotational constant of 5.718 kev. The
calculated energy of the 7/2+ members is, then, 380.6 kev. No evidence
for a state of this energy was found in this work.

c. K =1/2 Band

According to the multipole assignments listed in Table IX the

levels at 398 and 415 kev must have spins and parities of 1/2+ and 3/2+,

respectively. These assignments are in agreement with the interpretation
by Newton, who postulated that these levels are the first two members of

a K = 1/2 rotational band with the Nilsson level 1/2 + [631] as the base
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state,
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The division of the primary beta population:betwéen these two
levels cannot be estimated accurately because the intensity of the 17-
kev transition is not known., In Table XII the log ft values listed for
these two levels were calculated for the intensity of 0% for the 17-kev
transition, and the uncertainties indicated by ( < ) and ( > ) signs.
These approximate log ft values are in agreement with the postulated
spin and parity assignments,

The theoretical branching ratio for beta decay to these levels
cannot be caiculated from vector-addition coefficients without knowledge
of the relative amounts of L = O and L = 1 types of decay to the L4l6-kev
level; however, if the quantum assignments of the 399- and 41l6-kev levels
are assumed to be éorrect it is possiﬁle to make an indirect'test of the
assignment K = 1/2 to the ground state of Pa233. The only other K value
consistent with the measured spin for Pa233‘is K = 3/2. If this value
is assumed, it is possible to make branching-ratio comparisons for decay
to the 415~ and 398-kev levels because L = O transitions are then K-
forbidden. With this assumption the theoretical ratio for L = 1 decay

to the two highest levels is g §§;§ ::;;2; = 1,25; the experimental value
is 0.62. The value 0.62 was calculated by assuming the intensity of the
17-kev transition to be negligible. The calculated ratio would be smaller
if a larger value were assumed for the intensity of the 17-kev transition,.
Thus, the theoretical and experimental values differ by at least a factor
of two; however, this is not conclusive evidence against an assignment of
K = 3/2 for the ground state of Pa233.because such deviations can be
caused by admixtures of K values in the initial or final states, Much
stronger evidence that the ground state of Pa233 has K = 1/2 comes from
the work of Stephens, Asaro, anvaerlman86 on the alpha decay of Np237,
which populates several excited states in Pa233 whose spacings appear to
be characteristic of a K = 1/2 band,

The theoretical and experimental values of the reduced photon
416-E2
. 375-E2
good and supports the quantum assignment of (3/2+, 1/2) for the 4l6-kev

level, Note that M1 transitions from the X = 1/2 band to the ground-state

band are K-forbidden, This accounts for the predominantly E2 character

branchihg ratio are compared in Tsble XIII. The agreement is quite
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of the Wl6-kev transition., The theoretical and experimental reduced
photon branching ratios i%g{%% also are compared in Table XIII, The
values are seen to disagree by a factor of two, This disagreement is
certainly outside the limits of error of the experimental ihtensities

of these photons. If the multipolarities of the gamma rays depopulating
the 416-kev level have been correctly deduced, the only choice of spin
for this level is 3/2; and thus the only possible K values are 1/2 and
3/2. The choice of K = 3/2 leads to a theoretical value of

o 8;3 :g;gg = 0.67, which differs from the experimental value by

a factor of 4.5, in worse disagreement than the theoretical branching

ratio for K = 1/2.

The difference of a factor of two between the experimental and
theoretical values can most easily be explained as being due to admix-
tures of K values other than the principal one in the initial or final
states; however, if suéh admixtures are present, it is surprising that

) R 4116-E2 300-M1 .
the experimental branching ratios 375E2 and 340 ML agree so well with

the theoretical values. Despite these difficulties we believe that the
quantitative evidence obtained in this study indicates that the major
component of the 399- and 416-kev state is K = 1/2,

It is possible that transitions from the 5/2'member of this
K = 1/2 band were observed in this study. These transitions, of 62,61
and 45,36 kev, are shown in Fig, 5 depopulating a level at 461,16 kev.
The evidence for these transitions is two weak electron lines of énergies
41,67 and 23,60 kev listed in Table XIV, It was assumed that the first
of these lines is the Lyy line of a 63-kev E2 transition, and that the
second is the LI line of a 45-kev M}AE?”ﬁransition.‘ The fact that no
other electron lines associated with these transitions were obuerved is
consistent with the intensities of the observed lines and the multipole
assignments of the transitions. The evidence for the L46l-kev state is
tenuous, since in the energy region of these lines there are many un-
assigned lines among which one might expect some coincidental agreement,
Some support is given the postulate by the close agreement between the
differences of the postulated transitions (17.25 kev) and the measured

energy (17.26) of the 3/2+ — 1/2+ transition.
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Table XIV

Unassigned electron lines in the decay of Pa233
Film Ee~ Possible transition enérgieéb (kev) Possible
a . o
no. (kev) K . L LII , LIII assignments

Relatively certain lines

48-x 1.90 117.49 23.66 22.84 19.06 (c)
48-x 4.08  119.67 25.84 25.02 2l.24  (c)
i”l6‘ 108.3 223.9 130.1 129.2 125.5 130-L;
416 112.7 228.3 134.5 133.6 129.9 130-Lo1
419 166.5 282.1 188.3 187.5 183.7
172, 288.0 194.2 193. 4 189.6 (c)
226.6 342.2 248. 4 247.6 243.8
I. 8. 229.5 345.0 251.2 250. 4 246.6 250-L1{
412 232.1 R
L6 232.3 i} 3k7.8 254.0 253.2 249. 4
I. S. 233.5 349.1 255.2 25h. 4 250.6 250-Ly1g
16 262.7 378.3 284.5 283.6 279.9
I. 8. 281.1 396.7  302.8 302.0 298.2
hi7 292.0 407.6 313.8 312.9 309.2 3lh—LI
I. 8. 293.0 408.6 314.8 313.9 310.2 31u-LII
I. 8. 4hs5.h 561.0 L67.2 466.3 L62.6
Questionable lines
48-x 6.84 122.43 28.60 27.78 24,00
48-x 9.31 124.90 31.07 30.25 26.47
48-x 9. 44 125.03 31.20 30.38 26.60
419 19.86 135.45 h1.62 40.80 37.02
408 20.25  135.84  L2.01  41.19  37.M
408 20.49 136.08 “h2.25 41.43 37.65
50-x 21.30 136.89 "L3.,06 h2.24 38.46
408 21.75  137.3k 43.51 42,69 38.91
408 - 22.08 137.67 43.84% 43.02 - 39.24

50-x 23.60  139.19 45.36 L5k 40.76
50-x 23.84-- 139.43 45,60 - 44,78 41.00
419 24,68  140.27 4644 45,62 41.8Y
48-x  25.70 . 1h1.29  W7.46 46.64  42.86
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Table XIV (continued)

Film Ee Possible transition energiesb (kev) Possible

no.

©

(kev) K L Lot . Lopp assignments

18-x 28.52 14k,11 50.28 49,46 145,68

419 30.64 146.23 52.40 51.58 47.80

48-x 35.53 151.12 57.29 56.L47 52.69

408 37.77 153.36 59.53 58.71 54.93 58.8-LII
408 h1.67 157.26 63.43 62.61 58.83 58.8-1.III

I. S. 47.59 163.18 69.35 68.53 64,75
48-x 53.86 169.45 75.62 74.80 71.02

54.16 169.75 75.92 75.10 71.32  (4)

48-x 63.91 179.50 85.67 84,85 81.07

-x 65.15 180.7k 86.91 86.09 82.31
408
419

65.83  18L.42  87.59 86.77 82.99
67.23 182.82 88.99 88.17 84,39

48-x 69.42  185.01 91.18 90.36 86.58
50-x - ‘72.21- 187.80 93.97 93.15 89.37
L8-x Th. 46 190.05 96.22 95. 40 91.62
48-x 81.73 197.32 103.49 102.67 98.89

419

903

H H H H

105.6 221.2° 127.% 126.5 122.8 KM ML ?Ef:r
S. 217.7 333.3 239.5 238.6 234.9
S. 219.5 335.1 241.3 240. 4 236.7
8. 221.5 337.1 243.3 2k2.5 238.7
S. 227.2 342.8 249.0 248.2 24k, k4
396.7 512.3 . 418.5 £17.6 %13.9 hls-LIII

a.

The films are identified as follows:

(1) 48-x, 50-gauss accelerator spectrograph with 10-kv pre-accerlation.
gzg 50-x same as 48-x without acceleration

3) I. S. — intensity standards

(h) Remaining films exposed on conventional spectrographs

sy L., Or L.

11T binding

These values were obtained by adding the K, L
energy (as indicated) to the measured Ee .

These lines were stronger than others listed in the table., They are
designated as weak, most others as vvvw.

I’ 11

This line is the low-energy side of the T75-kev LI line, which appeared
split on this film. This may indicate two-close Iying lines or may
béran instrumental effect.
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With the assignment of the 5/2 member, it is possible to calcu-
n_ta

late the rotational constaﬁt ﬁz/ZS and the decoupling parameter “a ),
for this K = 1/2 band, These constants are defined by the equation3’

Eot = h2/2§3 I(I+1)+a ()07 1/2

ro (I +1/2) 1.

Substitution of the measured energies gives h2/2£§ = 7.41 kev and
a = -0,22,

It is interesting to compare these values with those of the same
rotational band occurring in other nuclei. In U235 the‘l/z + [631]
level 1s a low-lying isomeric state. Albridge and Hollander, 1 using
permanent-magnet spectrographs, have determined the‘gﬁergies,of the 3/2+
and 5/2+ members of this band in ye3” by measuring the 5/2+ — 1/2+ and
5/2+ — 3/2+ transition energies from the alpha decay of Pu239. The
energles of the 5/2+ and 3/2+ levels were found to be 51.67 kev and 13.00
kev, respectively, These énergies lead to values of h2/2 % = 6.04 kev
and a = -0.28, . '

The 1/2+ [631] level 1s the ground state of Pu239° In a study
of the decay of Np239 Hollander et al, determined values of ﬁZ/Z Y and
a for the K = 1/2 band in Put3? as 6.25 kev and -0.58, respectively.

In Tabie VI are listed two lines assigned as the Lyy and LIII
lines of a 57.90-kev transition. In Fig.: 5 this transition is placed
between the 399~ and 34l-kev levels. Keller and Cork52 and Hok and
Kramer 9 have reported lines which can be interpreted as L lines of a
58-kev transition; however, other workers have not observed these lines.
In this work the electron line of about 41 kev, assignéd as the 58-kev
KIII line, was seen by means of the 50- and 100-gauss spectrographs and
by means of the accelerator camera both with and without pre-acceleration.
The approximately 37-kev line, assigned as the 58-kev LII line, was seen
by means of the 50-gauss instrument and perhaps with the 100-gauss spectro-
graph. That this line was not observed in the accelerator camera is ex-
plained by the fact that it is weaker than the approximately 4l-kev line,
and this stronger line was Just visible on the plates exposed in the ac~
celerator camera. The line of‘approximately 36 kev reported by Hok and

by -
KramerE%s the 58-kev L; line was most likely the hO-kev Mirr line,
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The 58-kev L lines assigned in this work were too weak to be given
a numerical intensity. This weakness, in addition to the fact that the
transition is thought to be E2 and, therefore, highly converted, is con-
sistent with the fact that Browne failed to detect the gamma ray of this
transition.6lL That & 58-kev photon was not detected with the Pasadena
spebtrometer may not be significant since it is possible that during the
sweep of this energy region the discriminator of the detector was set so
as not to accept pulses corresponding to this energy. This fact waé not
discovered until the source had been returned from Pasadena to Berkeley.

The position of the 58-kev transition in the proposed decay scheme
requires that this transition be electric quadrupole. The L~conversion
coefficients of a 58-kev electric quadrupole transition are given by Rose
as 3.3, 70, and 56 for the Lo, 11T 8
That the L line is Qbserved as somewhat more intense than the LII

I11
line is not necessarily in contradiction to an assignment of E2, since

LII’ and L shells, respectively.2

source-gbsorption and film-efficiency corrections would increase the
1nten51ty_of the LII line relative to that of the LIII line,
d., Other Transitions

There 1s evidence for the existence of other gamma-transitions

in the Pa233 decay, This evidence is a number of unassigned electron
lines (Table XIV) detected by means of the permanent-magnet spectrographs
and two photon lines (Table VIII) of energies 41.65 and 145.42 kev
detected by means of the Pasadena bent-crystal spectrometer. These new
data and possible interpretations are discussed in this section.

The electron lines listed in Table XIV are divided into two
groups. Those in the first group are lines whose exilstence are con-
sidered relatively certain because of their intensities or because of
‘their detection on more than one photographic plate. The second group
contains lines whose existences are questionable or doubtful, An at-
tempt was made to find lines that could correspond to different con-
version lines of the same transition. In Table XIV the K, LI’ LII’ and
binding energies have been added to each of the observed energies

Lr11 .
and possible transition energies are indicated.



-76~-

Bisgard et al., have reported weak electron lines of energies
approximately 5 kev less than those of the 300-, 312-, and 34l-kev K
lines (i.e., at approximately 180, approximately 185, and approximately
220 kev).53 With the exception of a qﬁestionable line at approximately
220 kev, lines of these energies were not observed in this work, although
they would most likely have been visible were they present in the in-
tensities reported by the Danish workers,

In Table VIII fairly large error limits have been placed on the
measured energies of the 42- and 145-kev photons because in the spectrum
the photon lines were not well defined and hence the energies were dif-
ficult to determine. The 41.65-kev gaﬁﬁa was observed only with the
platinum wire source because the line was of too low intensity to be
seen with the weaker ThO, source, The 145-kev line was observed only
with the ThO2 source begause this region of the energy spectrum was not
scanned with the platinum wire source,

In Table XIV there is'no definite evidence of conversion electrons
corresponding to transitions of 42 or 145 kev. One extremely weak line,
which was seen at an energy of 19,86 kev, could be the Lp line of a hl.627
kev transition; however, this line is of doubtful existence so the assign-
ment cannot be made with any degree of certainty. The fact that there is
no definite evidence of conversion electrons of these two transitions
raiséé the question whether the recorded gamma rays have arisen from
impurities in the bent-crystal sources, The source with which the kl-kev
gamma, wéé detected underwent the same chemistry as used for the permanent-
magnet spectrograph sources; and although the gsource used for the detection
of the 145-kev gemma underwent no chemistry, it is likely that very few
fission products were formed, owing to the low fission cross section for
thermal neutrons on Thzsz. At any rate, no gamma ray of 145 kev has been
reported as being associated with any fission product isotope. For these
reasons the possibility of impurities has been ruled out. The most prob-
able reason for the failure to observe conversion electrons from these
transitions is that they have small conversion coefficlents. For example,
if the transitions were electric dipole it is reasonable that the con-

version-electron intensities would have been too small tc be detected.
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The differenqe between the energies of the 42- and 145-kev photons
is 103.77 0;05 kev, This difference agrees with the energy of the
103,86 + 0,02-kev transition to within 0.1%, but the agreement is not
within the assigned limits of errors. Probably the error limits have
been underestimated and the close agreement is a significant one; but a
definite answer to this point must awalt a more precise redetermination
of the photon energiles, However, for the purpose of the following dis-
cussion it is assumedvthat the difference between the energies of the h2-
and 1l45-kev transitions does correspond to the energy of the 104 -kev
transition, In this manner one can determine what‘possibilities are open
for the assignment of these lines 1f the assumption proves correct,

‘ The two néw photon lines can be used to define a level at 270.3
kev as shown in Fig. 6a, Thomas et al.88 have reported a level in U233
of apprpxiﬁately 290 kev populated by the alpha decay of Pu237,. The
energy of the level reported by these workers probably agrees within ex-
perimental error with the 270-kev level postulated here., Stephens et
al.83 and Mottelson and Nilsson89 have discussed the péssible Nilsson
assignments ofxthis level, The fofmér,workers pfefer an assignment of
5/2 = [752], the latter, one of 7/2 - [T43].

In this work the assignment of 5/2 - [752] to the 270-kev level
appears to be the only reasonable cholce. With this assignment,one can
explein our failure to observe electron lines corresponding to transi-
tions assoclated with this level, since.these‘transitions would be
electric dipole, and hence would have small conversion coeffidients.
Because of 1ts high resolution, the bent-crystal spectrometer was not
used to sweep the entire energy spectrumi thus .it is not known whether
photons associated with this level other than thé two reported are ob-
servable, In particular, it would be valuable to search for a photon of
270.3 kev which would de-excite the 270.3-kev 5/2— level to ground. With
this assignment it is truevthat-the 145-kev transition would be designated
as K-forbidden (A K = 2); however, it may not be unreasonable to assume .
that this transition proceeds by an admixture of K values in either the

initial or final state,
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Fig. 6. (a and b) Possible assigrments of two new transitions
- 1dn the decay of Paz33. ‘
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An alternative assignment of the new transitions is shown in Fig.
6b, where a level is defined at 457.4 kev, No level of this energy has
been postulated for U233 previously. The possible Nilsson assignments
of this level are the same as those discussed for the 270.3-kev level,
with the 5/2 - [752] state again being the only reasonable choice, The
arguments for this assignment are the same as those presented in the

“discussion of the 270-kev level, In Table XIV electron lines are listed
that could be assigned to transitions of 58.8 kev (457 —399) and 117.5
kev (457 — 340). Although with respect only to energy these transitions
would fit quite well into the postulated scheme of Fig. 6b, it would be
difficult to explain why their electron lines would be seen and not those
of thé other transitions. For this reason we conclude that the enefgy
fit is fortuitous, and these transitions have not been included in Fig.
6b,

At pfesent there is not enough information to place in the scheme
with confidence either the newly discovered gamma rays or the electron
data of Taeble XIV, Additional work with higli-resolution geamma spectros-

copy and strang Pa233 sources is required,

9. Auger,Electron'Data .
The following section is devoted to a discussion of the Auger
electron lines of uranium observed in this work. Burhop has presented

90

an excellent review of the Auger process, and a summary of experimental
and theoretical data appears in the spectroscopic tables of Nijgh et al.69
It is not the intention to reproduce here the material already presented
in previous publications except as it relates to the data of thils work.

It should be mentioned that, in general, there is no abundance of detalled
experimental information on the energies and intensities of Auger elec=...:
trons in the heavy-element region, What information is available indi-
cates that‘theoretical attempts to predict Auger energies and intensities
have not been very successful,

a. -K=Auger Lines

Uranium K~Auger électron data are presented in Table XV, These

data were obtained by means of the permanent-magnetAspectrographs. Most
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of the lines listed were observed by means of more than one spectrograph.
(i.e., at more than one field strength). The energies listed are the mean
averages of several determinations, and the error limits are standard
deviations from the mean values., In those cases in which only a single
energy determination was made an estimated error is given in brackets.

The intensities were measured by the use of the intensity standards in

the geamie manner as employed for determining electron intensities,

One of the methods of calculating Auger electron energies is that
discussed by Bergstrdm and Hill.91 In this method one defines the Auger
energy for a process UVW as Euvw =U_ -V - W (Vz), where U and V_ are
the bfﬁding energies of the U and V shells in an atom of atomic number z,
and W‘(VZ) is the binding energy of the W shell for an atom already ionized
in the V shell. Since, in general, W <W (V) <W, , 1» 8n effective
charge increment A Z is int&bducgd’and defined as A Z =W (VZ) - Wz/

W N o= Wz’ so that the energy hay be defined as Euvw = UZ - VZ -W

z 4+ 1 2 + A2,

~-Bergstr®m and Hill9l'have used experimentally determined K-Auger
energies for mercury (Z = 80) and Mladjenovic and Sl‘étis92 those of bismuth
(z = 83) to calculate values of A Z for KLqu,processes. They have found
that A Z 1s independent of Lp and depends on Lq in the following manner:
AZ =05 for L =L,
A% =0.5 for L = Ly,
AZ=0,8 for Lq =’LIIIE

In this work values of A Z for uranium K-Auger lines have been

93

]

calculated, usiné the binding energies of Hill et al. and are listed

in Table XV, The limits of error quoted were calculated from the error
limits placed upon the experimental energies., The A Z values for the
KLPL lines are seen to be approximately the same as those listed above
for Z = 80, Little can be said regarding the values of A Z for the.KLpMq
lines, since the error limits are so large. Unfortunately the calculated
values of A Z for these transitions are quite sensitive to ‘the values of
the measured energy. For the KLIMI and KLIMII transitions in.bisﬁuth

Mladjenovic and Slﬁtis92 report A Z values of 0,81 and 0.38, réspectively.
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The measured intensities of this work are compared in Table XV to
the corresponding relative intensities for the Auger lines in the region
of Z = 80 measured by several workers, The experimental data from the
other workers have been normalized as indicated by brackets for the pur-
pose. of comparison. The agreement is good with the exception of the KLILII
line. Neither the intensity values of previous work nor of this work
egree well with the theoretical values of Asaad and Burhop.91L It has been
suggested that this disagreement for high-Z values is due to relativistic
effects.9)+ | |

b. L-Auger Lines
Uranium L-Auger lines observed in this work are presented in Table

XVI; These lines were detected by means of a 50-gauss permanent-magnet
spectrograph employing an extremely clean source which was prepared by
dipping a 10-mil platinum wire into an acid solution of Pa233. The source
was used in the preaccelerator camera both with and without the application
of an accelerating voltage. (For a complete discussion of this source and
measurements see Part Two,) If an Auger line listed in Table XVI was de-
tected both with and without acceleration, the average of the two energy
measurements is given. In most of these cases the agreement between the
two energy determinations is within 0,04 kev,

The observed approximate relative intensities are indicated by a
code explained in a footnote to Table XVI. Since more lines were observed
by means of the accelerating voltage than without, the intensities listed
refer to a plate obtained with the voltage applied. These intensities
represent only a visual impression of the line as it appears on the plate;
they are not corrected for photographic efficiency or for geometry effects.

The calculated energies listed in Table XVI were obtained by the
method outlined in Part One, Section ITI.B.9.a above, with the assumption
that the effective charge increment, A Z, is unity. This assumption was
made with good results by Sujkowski'and Sl§t1595 for calculating the
energies of the L-Auger lines of bismuth.

The assignments of the L-Auger lines were made solely on the ba-
sis of energy agreement with the calculated values. Since a large number
of Auger lines may fall within a narrow energy region and since the pos-

sible errors in the measured energies can be large in comparison with the



Table XV

Uranium K-Auger lines seen from the decay of Pa233

Auger Observed energy JavA Observeda Reported experimental relative 1ntensitiegiﬁ Theoreticalh
transition (kev) in;ezs;;ies Z =8 2= 83d 7 - 80° 7 - 79f z = 79° 1::i§:iZ:es

(% p_decay) v 7 = 80
KLILI TL.69 £ 0.10 0.58 + 0.15 0.095 0.088 0.089 0.10 0.10 0.11 0.032
KLILII T2.54 £ 0.10 0.54% ¢+ 0.15 0.25 0.16 [0.16] 0.12 0.17 0.1h 0.039
KLILIII 76.29 + 0.16 0.84 £ 0.35 ~0.093 0.096 0.12 0.07 0.12 0.093 0.07h
KLHLII -- -- - - - <0.018 <0.018 0.02 0.03 0.0k 0.0049
KL Lrrr T7.13 £ 0.13 0.80 t 0.29 0.1k [0.14] 0.20 [0.14] [0.14] [0.14] [0.14]
s -- - -- -- - 0.07 0.12 0.06 0.08 0.083 0.078
KL M, 87.96 + (~0.2) 1.68 + (~1.1) 0.035 0.010
KL M 88.33 £ (~0.2) 1.78 + (~1.1) 0.04Y4 0.006
KLIMIV,V ; 0.0002
K Mrrr 90.02 * (~0.2) 0.061 : 0.030
KLIIIMI,II 92.95 * 0.25 , 0.010

KMIMiII? 105.6 £ {0.25)

a. The brackets indicate the lines used to normalize the relative-intensity data from other workers for the purpose
of comparison.

b. These intensities were obtained from spectrographic films in the same manner as for the conversion electron
intensities. ,
c. Reference 92. g. Nall, Baird, and Haynes, private communication to
J. O. Rasmussen (Jan. 1960).
d. C. D. Ellis, Proc. Roy. Soc. (London) 1394, 336 (1933).
h. Reference 9k.
e. Reference 91.

£. J. W. Mihelich, Phys. Rev. 88, 415 (1952).
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Uranium L-Auger lines seen from the decay of Pa

233

| L o

LIIMIMIII

Auger Intensitya Energy (kev)
transition Bismuth Uranium Uranium, this work
Sujkowski This c
- and S18tis work _Observed Calculated
LILIIIMV -- VW(B) 0.96 0.94
L P - W 2.2k _ 2.28
LI FH - W 2.6k 2.70
LINIILIII - W 2.83 2.88
R s A - 3. bk
LibrrrVrrr e v 3.48 3.52
Lrtrrrfrr o _ 3.52
Lrttrorw o } +(P) 3.7 {3"68
Ll - (b) 3.78
LIIIMIMIII W W 7.17 7.18
LrrMirtr W ? T-47 755
1Yy vw ? 7.7 7:76
ity v == -- .95
III’MIIMV ‘ VW 'Z(b) 8.22 8.32
ittt } v 8.4z 8.43
it =" = 8.13
L () 8.98 .01
ity Yio) 59 9
Loy m W g.12 9.20
LMy v - == 9.53
L.IIIMIVMV vs m 9.72 9.78
LIIIMVMV 8 wm 9.93 9.95
Lo MM o - 2 10.02 10.03
L MM -- } wlP) 10.47 10. 47
LrreMry - 10.48
Lo My, W ) ([ 10.83
LM M _— ) | 10.85
LMVt - ;W - 10.88 10.90
W 10.96
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Table XVI (continued)

Auger Intensity En'ergy. (kev)

transition Bismuth Uranium Uranium, this work
Sujkowski This _ o
and Sl8tis work Observed Calculated

LMo Moo W (masked by 28-LIII) 11.33
L 1M Oy -- 11.51
Lorrror - vw 11.5h 11.5k
Lo MM - 11.54
LMy, viz } y 1157
LrrtMrorior - -- 11.78
'LIM§IINVI,VII v - -" 17'Oi
iiiNingV)v } W }Emasked by uo-LII) { iZ:iz
L MMy W . -- 11.91
LIIMIIMV (masked by l7-MII) 12.10
LM M .- RN 12.36
LIIIMIVNIII VW 12.39 12.36
LrrtMrrrr T 12.45
LIIIMIIIOII - VW 12.59 12.60
LIMIIMIV W | - - 12, 73
Lty m | }‘wm(b) 12.80 { te.
Lt o 12f79
LM M vw (masked by l7-MIII) 12.92
Lirt"r,viz W == - 13.03
LiotwOir - }vw 13.16 {13'18'
Lty vz m 13.20
LMl - }vw 13.34 {13’3”
L MMy m 13.37
LIIMIVMV ' vs wm 13.56 13.56
L v le -- 13.73
LMo =" } W 14.32 {l”‘3l
L MM, W 1 14.38
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Table XVI (continued)

b.

Auger Intensity Energy (kev)

transition Bismuth Uranium Uranium, this work
Sujkowski This ‘ e
and Sldtis work Observed .Calculated

Lty v } A 14,67 { 1h.61
LMo - | 14.68

M1 v v 190
L M_N L. ? 14.98 14.98

IT ITV

Lot fYyrvir ¥ 15.31
LIIMIIINII W 'va 15.34 15.32
LIMINIV W 15.39
Ly -- VW 15.60 - 15.60
LM Ny W (masked by l7-NI) ' 15.82
Loy }w -- -- 15.89
LIIINIINV ' - . - 15.11
Lrrryr " VW 16.35 16.36
LIMIIOIV -- 22 16.48 16.48
LIIMVNIV W -- - 16.57
LIIMIV'NVI:VII U == -- 16.81
LrafNrvir | -- - ~16.01
a. The symbols used are wo=weak, m=medium, s=strong, v=very,

(b)=broad, and ?=questionable.

Reference 95. -

<. These values were calculated by assuming a AZ of unity.
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differences between the energies of the L-Auger lines, it is possible that
errors in assignments have occurred. For comparison the intensities of
L-Auger lines of bismuth reported by Sujkowski and Sl§t1595 are-also list-

2d in Table XVI. The correspondence between the more intense lines of the

bismuth and uranium spectra 1s obvious.

€. Curium-241

1. 'Introduction
The levels of Amzhl have been studied previously from the electron-
2kl (35-day half life) by Glass,‘l7 and from the alpha

capture decay of Cm
decay of Bk216 (5-day half life) by Chetham~Strode,96 Hulet et al.,97 and

Magnusson et al.98 The studies of the alpha decay of Bk245 have assigned

levels in Amzul at 42, 206, and approximately L8O kev, The'CmZ)'L-l electron-
capture decay has been observed to populate the approximately 480-kev level,
which decays directly to the ground state. In addition to the electron-
capture decay, szhl decays by approximately 1% élpha branch;l7

The study presented here was undertaken to obtain detailed quanti-
tative information about the szlpl électron-capture decay scheme, This
studj is a Jjoint project undertaken by Saadia Amiel, Frank Asaro, Charles
J. Gallagher, and the author, By means of gamma-gamma coincidence: tech-
niques it was possible to obtain the desired information and to set limits
on the precision of the data.

In this work the energy of the approximately 480-kev photon was
determined to be 467 # 3 kev. In addition, a photon of 640 % 7 kev was

observed and assigned to a level at 640 kev,

2. Experimental Techniques

The coincidence apparatus used is described in Section II,A. The
source was prepared by evaporating the chemically purified curium (see

Section II.C) onto a platinum disc.
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3. Measurements and Results

Coincidence measuréments were taken by using as gate pulses K x-
rays, L x-rays, and the 46T7-kev gamma, ray.99 In addition, a number of
"singles" spectra were taken, From the data obtained i1t is possible to
determine a number of features of the decay of szhl. These determina-:.
tions involve calculations which in some cases are complicated because
of the presence of coincidences other than those being sought. Since
each calculation is a separate prdblem it is thought best to discuss each
individually. The equations governing each calculation are given and
explaiﬁed briefly, The photon spectrum in coincidence with K x-rays is
shown in Fig, 7.

a. The Fraction of 467-kev Events in Coincidence With K-Capture

Events Kec . 467
We desire to determine T : %87 ’ the fraction of 467-kev

events in coincidence with K-capture events. This determination is
accomplished by recording the spectrum in coincidence with L467-kev
photons. The desired coincidences are of the type (467-kev photon) -
(K x-ray). The equation giving the desired fraction is

Kec b 14-67 _ ‘ ) TX‘tay
T : L67 '1‘g > 4 GS _
l"G € . K N lI'-67 ’
g X ec -
T : 467
where Tx-ray = total K x-rays in the coincidence spectrum corrected for
G detector efficiency and background,
Tg ' = the total number of gates,
£ = the K-fluorescence yield for Z = 95,
GS' = the signal-detector geometry,
Gg = the gate-detector geometry,
€ = the counting efficiency for the gate detector for K

X-T8YS. K @ 467
The equation is almost self-explanatory: = is simply the
TV T 16T y

total coincidence events over the total gates, corrected for fluorescent
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Fig. 7. Photon spectrum of Amzul in coincidence with K x-rays,
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yield and for geometry effects. The geometry term

G
S

o K.t L67

(L -6, ¢ T 7157 - Y
used instead of the signal gebmetry, Gs, corrects the data for small gate
losses from coincidence stack-up in the gate detector. The gate and
signal geometries were measured by means of an Am241 standard of known
disintegration rate. The 60-kev transitioniwas recorded and the ratio
of recorded counts to known total counts was taken as the geometry, (The
Am241 standard was 5100 alpha dpm or 1840 60-kev gamma dpm.) The geom-
etries used in this determination, which are typical of those of all the
determinations, are Gg = 0,077 £ 0.03 and GS = 0,112 * 0,015,

The equation actually gives the number of 467-kev photons in
coincidence with K-capture events; however, this fraction is the same
for 46T-kev events that are internally convertea and, hence, for the
total number of 467-kev events. This calculation does not distinguish
those coincident events in which cascading gammas from higher levels (in
coincidence with K-capture events) populate the 467-kev state, In the
calculations to follow, the abundance of such transitions is assumed
negligible. It is also assumed that the amount of 640-kev Compton tail
in the L4L67-kev peak is negligible, It is to be noted that the fraction
of W6T-kev events in coincidence with K-capture X-rays is simply

K ¢ 467 K : 467

ec
£ - = —

T < 467 T ¢ 467

The most accurate values obtained for the two quantities are

: 67 K @ 467
ec - 0067 + 0,10, D S 0.65 + 0,09,
T : 467 T : 467
69

A value of 0.965 was assumed for 4.
The errors are deduced from the assigned errors of the experi-
mental data by standard statistical methods, assuming all errors are

standard deviations.
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b. K-Conversion Coefficient of the 467-kev Transition

' The K-conversion coefficient of the 467-kev transition,,ak, was

determined from the spectrum in coincidence with K x-rays. The desired
coincidence events are between the K-capture x-rays and the 46T -kev
photons, and between the K-capture x-rays and the K-conversion x-rays.
In addition to these events there are unwanted coincidences betweeh
h67—kev Compton events that are of the correct enefgy to attivate the
gate signal and K-capture x-rays, as well as between.K—capfure X-Tay:
gates’ and K-conversion x-rays. If it were not for these unwanted
cdincidences, O would be given by the total K x-rays in the coincidence
spectrum over the totgl h67-kev photons in the coincidence spectrum
time$ 1/4. The 1/4 term corrects for K-conversion events which are not
accompanied by K x-rays. Since both types of unwanted coincidences
produce additional K x-rays in the coincidence spectrum, the true ak

is obtained by introducing correction factors, which reduce the ratio

K x-rays/gamma rays. The complete equation for the calculation is

Tx-ray - Tg Rcomp CT-'s T : EB?
27 .
v £

@ =

where the terms not defined previously are

TY = total' 467-kev photons in the coincidence spectrum cor-
rected for detector efficiency and background,
Rcomp = the ratio of 46T7-kev Compton events to total gates in the

gate spectrum corrected for gate losses due to coincidence
stack-up.
The negative term in the numerator is the number of unwanted
K x-rays in the coincidence spectrum produced by Compton gates. The
factor 2 is in the denominator because there are Jjust as many coinci-
dences between K-conversion x-ray gates and K-capture x-rays as
between_K—capture x=-ray gates and K~conversion x-rays. The results

of several determinations ShOW‘aK = 0.15 # 0,01,
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c, Fraction of K Capture to 467-kev Level v
This determination is also accomplished by recording the spectrum

in coincidence with K x-rays. The number of 467-kev photons recorded in

the coincidence spectrum depends upon a number of factors, one of these
factors béing y, the fraction of K capture which populates the L467-kev
| level, The number of recorded 467-kev photons also depends upon the
total number of K x-ray: gates, the fraction ¢ of these gates that are
K-capture x-ray: gates, and the fraction of the 467-kev events that are
photons. This latter fraction is 1/a+l, where & is the total conversion
coefficient of the 46T7-kev state, The method by which a is determined ' .
from the measured value of‘ak is described below. ’
In the calculation two terms are unknown, ¢ and y; -hence it is
necessary to set up and solve simultaneously two equations in these un-

knowns. The equations used are

T, «c -y %G
X . g7 - 4=17, Q-0 (1)
Kx : 467
T : 467
G
1 5
¥y ococ o T — e = T , (2)
o 1 - €
+ 1 g Gg v Y

where ey_is the efficiency of the gate detector for 46T7-kev photons.

-Equation (1) equates the number of K-conversion x-rays expected
in an x-ray "singles" peak of total events T, &s computed by two different
means., The left-hand side gives the number of K-conversion x-rays ex-
pected from the number, Tx e of K~-capture x-ray events taking place;
and the right-hand side is the number of K-conversion x-rays computed
directly (1 = ¢ is the fraction of the x-rays that are K-conversion x-
rays). '

The second equation relates the number of 467-kev events (TT)
recorded in the coincildence spectrum to the number expected from the
total number of gates Tg; Appearing on the left is a geometry term

similar to the one used previously (Section III,C.l.,a) except that

’
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€  replaces € s since it is 467-kev photons that are now capable of
producing stack-up in the gate crystal. The exact geometry term is more
complicated than that used here;loo however, for the geometries employed
Gs/l-Gger is accurate to approximately 1%.

The results of this determination are

c = 0,86 % 0.17,

l-¢c = 0,14 % 0,17,
+ 0.00

y = l,oo - 0.20 e

The calculation gives a value of y = 1,09 % 0.29; however, since y cannot

exceed 1,00, the value has been recorded as y = 1,00 t 8‘28 .

d, Multipolarity of the 467-kev Transition and Total Conversion

Coefficilent

A The multipolarity of the L67-kev transition was determined from
the measured value of GK and from the theoretical ;onversion coefficients
of Rose,,28 The transition was found to be 37% M1 and 63% E2. The total
conversion coefficient was determined as the sum of the theoretical K-,
L-, M-, etec. cdnversion coefficients for a transition of this multipole
admixture, The contribution of shells higher than M was approximated
by assuming that the conversion coefficients decrease as the inverse cube

of the principal quantum number,’lol The result is @ = 0,24 + 0,02,

e, Ratio of Total 640-kev Photons to Total 467-kev Photons ‘
This ratio, T : 640/T : 467, was obtained directly from the

singles spectrum by integrating the counts under the photon peaks, cor-
recting for counting efficiencies, and forming the ratio. The value

T - 6)4’0
s fo ot P +
determined is T - ] 57 0.036 x 0.002.

f. Ratio of 640-kev Photons in Coincidence with K x-rays to 467-kev

Photons in Coincildence with K x-rays
This ratio, K : 61LO/K,X : 467, was obtained by integrating the

counts under the photon peaks in the spectrum in coincidence with K x-

rays and correcting for counting efficiencies, The result is

K. : 640
X
KX : 7

= 0,0021 = 0,0002,
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g. Ratio of 640~kev Photons in Coincidence with K x-rays to Total

640-kev Photons
This ratio is given by the equation

.Kx:61LO ) Kx:6l+o , KX:1167 TR .
T s 640 K, : 467 T : 46T T’ai%

Substituting the quantities as determined above gives

K_: 640
_;‘_7)15 = 0,038 £ 0,01 .,

By dividing this quantity by the fluorescent yield one obtains
the fraction of 640-kev events in coincidence with K-capture events,
thus:

' K s 640 K _: 640

eC X

T : 640 ~ T : 6O =

= |-

= 0.039 £ 0.01..

h, Ratio of 640-kev Photons in Coincidence with L x=rays to 467-kev

Photons in Coincidence with L x-rays ,
This determination was made by looking at the spectrum in coinei-

dence with L x-rays. The photon peaks were integrated as in the deter-

Kx : 640 . The result is
K, _: E37

X

mination of

L,z 640 0.0z + 0-00L
L %7 - - 0.006 °

Note that these L X-ray—gamms coincidences arise not only from capture in
the L shell but also from K-capture evehts, which emit L x-rays during
the rearrangement of the atomic electrons.

It must also be mentioned that this value has not been corrected
for losses in the L46T7-kev peak due to losses of>L x-ray gates. These
gate losses can occur when a K-capture event produces simultaneously a
K x-ray, an L x-ray, and s 4675kev gamma ray, If both the K x-ray and

L x-ray record in the gate detector, the L x-ray gate is lost. Losses
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of this nature are of much less importance with the 640-kev transition,
for which the fraction of K capture is quite small, It can be shown
that the ratio of the h67-kev coincidence counts lost by this means to
the total that would be recorded if no losses were present is ® 2/3 Gg'
Unfortunately, the geometry used in making this measurement is unknown;
hence the data cannot be corrected for the losses. If a small gate
geometry was used, the correction is negligible; however, for large Gg
the correction could be as great as approximately 25%. This uncertainty
is the reason for the large limit ;% error placed upon X : 6h0'.

I : 467

P
i. Ratio of L Capture to K Capture for 467-kev and 640-kev States

‘The ratios L__ :_467/Kec : 467 and L. : 640/Keé : 64O were
determined from the values of Ko ! 467/ T : 46T and K. 640/T : 640
and the ratio of L captqre to capture from higher shells, Nijgh et al.
give the ratio of capture in the X shell (X = M, N, :-+) to that in the
L shell as

69

23 ‘ 2 -2,
k - 2
3 Z ZL

n

ex/eL

n

where n and ZX are the principal quantum numbers and the Slater screen-
ing constants, respectively, for the X shell. These authors tabulate
values of €t €t ---/eL as computed from this equation. For Z = 96,
e, t o€t .-./eL *= 0,294, which leads to the result that TT% of the
electron capture that is not K capture is L capture, The ratios Kec/T
given above for the two levels can be used, therefore, to determine the
ratios Lec/T and hence the ratios of L capture to K capture. The

results are

L. : L67 6 L, : 640
K———EE—EC: = = 0,30 £ 0.13, K_—Tec: 5 = 19 # 5,

It should be mentioned that the Lec/Kec ratio of the 640-kev

~level was also calculated in another (probably less accurate) manner.
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This method utilizes (L x-ray) — ( gemma) coincidence spectra, The

equations used are

L, : 640 sLx s 640 T : 640 T 467
I_: 467 © TT: 6 X 7787 X I W67
L : 640 L : 640 K : 640

X - ec + ejc X z

T : 640 T .« 640 T : 640 L

(and similarly for the 46T7-kev transition), where y is the number of
K vacancies filled by L vacancies, and ZL is the fluorescence yield in
the L shell. A value of ) = O.77 was obtained from the book by
Nijegh et za.l,69 The values of ZL need not be known for calculating the
final result, since zL cancels out when the equations are combined.

~ Assuming the value of L : 467/Kec : b6T7 = 0.38 £ 0.13, as determined
above, and substituting other experimentally determined quantitles leads
to L, : 640/T : 640 = 0,59 + 0,16 and L__ : 64O/K,  : 640 =15 % 5, in
agreement with the value determined above,

It should be noted that this agreement between the values of

I GMO/KeC‘: 640 as computed by two different means is evidence that
the 640-kev photon proceeds to the ground state and not to a low-energy
excited state, If the photon did populate an excited stéte, there would
be coincidences between the photon and L x-rays arising from the con-
version in the depopulation of the low energy state. If such coincidences
were present the value of Léc : 6LO/K : 640 as calculated by the second
method above would be larger than that given by the first method. Actu-
ally-the opposite is true.

Joe Total Electron-Capture Disintegration Energy of szhl

The total electron-capture disintegration energy of szhl was:

determined from a graph presented by Brysk and Rose,102 which relates

the nuclear energy difference to the ratio of L capture to K capture

I
for allowed transitions. The electron-capture decays to the L67- and
6L40-kev levels are thought to be first forbidden (AI = 1, yes) transi-

tions (see below); however, Hoff and Rasmussen have reported that the
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L/K ratio for A I = 1, yes type transitions are generally the same as

103

for allowed transitions of the same energy. We have assumed that
such is the case in the szul'decay.

The L/K ratios for the decay were determined; from the experi-
mental L/K ratios given above and the theoretical L /L ratios given
by Brysk and Rose.102 For allowed and flrst-forbldden transitions the
LIII-shell contribution to electron capture is negligible, The total
vdisintegration energy is Qo = WO +E + 1, in units of mcz, where W islo2
the nuclear energy difference as given by the graph of Brysk and Rose,

E is the energy of the level populated in the daughter nucleus, and 1
is the equivalent rest-mass energy of an electron.

The most accurate value of Q was obtained with the data for
decay to the 640 -kev level, because for large values of LI/K the value
of Wo is quite 1nsens1tive to small changes in the ratio of LI/K. For
L. 64;)/’1{e 640 = 19 % 5, LI/K =17 % 4,‘ W, = - 370 kev,

Q, = T81 £ T kev,

The error in QO resulting from the error in LI/K is negligible,
The error limit quoted is due to the possible error in E6u0‘(see
Section III.C.1.£4 below), v .

The value of Q, determined from the L/K ratio of 0.38 % 0.13

for decay to the h67-kev level is 850 +$§O

-kev,

k, Log ft Values

Electron-capture f values for allowed transitions are given -
102,104

by
2 2 2 2 2 2
k 9x t 0, 8y 9 +ny fpoa )

f=ax/k [qK g
I I I IT I 1T

where

n, = . the number of electrons in the ith shell available for
capture,

g, and £, = the "large" and "small" component Dirac radial wave
functions of the ith shell,

Q = the neutrino energy for capture from the ith shell,
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For Cm, Dy = nLI =n = 2; hence
- II
2 2
f==/2 [g%( qu + gZL qu_ + £ a7 L
R II II
102 . .
Brysk and Rose have published graphs of 8y and fi.as functions
of Z for i =K, LI, LII’ and LIII'
gLI = 1,5 and FLII = -0.53. These values, with the decay energies de-

termined above, have been used to calculate the f values for the decay

For Z = 96, we havé‘gK = 3.6,

to the 467~ and 640-kev_levelé. The results are
fe7 = k.02 and feo = 0.223.

The ft value is the product of the f value and the partial half
life (in seconds) for the branch of decay under consideration. In this
work the percent populations of the 467~ and 640-kev states were not
determined directly; however, the values are assumed to be approximately
96% and approximately 4%, respectively. The assumption is that the
populations of the two levels are in the same ratio as the intensities
of the photons depopulating them. (It is known experimentally that there : .
is negligible decay to levels other than the 467- and 640-kev ones; hence
the sum of the populations of the 467- and 640-kev levels must be approxi-
mately 100%.) The assumpfion is valid only if the conversion coefficients
of the two transitions are equai and if no transition proceeds from the
640- to the 467-kev level. The 640-kev transition is most likely an M1

or M1-E2 mixture, as is the h67;kev transition; hence the first condition
is aﬁpr&ximaﬁely satisfied,

Fromifhe photon spectrum in coincidence with the 467-kev gamma
ray it was possible to set an upper limit on the photon intensity of a
‘transition (% 173 kev) between the 640- and 467-kev levels. This upper
limit was determined to be approximately equal to the photon intensity
.of the 640-kev transition, If such a transition does take place with this
intensity, then the percent error in the assumed population of the L67-kev
level is small; however, the estimated population of the 640-kev level

(4%) would be too small by a factor of approximately two.
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41 is 35 days and, approximately 99%

‘The total half life of sz
of the decéy.is electron capture. If the populations of the 467- and 640-
kev levels are 96% and 4% of the electron capture, respectively, the
partial half lives are th67 = 3,18 x 106 seconds and t640 = T7.65 x 107
seconds. It follows that (log ft)h67 ¥ 7,11 and (log ft)6ho < T.2. The
value of 7.2 is the upper limit of (log ft)6h0’ because a lower limit was
assumed for the percent population of this level. If the population were
twice the value assumed (8% instead of h%) the log ft would be calculated
as 6.93.

Hoff and Rasmussen have reported that it 1s permissible to calcu-
late £t values for AT = 1, yes electron capture using an allowed f to
compare with ft values for A I = 1, yes beta minus decay calculated with
an allowed f.lo3 As pointed out by Hoff and Rasmussen, this leads to the
conclusion that A I = 1, yes electron capture decay should have log ft
values around 7.5, since the correlstion by King and Peaslee shows the
log ft values of A I = 1, yes beta minus transitions are around 7.5.85

2k th

It is not unlikely, therefore, that in the electron'capture of Cm e

transitions to the 640- and 467-kev levels are of the type A I = 1, yes;
however, on the basils of log ft values alone one cannot rule out the pos-
sibilities that the transitions may be hindered allowed or A I = 0, yes.

£, Energles of Gamma Transitions
Energies of 467 * 3 and 640 £ 7 kev for the two observed gamma

s . 241 '
transitions in Am b were determined from the scintillation spectra,

Nazz’ 0137 203

, and Hg were used as energy calibration standards, The

limits of errors are based upon estimates of the precision with which
the positions of the gamma-ray peaks on the graph of the spectrum could
be determined.

The gamma-ray energy of 467 + 3 kev reported here is to be com-
pared with values of 470 % 10 kev reported by Glassl7 from the electron

2k -
capture of Cm 1 and 480 + 5 kev reported by Chetham—Strode96 from the

alpha decay of Bk2u5,
When lead absorbers were used in: this .work :to reduce the simul-

taneous counting of 467-kev photons and K x-rays in the same detector,

7

'no photon peak as reported by Glass was observed at 592 kev, Hence we

-
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agree with the suggestion of Chetham-Strddé96 that the peak reported at
592 kev was most likely a sum peak of 467-kev photons and K x-rays.

4, Discussion of Results
Information on the electron-capture decay of szul is summarized

in Fig. 8. The quantum assignments shown have already been discussed in
83
24
The ground-state spin of Am has been measured as 5/2.
The Nilsson assignment of 5/2 - [523] was made from a study of the alpha

decay to Np237. 107 The 1/2 + [631] assignment of the ground state of

szhl was made by Stephens et al., on the basis that the favored alpha

237 108

regard to the data presented here,
105,106

decay of szhl populates this same state in Pu

The MJrEZ character of the 46T-kev transition along with the
5/2- assignment of the ground state fixes the parity of the L6T-kev
level as odd and the spin as 3/2, 5/2, or 7/2 If the .ground state of
Cm 2kl is 1/2 +, as assigned, then the log ft of 7.1l for electron céapture
to the L6T7-kev level allows only the choice 3/2- for this level, The
two most reasonable choices of Nilsson assignments for this state are
1/2 - [530] (3/2- member lying lowest) andv3/2 - [521]. Stephens et al.
prefer the former assignment, 3 whereas Mottelson and Nilsson prefer the
latter.89

The log ft of 7.2 for decay to the 640-kev level indicates a
ATl =1, yes, a hindered allowed, or a A I = O, yes transition; thus
the spin of-this level is either 1/2 or 3/2 with either even or odd
parity. The Nilsson states available are 3/2- [521], 3/2+ [651], and
1/2- [5301. | |
If the 1/2- [530] state is assigned to the 467-kev level, the
choice is restricted to the 3/2- or 3/2+ state, Stephencs et al, prefer
the assignment 3/2 - [521] because no transition from this level to the
5/2+ state at 206-kev has been observed.83 (The 206-kev state that is
populated in the alpha decay of Bk21+5 has been assigned as 5/2+ [642].)
The log ft of € 7.2 determined in this work is consistent with either:.
assignment sincé”theﬂChdice)3/2-v[521] indicates a:A I = 1, yes transi=
tion (log ft ¥ 7.5), and the choice 3/2+ [651] indicates a hindered-
allowed transition (A n, = 2).
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ImK[Np, 2]
3/2- 3/2[52|]
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Fig, 8, The electron capture decay of Cm
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The total decay energy determined here as 781 + 7 kev is to be

compared with the value of 0,80 Mev calculated by Foreman and Seaborg
109

from closed cycles,



=102~

IV. CONCLUSION

'In the work discussed here detailed experimental information
of the nuclear decays of some heaviéest element nuclides was obtained
and analyzed with respect to the unified model of Bohr and Mottelson.
The reasonably close correlation between the experimental data and
theoretical predictions is evidence for the uéefulness of the unified
model 1In describing the dynamical aspects of nuclear structure in this
region df the periodic table, That agreement between experiment and
theory was not always obtained and that in some cases this lack of
agreement cannot be explained by experimental errors points up the
need for further theoretical development and illustrates the increas-

ing importance of detailed empirical data,
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Part Two
AN ACCELERATING ELECTRON SPECTROGRAPH

I. INTRODUCTION

The difficulties associated with accurate measurements of the
energies and intensities of low-energy electrons 1s a major problem in
nuclear spectroscopy. In beta spectrometers low-energy electrons are
absorbed by counter windows and by the mass of the source itself. This
absorption makes detection of such electrons difficult or impossible and
~= gt least ~- makes necessary the application of absorption corrections,
which can be quite large, Failure to recognize the importance and magni-
tude of such corrections created many problems for the early spectros-
copists when they attempted to analyze their data,

The use of spectrographs employing photographic film as a detector
is hampered by the poor detection efficiency of emulsions for low=-energy
electrons. A plotllo of the efficiency vs electron energy is shown in
Fig. 9. Note how rapidly the efficiency drops off at energies less than
‘approximately 40 kev.

Since a great deal of basic information can be obtained from beta
spectra, conversion-electron speétra, and Auger-electfon spéctra in the
low=~energy region, it is only natural that considersble work has been done
to  improve the means of observing low-energy electrons, This work has
been directed at improving the techniques of source preparation and to-
ward increasing the efficiency of detectors. In the latter case, for
example, techniques are now available for producing counter windows of
thickness 10 p.g/cm2 or less.lll In addition, effort has been directed
toward artifically accelerating low-energy electrons to energies at which
detection and measurement are easier. This method has been employed in
both spectrometers and spectrographs,

Accelerating spectrometers and spectrographs employ an electro-
static field incident across a slit system or grid system through which
the electrons pass. If the acceleration takes place before the electrons
are resolved in energy the technique is called preacceleration; if after

the energy resclution, postacceleration,
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‘A number of workers have used the accelerating technique in beta
spectrometers to improve the counting efficiencies of low-energy electrons%12
Rosenblum, Sant{Anha Dionisio, and Va.ladaresll3 and Delésallellh have
adopted the techniques to photographic recording spectrographs, It was
the reports of these Frenéh workers that inspired the undertakings de-
scribed here.

Since permanent-magnet spectrographs are used extensively by the
nuclear spectroscopy group at this Laboratory, it was thought worth while
to determine the potentialities of an accelerating spectrograph., It was
also of interest to attempt the use of a radial electrostatic accelerating
field rather than the uniform parallel field employed in spectrographs by
the previous workers, It was decided that initially an existing conven-
tional spectrograph would be modified to the accelerating type so that
information could be obtained from its performance which would be helpful
in designing a completeiy new instrument. The camera of the spectrograph
was modified so that it could be employed as either a pre- or postaccelera-
tor type. Both types of acceleration proved successful; however, the pre-
accelerator proved to be the more useful device., Since the camera was
designed to fit into a narrow opening between the pole faces of the magnets,
and hence is only approximately one inch high, it was difficult to insulate
the high voltages employed. These difficulties were harder to overcome for
the postacceleration method because of the more éomplex instrumentation
involved. By means of the preaccelerator i1t was possible to detect and
measure the energies of electron lines of less than 1 kev. With the con-
ventional spectrographs at this Laboratory it is virtually impossible to

detect lines of energles less than approximately 7 kev,
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ITI, THE INSTRUMENT

A, Vacuum Chamber and System

Over-all views of the spectrograph are shown in Figs. 10 and 11.
Figure 10 shows the camera in place, Fig. 11 shows the vacuum chamber
with the rubber O-ring seal. Immediately above and below the vacuum
chamber are the permanent magnets; these produce a field of approximately
50 gauss, The vacuum chamber and magnets are enclosed by the yoke of the
magnet., A description of the magnets and vacuum chamber are given by
Smith.6

The vacuum system consists of a mechanical roughing and forepump
(immediately below the spectrograph), a fractionating oil diffusion pump
(Consolidated Electrodynamics, Model MCF-300), a liguid nitrogen trap,
and a dry ice—alcohol trap. The white tank and hose in Figs. 10 and 11
are part of the liquid nitrogen system, which automatically fills the
cold trap. The pipes to the left of the spectrograph that are wrapped
in heavy black insulation are part of the chilled-water cooling system
for the diffusion pump.

The glass tube behind and above the system is an ion gauge for
pressure measurements, Since this tube is incandescent when operating
and since the camera containing the photographic film must be kept dark,
it was necessary to connect this tube to the system by means of a con-
nection containing a number of light baffles, The vacuum system is made
of nonmagnetic stainless steel.

With this system it was possible to obtain pressure readings on
the ion gauge of 4 x lO-6 mm Hg. Since these readings were taken at the
back part of the spectrograph and through a system of light baffles, it
is impossible to say what pressures were obtained within the camera
itself. 1In order to insure that minimum pressure would be achieved, the
1lid designed to cover the camera was left off; however, there were a
number of places within the camera in which air could be trapped.

It is true that the conventional spectrographs can be successfully

operated at pressures as high as 10-2 mm Hg; however, the lower pressure
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Fig. 10, Accelerator spectrograph — camera in position,
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ZN-2410

Fig. 11. Accelerator spectrograph — camera removed.
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is required in the accelerating spectrograph in order to avoid arcing of
the high voltage. In order to maintain voltages of from 3 to 20 kv
within the small space available, it was necessary to obtain pressures

2 mm Hg, With the pressures obtainable the equipment -

lower than 10~
could be run successfully at the desired potentials. When, on occasion,
the high voltage did produce an arc the photographic film was blackened <

by the light.

B. The Camera

An over-all view of the camera is shown in Fig. 12, This camera
1s & modification of the instruments built by Smith and Hillander.?® The
picture shows the camera with both the pre- and postaccelerators attached
and with the source in position., The source and slit system are located
in the upper left portion of the camera. Figure 13 is a close-up of this
section.

The "source" is a 10-mil platinum wire mounted in narrow position-
ing grooves of an aluminum source holder by means of small brass screws
and washers, The aluminum source holder fits into the milled slot of a
Jucite mount and is held in place with a metal set screw., The set screw serves
as the electrical contact for the preaccelerator voltage. The lucite
mount, which electrically insulates the source holder from the rest of
the camera, is slotted around its periphery near the source holder in
order to increase the electrical leakage path length along its surface.

The high voltage is brought into the camera by means of a Kovar
seal mounted in the brass faceplate. When the camera is operating as a
preaccelerator, this voltage is negative with respect to ground. A small
metal spring, attached between the Kovar and the source-holder set screw,
carries the potential to the source holder. With the source at a negative
potential relative to the rest of the camera, the acceleration takes place
between the source and the slit system. This slit system is circular,
with the center located at the source so that an approximately radial field
will be produced. Previous workers have not employed this arrangement, but .

have produced accelerating fields between parallel plates, The slit is
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Accelerator spectrogreph cemera — over=-all view,
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ZN-2412

Pig, 13. Accelerator spectrograph camera — source and slit system.
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fitted with a sliding shutter which is kept closed until the system is
brought down to vacuum and the voltage has stabilized. This shutter is
operated manually through a vacuumtight Wilson seal,

In Fig. 12 the long dark bar across the upper edge of the camera
is a lead shield which absorbs gamma radiation from the source. The film
is held in a film holder which is positioned by a lucite mount attached
to the lower edge of the lead shield. In this picture the postaccelera-
tor film-holder mechanism is in place,

Figure 14 is a close-up of the film holders used in the camera,
From top to bottom the pieces shown are: (a) lucite backing plate for
postaccelerator film holder, (b) photographic film, (c) lucite post-
accelerator film holder with metal grid system, (d) aluminum preaccel-
erator film-holder plate, (e) aluminum preaccelerator backing plate,.

The film holder used with the preaccelerator is the same as those used
in the conventional spectrographs at this Laboratory, The notches on
this piece produce notches in the background on the plate, and these
serve as calibration marks. The film is held in place in the film holder
by the backing plate, which sets firmly behind it. The film holder slips
into the lucite slotted mount on the lead shield assembly.

The postaccelerator system accelerates electrons between the two
grid networks of the film holder. Each grid network consists of four
tungsten wires (0,002 inch in diameter) mounted lengthwise on the lucite
holder., ©Small springs produce a tension to keep the wires rigid. The
grids furthest from the film (the first ones the electrons see as they
enter the system) are maintained at ground potential by electrical
contact with the camera wall., This contact is established by means of
an alligator clip which is attached to the grid network after the holder
is mounted in the camera, The clip can be seen to the right in Fig. 12.

The grid network closest to the film is held at a positive
potential., This potential enters the system by means of a small attach-
ment located in the base of the holder and attached to the second grid.
The attachment is the male portion of an electrical connection; the
female portion attaches to a wire which passes through a hole in the lead

shield and source-holder mount. When the postaccelerator is operating
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Fig. 14. Film holders for accelerator camera,
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the wire is attached to the Kovar seal input. Since only one Kovar seal
was installed, both the pre- and postaccelerators cannot be operated at
the same time,

The postacceleration of the electrons takes place between the
ground-potential grid and the grid held at positive potential (approxi-
mately 5 kv). It is also necessary to maintain the photographic film
itself at the positive potential, This is accomplished by coating with
silver conducting paint the inner surface of the film holder from the
second grid back to the film. In addition, the inner surface of the
lucite film-backing plate is coated so that the film is entirely sur-

rounded by a conducting medium,

C. Instrumentation and High-Voltage Supplies

Three high-voltage supplies were used with the spectrograph., The
first of these is shown on the right in Fig. 15. This instrument is a
radiofrequency voltage regulator constructed at this Laboratory. It was
designed to give a continuous range of voltages between 5 and 50 kv with
a regulation of 0.01%. The instrument with the chart recorder on top of
the voltage regulator monitors the output voltage against a standard
reference voltage. Either a mercury cell or a Zener diode could be used
for the reference voltage., It was found that for operating in the region
of 10 to 20 kv (the normal operating range) the voltage would remain
constant to within approximately 0,01% for a period of at least 12 hours,
following a period of drift during warm-up.

The second voltage supply (not shown) is a 10-ma regulated dc
power supply for wltages from 500 v to 4 kv. This supply is rated for
only approximately 1% voltage regulation -- which was sufficient, since
this supply was used only with the postaccelerator. The requirements on
voltage regulation are less stringent with the postaccelerator than with
the preaccelerator, since in the former case the applied voltage does not
affect the energy of the electrons until after momentum selection and
resolution have taken place,

The third voltage supply consisted of 50 Burgess dry cells (300 v

each) connected in series, This unit is shown in Fig. 16, The batteries
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ZN-2414

Fig. 15. Instrumentation and high voltage supply for
accelerator spectrograph.
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Fig. 16, Dry cell high voltage supply for preaccelerator,
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were packaged in a lucite box which was held together by tygon screws.
The batteries were connected in series by means of resistors, which can
be seen in the picture. The three outlets at the left top of the box
are taps for obtaining 5, 10 or 15 kv, The lucite rods at the right
are switches for breaking the circuit of those batteries not in use.
This unit was used only with the preaccelerator and proved to be quite
successful,

There was no method available for checking the constancy of the
voltage of the battery supply other than examining the width of the con-
version lines observed on the photographic plate. There was no notice-
able line broadening produced either by the battery supply or by the
electronic regulator used with the preaccelerator. This method of
checking the voltage regulation is quite sensitive, since, for operation
at 10 kv, a 0.1% drift in the voltage would produce a 0,.2% change in
the measured energy of a 5-kev electron line., Such a drift could produce
a noticeable line broadening.

An insulated cable carried the voltage from the supply to the
spectrograph. In Fig. 10 this cable can be seen leading to the brass
faceplate of the camera, The large black cylinder attached to the face-
plate is a lucite housing enclosing the Kovar seal, 1Inside this housing
the cable is attached to the Kovar seal by means of a banana jack which
plugs into a corona ball,

The auxiliary instrumentation of the spectrograph is contained
in the left-hand cabinet of Fig., 15, This cabinet contains the ion-gauge
power supply, thermocouple gauges which monitor the forepump pressure,
and cutoff switches which turn off the current to the diffusion pump if
either the chilled-water system fails or the pressure of the system in-
creases beyond a safe point, The blank lower panel of this cabinet
housed the postaccelerator voltage regulator (which was not present at

the time the picture was taken.
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ITI. RADIOACTIVE SOURCES

All sources used were deposits of the active material on 10-mil
platinum wires. Three methods of depositing the source were attempted.
The first was the electrodeposition method described by Smith and
Hollander.20 This method has been the standard procedure for preparing
spectrograph sources at this Laboratory; however, for low-energy work
this method is not always satisfactory, since one often obtains a coating
of black material (presumably platinum black) on the wire during plating.
This coating causes a broadening of the lines of low-energy conversion
and Auger electrons,

Since mass-free sources are obtained routinely by means of vacuum
vaporization at this Laboratory, an attempt was made to vacuum evaporate
a sample of Np237, Np238 onto 10~ and 20-mil platinum Wires.115 The
routine procedure consists of evaporating a drop of the active solution
in a narrow (approximately 1/16 x 1 inch) groove pressed into a tungsten
filament, and vaporizing the activity in vacuo onto a platinum disc placed
immediately above the filament. The vaporization is accomplished by
electrically heating the filament to white heat. This same method was
employed in this work except that platinum wires were used in place of
the platinum discs. These wires were mounted as close as possible to the
filament without touching, and the groove in the filament was narrowed to
a width approximately the size of the wire, In this manner it was pos-
sible to deposit approximately 20% of the activity on one side of the wire,
leaving the other side nearly clean., Since the spectrograph sees only one
side of the wire, this yield is as menaingful as a 40% electrodeposition
yield with the activity deposited uniformly around the surface of the wire.

The third method involved dipping a platinum wire into a mass-free
and quite active solution of Pa233 and drying the wire under a heat lamp.
After this dipping and drying process was repeated several times an ex-
tremely clean source was obtained which registered approximately 20 mr on

a beta-gamma survey meter,
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IV. RESULTS

A, Preaccelerator

Figure 17 shows enlarged photographs of the same region of the
Pa?33 electron spectrum obtained with (Plate 48-X) and without (Plate
50-X) a preacceleration voltage (10 kv) applied. The source used was
the "dipped" source described in Section ITI, above. The exposure times
of the two plates were approximately the same. Electron lines in the
region of approximately 80 kev (not shown in Fig. 17) are noticeably
darker on Plate 50-X (no acceleration) than on Plate 48-X; however in
the low energy region (Fig. 17) the lines on Plate 48-X have been en-
hanced by the preacceleration so that they are darker and more clearly
defined than the corresponding lines on Plate 50-X. On Plate 50-X the
energy of the least energetic line observed was 6.78-kev; whereas lines
of approximately l-kev and less were observed on Plate 48-X,

In Table XVII the observed energies and the observed intensities
of the lines seen with and without the preaccelerator voltage applied
are compared. For the purpose of energy determinations the more pro=-
nounced Pa233 conversion-electron lines on Plate 50-X were used to cali-
brate the magnetic field. The calibration data are plotted in Fig., 18.
In this plot the effective magnetic field is plotted against the radius
of curvature of the electron path. Used in this calibration were the
energy values of the photons listed in Table VIII, Part One, of this dis-
sertation, and the binding energies of Hill et al.93

In order to calculate the energies of the lines detected with the
preaccelerator voltage turned on (Plate 48—X), it was necessary to
determine the magnitude of the applied voltage. Since it was known that
the applied voltage was approximately 10 kv and since it was easy to
identify the more pronounced conversion lines in the spectrum, this de-
termination was not difficult. The radii of curvature of the electron
paths were determined in the conventional manner. and the effective magnetic
field was read from the graph in Fig. 18, It was assumed that the accel-
erating voltage did not perturb the electron path to an extent that would
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Fig. 17. A comparison of the low energy electron spectrum
of Pa?33 obtained with and without preacceleration,
(Plate 48-X was obtained with a 10-kev preacceleration
voltage applied).
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Table XVII
233

Low-energy conversion and Auger-electron data of Pa
obtained with and without preacceleration

Inten- ¥ b Energye
sity®8 p Accepted on plate
(arb. (gauss- Ee energy £EeS Ee-lO.ZSd 50-x P
units) cm) (kev) (kev) (kev) (kev) (kev) Assignment
w—m 316.0 8.71 -1.54
W m 320.0 8.93 -1.32
g 325.1 9.21 -1.0k
vs (b) 340.5 10.10 -0.15
vw (vb) 359.0 11,28 0.96 L-Auger
W 373.9 18.15 1.90
W 379.1 12.49 2.2k L-Auger
W 385.2 12.89 2.6L L-Auger
w 388.1 13.08 2.83 L-Auger
w3 397.8 13.73 3.48 L-Auger
w (vb) Lo1l.2 13.96 3. 7L L-Auger
W 406.5 Ik,35 4.08
s Lhh3.2 16.99 6.78 19.21 B.7h 6.78 28.50-LI
? byl 5 17.09 6.8k
vw (b) L4L8.8 17.42 Y L-Auger
? Y527 17.72 T AT L-Auger
m— s 453.8 17.80 7.60 10.20 T.55 7.59 28.49-L 1
? 455.9 17.96 i ! L-Auger
? 462.4 18.47 8.22 L-Auger
w (b)  L46kL.5 18.64 8.39 8.45 L-Auger
w (b) L71.7 19.21 8.96 9.00 L-Auger
w (b) L473.5 19.35 9.10 9.13 L-Auger
? L76.1 19.56 9.31
% W17, 7 19.69 9.4k
m 481.1 19.97 g.72 9.72 L-Auger
W= m 483.2 20.1L 9.89 9.96 L-Auger
? 484.8 20,27 . 10.02 L-Auger

vw (b) 1490.3 20.72 10.47 L-Auger
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Table XVII (cont.))

Inten- ¥ b Energy®

sity? P Accepted on plate

(arb. (gauss- Ee energy AEeC Ee-lO.ZSd 50-x £

units) cm) (kev) (kev) (kev) (kev) (kev) Assignment
vw (b) L195.3 21.1h 10.89 10.87 L-Auger
m s 501.1 21.62 11.38 10.8% 11.37 11.37 28‘537LIII
vw 503.0 21.79 11.. 54
w (b) 505.1 21.96 12,51 11.73 17.26-MI
w=m(b) 509.0 22.30 G 0 12.06 12.08 - A7.23 Mg
VW 513.0 22.6k 12.39
vvw 515.3 22.84 12.59 12.59
w—m(b) 517.5 23.03 12.78 12.81
W 519.3 23.19 12.94 12.97 17.2&-MIII
vw 521.4 23.37 13.12 13.19
VW 523.8 23.58 13.33 13.34
W m 526. 4 23.81 13.56 13.56
W 535.1 24.59 14.34 14.31
VW 538.8 24.92 14,67
? 542.2 25.23 14.98
W 546.1 25.59 15.34
VVVW 549.0 25.85 15.60
VVVW 550.9 26.03 15.78 17,22-NI
VW 553.0 26.22 15.97 17.24-NII
VW 557.28 26. 61 16.36 16.34
27 558.5 26.73 16.48
m 580. 4 28.81L 18.59 10.22 1B.56 18.58 40.32-L,
s 589.0 29.65 19..41 10.24 19.40 19.39 40.34-L_,
m- s 625.1 33.28 22.99 10.29 23.03 23.01 28.58-MI
s 626.7 33.45 23.19 10.26 23.20 23.16 uo.36-LIII
W 628.5 33.63 23.36 10.27 23.38 23.37 28.56-MII
w—m 636.9 34.51 24.24 10.27 2Lk.26 24.29 28.56-MIII
w 663.5 37.35 27.10 10.25 27.10 27.13 28.54-1\1I
W 665. ki 37.56 2T7.27 10.29 27.31 27.30 28.58-NII
vw 667.2 37.75 27.50 10.25 27.50 27.58 28.5&-NIII
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Table XVII (cont.)

Inten- b Energye
sitya p Accepted on plate
(arb. (gauss- Ee energ /Ee® Ee-10.25 50-x .
units) cm) (kev) (kev (kev) (kev) (kev) Assignment
vw (b) 674.3 38.53 28.22 10.31 28.28 28.27 28.60-0I
4 676. 4 38.77 28.52
vw 731.L4 45.06 34.80 10.26 3L4.81 34.81 uo.36-MI
m— s 734.3 45.40 35.17 10.23 35.15 35.29 40.33-M;
? 737.5 45.78 35.53
m— s Th1.7 46.28 36.05 10.23 36.03 36.02 uo.33-MIII
W 767.2 49.38 39.08 10.30 39.13 39.09 40.40-N_
W 768.8 49.57 39.31 10.26 39.32 39.35 ho.36-NIII
T74.6 50.29 40.10 10.19 Lo.ok 40.11 40.29-0,;
VW 781.2 51.11 40.86 %0.77 58.02-Lyy;
vw¥s  878.1  63.82 53.52 10.30 53.57 53.50  75.33-L
i - 880.2 64.11 53.86
m 883.9 64.62 54.3L4 10.28 5k.37 54.34 75.31-L;
vVw 910.2 68.29 58.12 10.17 58.04 75.20-LIII
vvvw?  951.0 Th.16 63.91
AAAL 957. % 75.09 64.83 10.26 64.84 64.91 86.6o-LI
77 9595 75. 40 65.15
m 962.6 75.86 65.65 10.21 65.61 65.67 86.55-LII
22 988. 2 79.67 69. 42
w8 990.5 80.02 69.73 10.29 69.77 69.76 75.32-M;
W 992.9 80.38 70.10 10.28 170.13 70.17 75.31-MII
VW 1002.9 81.89 T1.6k TL.79 KL L,
VW 1009.2 82.85 72.60 12.58 KL Lo
m 1017. 4 84.11 73.84 10.27 T73.86 73.85 75.30-N,
vvw(b)21021.3 8L.71 4. 46
W 1024.5 85.20 Tk4.96 10.24 7L4.95 74.98 75.27-0;
vvvw  1034.0 86.67 76.42 KLILIII
vvvw  1039.0 87.45 .20 T 14 KLIILIII
s 1063.5 91.31 81.04 10.27 81.06 81.06 86.61-MI
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Table XVII (cont.)

Intené H b Energye
sity P Accepted on plate
(arb. (gauss- Ee energy A Ee-10.25 50-x £
units) cm) (kev) (kev) (kev) (kev) (kev) Assignment
W 1065.8 91.67 .81.k1 10.26 8lik2 81.45 86.6O-MII
? 1067.7 91.98 81.73
1070.1 92.36 82.10 10.26 82.11 82.09 103.9-LI
1075.1 93.16 82.92 10.24 82.91 82.94 103.9-LII
w—m 1089.0 95.39 85.15 10.24 85,14 85.16 86.58-NI
W 1096.4  96.59 86.27 10.32 86.3k 86.30  1806.66-0."
VW 1098.8 96.98 86.70 10.28 86.73 103.9-LIII

a. Units used are: s-strong; m-mediumjy w-weak; v-very; (b)-broad;
and ?-questionable.

b. The accepted energies are those considered as the best valueson the
basis of the electron and gamma ray data of this work.

c. OQAEe is the difference between the measured energy of the accelerated
electron and the accepted energy.

d. The average value of AEe is 10.25 % 0.03.

e. These energies are from another exposure of the same source
without acceleration.

f. For the specific assignments of the L-Auger lines see Part I,

Table XVI.
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Fig. 18, Magnetic field calibration curve
spectrograph.
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cause the electron to see an effective field appreciably different from
that seen by an unaccelerated electron of the same energy as that of the
accelerated one. Figure 18 shows that the effective field is essentially
constant for radii greater than 7 cm so that this assumption is valid at
least for electrons whose radii of curvature are greater than this value.

The energies calculated in this way are listed in Table XVII.
Also listed for the more prominent lines are the differences between these
energies and the accepted energies., The difference: is the energy incre-
ment produced by the applied accelerating voltage. This increment is
fairly constant over the spectrum, the average value being 10,25 * 0,03
kev, The corrected energies of the lines, obtained by subtracting 10.25
kev from the measured energies, are listed in Table XVII and compared to
the energies obtained without acceleration (Plate 50-X). The agreement
is quite good.

Many lines were seen on Plate 48-X that were undetected on Plate
50-X. Most of these new lines appear in the low-energy region. Although
some of these lines may not be real, the majority of them are surely
conversion lines or'Auger lines. Only four lines were detected on Plate
50-X and unseen on Plate MB-X, and these are all marked as questionable,

The assignments of lines listed in Table XVII have been discussed
in Section III.B of Part One. The detection and analysis of these low-
energy electron lines (particularly the L-Auger spectrum) are proof of
the usefulness of the preaccelerator camera.

The four lines observed on Plate 48-X with energies less than the
accelerating potential of 10.25 kev are obviously not conversion or
Auger lines. It is believed that these are electrons removed by the

accelerating potential from bound states in the platinum wire,

B. Postaccelerator

Two plates taken with and without the postaccelerstdon voltage
(5 kv) applied are shown in Fig. 19, The source was an electroplated
sample of Amzul. Both plates were exposed for the same length of time
(34 hr)’ and the plates were developed together to insure that differ-
ences in line intensities would not result from different development

conditions.
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- It can be seen that the lines on the plate tdken with postaccel-
eration are somewhat darker than those on the other plate( This is more
evident on the:original plates than in the reproduction, The lowest-
energy lines shown are in ﬁhe region of 21 kev, It is enCouraging that
even at these relatively high energies an increase in energy of only 5
kev produces a noticeable effect. For conversion lines of lower
energies the effect would be even greater. Higher accelerating potentials
could not be used because of the difficulties in maintaining high poten-
tials in the limited space available, as mentioned in the Introduction,
Part Two.

It should be noted that the increase in intensity obtained here
is not nearly as large as that apparently obtained by Delesalle with a
postacceleration of 1 kv on the L and M lines (approximately 30 kev) of
the L46-kev transition in the decay of Ra,D.llu He presents a reproduction
of a photographic plate'in which the lines obtained with postacceleration
(1 kv) are much stronger than those obtained without acceleration., He
does not say, however, if the times of exposures with and without accelf
eration were the same. If these exposure times were equal, it is dif-
ficult to understand the large difference in intensities, since, according
to Fig. 9, an increase.of 1 kev at approximately 30 kev total energy pro-
duces a very small difference in the film efficiency. (It is certainly '
reasonable to assume that the relative efficiencies of the film used by
Delesalle do not differ greatly from those of the film used in this work.,)

Two other comments should be made about Fig. 19. First, note the
horizontal light lines running'lengthwise on the plates., These lines are
produced by the grid system of the accelerator. The lines are wider on
the plate taken with the voltage turned on -- presumably because the grid
wires deflect theeleetions electrically as well as mechanically. Note
also that the conversion-electron lines on the upper plate are displaced
relative to those on the lower plate, This displacement occurs because
the electrons do not enter the-accélerator normal to the'planes of the
grid networks; thus the electrons experience a component of acceleration

which shifts their position sideways. Plans were developed to narrow the
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defining slit and move the source closer to the slit so that the instru-
ment would more nearly resemble a 180-degree spectrograph. For this type
of instrument the electron paths strike the photographic plate normal to
the plane of the plate, hence the displacement of the lines would be
made smaller by such a modification. At the time of this writing these
plans have not been carried out.

The postaccelerator film holder was not notched as was the pre-
accelerator holder, so that no calibration marks were produced on the
film. It was Impossible, therefore, to make accurate énergy measurements,
The notches were not machined in the holder initially because it was
considered unnecessary to complicate further an already difficult machin-

ing Jjob until the holder had proven itself worth-while to use.
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V. INTENSITY MEASUREMENTS

It was mentioned in the Introduction of Part Two that the ef-
ficiency of photographic film for low-energy electrons is quite small.
Also, this efficiency at low enérgies is not known very well, so that
‘accurate intensity measurements are difficult to obtain for electron
lines of less than approximately 15 kev. One of the purposes of the
accelerator camera 1g to raise the energies of the electrons to an
energy region where the film efficiency is greater and better known;
however, with the preaccelerator camers another uncertainty in the
measured intensity is introduced if, by the ﬁrocess of acdelerating,
the effective geometry of the instrument is altered (i‘e., if the elec-
tric potential causes more electrons to enter the slit than would other-
wise), 1In the preacceleration the electron intensities are also af-
fected by the increased radius of curvature ( p ) of the electron-paths;
however, corrections for p are made in the same manner as for unaccel-
erated electrons., If accurate intensity measurements of low-energy
lines are to be made, it is necessary to determine the effect of the
voltage on the effective geémetry of the spectrograph.

Delesalle determined the magnitude of this effect for his
spectrograph by making exposures of the same source with first preacéel-
eration, then postacceleration.llh The same accelerating potential was
used in each case so that the increase in intensity due to increased
film efficiency would be equal for both exposures, After p corrections
vere made, the intensities obtained with pre- and postacceleration were
compared to determine the effect of the preaccelerating voltage on the
effective geometry of the spectrograph. For two different conversion-
electron lines in the decay of Ra D, Delesalle lists his results as

follows:
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Acceleration voltage v AN/N (%)
(kv) ' Ee = 30 kev Ee ¥ 43 kev
1 | 1.3 0.8
2 2.7 1.6
3 4.0 2.4
b 5.3 3.2

(AN/N is the percent increase in intensity attributed to an Increase 1in
the effective geometry of the preaccelerating spectrograph.)

In this work ah attempt was made to determine this effect empir-
ically by means of Ilford G-5 nuclear track emulsion film, Faler has
used this film to measure electron intensities directly by counting the
individual electron tracks produced per energy interval along the,film.ll6
Since in: this method the number of electron tracks, rather than the number
of emulsion grains developed (i.e., the darkening of the film), is de-
termined, the measured intensity does not depend upon the film efficiency.
It should be possible, therefore, to determine the relative effective
geometry of the spectrograph at different values of the preaccelerator
voltage by measuring the intensity of a given conversion-electron line
by the electron-~track method at the various voltage settings.

The attempts to make such measurements were unsuccessful because
the backgrounds of the developed nuclear track plates were too dark., Low
background is required for successful counting of the electron tracks. In.
most instances the developed plates were quite Elack at the end nearest
the source, the blackness tapering off in intensity along the plate until
~near the center the undarkened yellow emulsion was visible. The cause of
this darkness was undetermined, but it is felt that with additional work
this difficulty could be overcome and good-relative-geometry measurements
achieved.

‘ It is possible that the effect of the electrostatic field on the
geometry of the instrument could be calculated from knowledge of the paths
of electrons of various energies in crossed electric and magnetic fields;
however, because of the close spacings within the camera, the electric

field is undoubtedly complex in nature and would be difficult to estimate,
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As a very rough approximation it could be aséumed that the
electric field is radial as in a magnetron. With this approximation the
equations derived by‘Hullll7 could be used to calculate the electron
paths; however, it is felt that this approximation for the source ar-
rangement used here would be too poor to lead to any useful results.

It would be Instructive to construct an instrument in which the
accelerating potential is more nearly‘fadial'SO that the effective geometry
could be calculated accurately, Because the potential distribution in such
én arrangement is logarithmic, an electron would experience the majority
of its acceleration affer traveling only a fraction of.the distance be-
tween source and slit, and this acceleration would be radiél. Thus, the
ﬁath,of the electron should not deviate gregtly from thaet of an unaccel-
erated electron starting from the source with an energy equal to the final
energy of the accelerated electron. It is believed, therefore,'thax the
variation of effective geometry with electric field strength would not be
as great for this arrangement as reported by Delesalle for his parallel-
plate acceleratér.llh To avoid problems imposed by the smallvspace avail-
able between the magnet pole faces it would be possible to establish the

accelerating unit outside the magnetic field,
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VI. CONCLUSION

The accelerating spectrograph described here was éuccessful as
both a pre- and postaccelerator. The preaccelerator proved more useful,
however, since the acceleration of the low-energy electrons as they
leave the source lessens the effect of source absorption, increases
their radius of curvature so that the focusing is bettér, and raises
the electrons to energies at which reasonable film efficiencies are
realized. The postaccelerator has only the last advantage.

The use of the preaccelerator in studying the L-Auger spectrum
and the'low-eﬁergy conversion spectrum of the decay of Pa233 illustrates
the large amount of informatibn -~ undetectable by the conventional
instruments -~ that can be obtained by means of the preaccelerator
spectrograph. ‘

It was shown that good focusing can be obtained with the use
of an approximately radial accelerating field. Because of the possible
advantage of a radial field (discussed above), a worth;while project
would be to construct a new preaccelerator in which a radial field is

more nearly realized than in this work.
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APPENDIX

CALCULATION OF SOURCE ABSORPTION FOR THE Pa“>> GAMMA-RAY SOURCES
I. Wire Source

- ‘The activity is evenly distributed around the surface of a 10-mil
platinum wire, The detection apparatus is on the negative Y axis (Fig.
20), and it 'is assumed that the detection geometry is small enough so
that only rays leaving the source parallel to the Y-axis enter the detec-
tor'(i.e., the detector is at y = - o), Since the cross section of the
source is uniform, the problem can be considered in two dimensions. Let
IO be the total activity leaving the wire in the negative y direction.
The activity on the side of the wire facing the detector (1/2 Io) will
not be absorbed by the wire, Some fraction f of the activity (1/2 Io) Lo
leaving the back side of the wire will be absorbed by the wire; and f
will depend on the angular position ( © ) of the small area of source
veing considered, The total acti?ity capable of entering the detector

“is, then, I = 1/2 I, +1/2 f1 .

We define the "angular density" of the activity on the wire as
IO/Zn; The small increment of activity, dlo’ leaving the source in the
negative y direction from a small increment of angle, d6, on the back

side of the wire is given by the expression
ar = I /ex ae .
o] o

The fraction of this activity that penetrates the wire is

o e-pp(Zy) _ o-2upr sin @

where, pu is the mass absorption coefficient, p the density of the wire,

and r the radius of the wire. Thus,

ar = IO/Bn ¢~20pr sin O
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I

Fig. 20. Sou.rce absorption - actlivity evenly distributed
around surface of wire (detector is at y = ~ w),

MU-=20057
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Integrating from @ = 0 to @ = =x gives
% -2upr sin @
I = IO/Zn \f‘ e de.
o .
Thus :
T _2upr sin 6
I, = 1/2I_ +1 /ex f e Ko de,
o}
and :
: T -2upr sin @
1./I, = 1/2 +1/ex f e THP ae.
) ol

In this work the integration was performed graphically.
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II. Tho, Source

In this case the activity is uniformly‘distributed through a
volume of uniform circular cross section (Fig. 21). The assumptions
concerning the detector are the same as those in Appendix I; hence,
again, only rays leaving the source in the negative y direction are
capable of entering the detector. _We consiaer Io,.the total activity
leaving the source in the desired direction, The "area density" of
this activity is Iq/ﬁrz, At the point x,y 1is located an increment of
area, dxdl, where ‘1 1is the distance, parallel to the y axis, from
the "front side" of the source to the point y, The small increment of
activity, dIo, leaving this area is

aT = I /e’ axdl .
[e) [

The fraction of this activity that is not absorbed by the source is

e.“pl; hence
ar = I_/ur® &Pl axa1,
o)

The total activity not absorbed is

r 2y
ur hr I /ar? el q1ax,
(o]
- [e]

where y = r sin 6 is constrained to the circumference of the circle:

2 * -2
- Io/upnr yfi (e™MPY _ 1) ax,
-y

I

i

I

Transforming to polar coordinates gives

T
I = Io/upxr \Jﬁ (1 - e~oupT sin e) sin © 4 @,

o

Performing the integration on the first term gives

T _2upr sin @
I = Io/upnr (2 - ‘J1 e sin @ 4 8} .

o
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y A
+r
(x,y)
dx
df -1r
0 2
X
———’//////) Y
-r
MU -20059

Fig. 21. Source sbsorption - activity uniformly distributed
throughout cylindrical volume (detector is at y = ~ =) .
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The equation in this form is undesirable, since in the present application
/

the integrsl is very near unity. The term in brackets, being the small

difference between two nearly equal numbers, is therefore subject to large

error. Recognizing the relation

e-a sin © -a sin © ~g s8in ©

sin @ =.4/d@ (- cos 6 e ) - a cos” @ e

leads to

n/2 . |
I/Io = b/x b/q cosz,e e 2upr sin @ d e,
o

In this work the integration was performed graphically, Dixon has arrived

at the same equation by a different reasoning and has expanded the integral

118

in series for the purpose of evaluation,
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