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‘THE RADIOACTIVE DECAY OF THE ISOTOPES OF THE TRANSURANTUM ELEMENTS

Earl K. Hyde

This report is a detailed review of publighed information on the iso-
topes of the transuranium elementsg* The discussion of each element begins with
a description of the experiments leading to the first synthesis and identifi-
cation of an isotope of that element. Following this, each isotopes is dis;
cussed separately. The discovery of the isotope; the alternate methods for
its synthesis, and the radiations emitted by it are discussed. 1In those cases
where it seems warranted, a decay scheme is presented and interpreted acecording
to current nuclear models, chiefly the unified model of Bohr and Mottelson. No
attempt is made to review the interesting chemical properties of the trans-
uranium elements.

This report has been prepared as part of a general review of the nuc-
lear{broperties of the heavy elements being prepared under the joint authorship
of E. K. Hyde, G, T, Seaborg and I. Perlman. The general review will appear at
a later date. This review is being issued in the belief that it will prove
useful in its present form and in the hope that those readers who detect errors
or who have newer and better data on the matters discussed herein will help

~ the author in the preparation of an improved edition in the future.

* The literature was reviewed up to Novemberyofi1960: " rei.. o 2 ¢ o
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9.1 THE ELEMENT NEPTUNIUM (ELEMENT 93)

+

9.1.1 The Discoverx and Earlx Historz of NeRtunium. The first attempts

to prepare an isotope of neptunium were made in the 1930's by the bombardment

of uranium with neutrons. This was a logical approach because experiments with
many other elements had shown that an isotope produced by addition of a neutron
to 'a stable target isotope was usually unstable and underwent beta decay to form
an isotope of the next heavier element. We now know that when natural ureaium
is irradiated with slowed neutrons this expected capture process and subsedquent
beta-decay does occur with the predominant U238 isotope. Duringvthe neutron
irradiation, however, the rare uranium isotope, U235, uhdergoes nuclear fission
resulting in the production of numerous radioactive fission product isotopes.
This was not known at the time of the first attempts to prepare element 93 by
the neutron capture method and of course caused considerable confusion. Another
fact leading to confusion was that the element neptunium was not correctly placed
in the Periodic System of the Elements so that the properties expected for
element 93 were incorrect. Most experiméntalists at the time thought that
element 93 should resemble rhenium, and the radiochemical methods for isolation
of ‘element 93 were based on this false supposition. With the dual difficulties
of an ignorance of the nuclear fission reaction and of the chemical properties

of elemen£ 93 some mistaken conclusions were reached in the period before the
discovery of fission. As early as 1934, FERMIl.and his co-workers at Rbmé.had
isolated a 1l3-minute activity from a uranium sample after neutron irradiation
and had separated it chemically from all elements of atomic number 82 to 92.

This led them to the logical conclusion that this 13-minute activity was an iso=
tope of element 93 particularly since it seemed to have chemical properties
resembling rhenium. Additional experiments‘by'the Italian investigators and

by experimentalists in other countries resulted in the digcovery of many addi-
tional activities which appeafed to be isotopes of transuranium elements. Some
of these were believed to have atomic numbers as. large as 96. In addition to

the transuranium element isotopes other activities were found which had the
properties of thorium, protactinium, actinium and other elements of smaller

atomic number than the target uranium. It was difficult to understand why such
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a variety of products should come from the irradiation of uranium with neutrons
when nothing of this nature had been observed with lighter element target_s.2

At this point HAHN AND STRASSMANN3 performed their beautiful radiochemical experi-
ments which proved beyond question that uranium underwent a unique nuclear reac-
tion in which the nucleus was split to form radioactive isotopes of medium weight
elements. It became evident at once that all the previous reports of trans-
uranium elements had to be reinterpreted and the search for element 93 had to

be begun once more.

Following the announcement of HAHN AND STRASSMANN'S3 discovery of fission
in 1939, McMILLANu at the University of California carried out a study of the
range of the radioactive fission products collected from a thin foil of uranium
oxide irradiated with neutrons. The neutrons were produced by the reaction of
16 Mev deuterons with a beryllium target. One striking-faét to emerge was that
the recoil range of a 2.3-day activity was much less than that of the other
activities produced. TFurthermore, this activity was in much greater abundance
than any activity of comparable half-life. This non-recoiling behavior would
be expected of a heavy element isotope as distinguished from a fission product -
and proof was sought that the 2.3-day radioactivity was an isotope of a trans-

p)

uranium element. SEGRE'S initial studies seemed to imlicate that this was
not the case and that the 2.3-day period was due to a heavy rare earth. Mc-
MILLAN AND ABELSON6 teamed up to carry the investigation further. When the urani-
um was wrapped in cadmium to remove neutrons of thermal energy the fission pro-
duct activity was greatly reduced but the 2.3 day period and a 23 minute period
which had previously been identified by MEITNER, STRASSMANN AND HAHN7 as a
uranium isotope were only slightly reduced° Chemical studies showed a charac-
teristic difference from the rare earths; namely, that the substance did not.
coprecipitate with insoluble fluorides in the presence of a strong oxidizing agent
in strong acid. In the presence of a strong reducing agent it precipitated quan-
titatively with rare earth elements upon the addition of HF.

McMILLANY AND' ABELSON then conclusively proved the genetic relationship of
the 2.3-day activity to the 23-minute uranium beta emitter and hence established

its ldentity as an isotope of element 93,
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™

238 2 2% . 2
U 3 (n,r) U 39$ U # 23 zind> Np 3 2.3 Says >

Further chemical experiments showed a distinct similarity of the new element to

L L

hexapositive uranium in the oxidized state and to Th+ and U+ in the reduced
state. There was no resemblance to rhenium, contrary to the expectations of
most experimenters seeking at this time to identify element 93. McMILLAN AND
ABELSON suggested that neptunium was to be considered a member of a second
"rare earth" group of elements starting in this region of the periodic chart,
probably with the element uranium., McMILLAN AND ABELSON originated the lan-
thanum fluoride oxidation-reduction cycle (coprecipitation of neptunium on an
insoluble fluoride compound precipitated from reducing solution - non-carecipi-
tation of neptunium on an insoluble fluoride compound precipitated under
aqueous oxidizing conditions.) which was to be a mainstay of neptunium purifi-
cation for many years to come.

McMILLAN AND ABELSON had earned the right to name element 93 and chose
the name neptunium from the planét Neptune which is the first planet beyond
Uranus in our solar system., The symbol Np was suggested somewhat later.

STARKEB'apparently made an independent discovery of Np239 at about the
same time,

A secoﬁd isotope of neptunium, the 2.0-day beta-emitter Np238, was
discovered later in 1940 by SEABORG, McMILLAN, KENNEDY AND WAHL? ‘at the Uni-
versity of California. This isotope was produced by the bombardment of natural
uranium with 16 Mev deuterons by the reactions:

238 238 6 N Pu238

1238 (4, 2n) wp
2.0 days

5 Np
The beta decay of Np238 produces Pu238 which is an alpha emitter of some 90
“years half life. The igolation of this long-lived daughter of.Np238 by the
above research team constituted the discovery of element 9k,

Much of the initial tracer work on the chemistry of neptunium was per-

2
formed with Np 39

prepared by neutron irradiation of uranium or with the
2 ,
Np 39 . Np238 mixture produced by the deuteron bombardment of uranium.
The longest-lived isotope of neptunium and the isotope which must be

considered the most important from the standpoint of chemical investigations
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of neptunium is N'p237 which has a half life of 2.20 x 106 years, Its discovery
in 1942 was an outgrowth of the study of U237° In'l940, NISHINA AND COWORKERS]D
found a 6.5 day uranium period when uranium oxide was. bombarded with fast neu-
trons from & cyclotron. This activity remained with the umanium when the fis-
sion product activities were removed. They assigned the new activity correctly
to U237 produced by the reaction:
1238 (n,2n) v%37, | |

Since U237 is a beta emitter, it must decay into 93237 and NISHINA AND
COWORKERSlO attempted to isolate the new element. They were unsuccessful because
of the weakness of their sources and because they assumed chemical properﬁies
for neptunium similar to rhenium.

Independently, at the same time, McMILLANll had also studied the new
isotope U237. He too looked for the 93237 daughter using the fluroide oxidation-
reduction coprecipitation cycle which he and Abelson had developed for their studies
ofpr239. U237
tect any radiations due to Np237 because of the long half-life of Np237,

In 1942, WAHL AND SEABORG12 in a continuation of the experiments of
237

Using sources of 80 microcurie strength they were unable to de-

McMILLAN prepared a much larger source of U (97 Millicuries) by irradiating
1,200 grams of uranyl nitrate with the fast neutrons produced in a 15,000 micro-
ampere hour bombardment of beryllium with 16 Mev deuterons. Using ether extrac-
tions to remove the bulk of the mranium and numercus rare earth fluoride copre-
cipitation cycles to remove and purify the neptunium fraction these workers suc~
ceeded in isolating and identifying 300 alpha counts per minute of Np237o Using
the ratio of U237 to the daughter Np237 activity they calculated a half-life of
3 x lO6 years which agrees within their experimental ervor with the presently
accepted value of 2,20 x lO6 years.,

237

The principal source of Np is the chain reacting uranium pile. When

237

.natural uranium or uranium of only moderate enrichment is used the Np is pro-
duced almost entirely by the U238 (n,2n) reaction for which the cross-section |
is appreciable. In the original Hanford reagtors, for example, the amount of
Np237 produced was approximately 0.3 percent of the amount of Pﬁ239 i)roduced°
Therefore, neptunium can be made available in kilogram quantities by suitable

modification of plutonium chemical processing methods. This is fortunate for
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it means that this element, whose complex chemical and physical properties are
of ‘such great scientific interest,can be subjected to careful study in many
laboratories. In reactors operating or uranium highly enriched in U?35 the
principal reaction path giving rise to sz37
which was first studied by MANNING AND BRITTAIN S.

is the following reaction sequence

235 236 2 - 237
"3 (n,7) 050 (n,0) 0BT pm  wo®ST
6.7 days
‘ The first isolation of a weighable amount of Np237twas carried out by

MAGNUSSON AND LA CHAPELLElh in October 194k, These workers purified neptunium

by the rare-earth fluoride coprecipitation technique and then eliminated the
rare earth carrier by precipitating pure neptunium compounds such as sodium
neptunyl acetate. Since they had only a few mlcrograms of material available
to them these pre01p1tatlons were carried out w1th ultramicro- chemlcal tech-
nigques, The half life was measured by determining the counting rates of ac-
ceurately weighed samples of NpOz'Whose identity and purity were checked by
X-ray crystallographic analysis. The weight of one of the NpO2 samples was
only 3.8 micrograms. These experiments constituted the first chemical isola-
tion of a weighable amount of neptunium. ' '

237

The isotope Np is beta-stable, i.e., is stable towards decay to its

neighboring isobars either by negative beta-particle emission or by orbital
electron capture. It is the only beta-gtable isotope of neptunium, a fact which
agrees with the general rule that all the odd elements. have at most one or two

237

beta stable lsotopes. An isotope such as Np 5 whlch is unstable only because

of 1ts alpha-particle lablllty, is therefore analogous to the "stable" nuclides
in the region below lead.

Identification of further isotopes of neptunium was not feasible until
target'materials other than U238 were gvailable or cyclotron beam energies were
increased beyond the 16 Mev deuteron maximum prevailing in 1942. By 1944 milli-
gram quantities of U233 and U235 became ‘available for cyclotron bombardments,

and JAMES, FLORTN, HOPKINS AND GHTORSOY? identified Np23C, Np23° and NpZs'

as products of deuteron bombardments of U235. The isotope Np234 was also madel6
by deuteron bombardment of'U233, A few years later the Berkeley synchrocyclo-

complex1ty
tron went into operation., This greatly extended the/ ~ . of spallation reactions
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which could be carried out. MAGNUSSON? THOMPSON AND'SEABORG17 took advantage

of the'new.beam energy range to produce and -identify Np233, Np232 231 by

(d,xn) type reactions using U233, Uz35 and U238 targets. At the other end of the

‘and Np

mass range new studies have been aided by the high neutron fluxes available in

modern nuclear reactors. The isotope szuo can be prepared by successive capture

of two meutrons in U23C  as was first shown by HYDE, STUDTER AND MANNING..C
238 .2 240 - 240
v (n,7) 1% (n,1) U B , Np .
' 1} hours

The isotope szul was first identified by LESSLER AND MICHEL19 who prepared it

by the reaction

U238 41

(0t,p) Mp°
In the sections_whiéh follow we discuss the properties of the isotopes
of neptunium in a systématic fashion. The isotopes of neptunium follow the nor-
mal pattern with regafd to Beta instability; those with mass greater than 237
are unstable toward negatiVe'beta particle emissidn while those with.smaller
nass numbers are unstable toward decay by'orbital'eléctron capture. The iso-

2 . :
topes Np 38 and Np236 exhibit both types of beta-instability; this is the expecéted

behavior for odd-odd nuclei near the bottom of the Bohr-Wheeler parabolas. All

238

neptunium isotopes are alpha unstable bﬁt the"alpha activity of Np and higher

mass lsotopes has not been detected because negative beta particle emission is

236

go much more rapid. Similarly for Np and lighter-mass isotopés the rate of

decay by capture of an orbital electron is so fast that alpha—particle‘emission
is often difficult to detect. For isotopes which are extremely deficient in

231

neutrons such as Np B the alpha decay-energy becomes 50 large and the partial

alpha half-life so short that alpha~particle emission again becomes prominent{
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9.1.2 Neptunium-231. MAGNUSSON, THOMPSON AND SEABORG™ produced Np o»
. 23
by bombardment of natural uranium with 100 Mev deuterons or of enriched U 35
with 45-100 Mev deuterons.

2 : )
%38 (a,9n) w23t

U235 (d,6n) Np231
This isotope decays principally by electron capture to U231 with a half life of
about 50 minutes although the radiations corresponding to this decay cannot be
observéd directly_bec@mse of interfereﬁce from the electromagnetic radiation
of the several other neptunium isotopes produced in the bombardment. It decays
also by the emission of 6.28 Mev alpha particles. These alpha particles can be
readily distinguished by measurements in an ion chamber because the alpha branch-
ing of the heavier neptunium isotopes present in the sample is so :8light. The

227

mass identification depends on the observation of the growth of Pa and of

the P"azz7 a1

The 'alpha branching is probably about one percent.

daughters comprising the Pa collateral series. (See seation 7;2.3)

Reference - Np231

1. L. B. Magnusson, S. G. Thompson and G. T. Seaborg, Phys. Rev. 78, 363 (1950).

9.1.3 Neptunium- 232 . In the experiments of MAGNUSSON, THOMPSON AND
SEABORG cited above, preliminary evidence for Np232 was found indicating a half
life of 13 minutes fér decay by electron capture. Further confirmatory experie
ments are necessary; one essential experiment is the production of detectable
yields of U232 daughter activity. No alpha radicactivity was observed. This

tics wiich would predict that the degree of

=

is in agreement with glpha sys
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alpha branching should be smaller than could have been deteqted in experiments

described,
9.1.4 Neptunium-233., MAGNUSSON, THOMPSON AND SEABORGl produced 35
minute Np 233 by bombardment of U 235 targets with deuterons of 45-100 Mev energy.

ets 233

In the case of U-33/¥HEPSI214 or Mp?33 was still detectsble when the deuteron

energy was lowered to as low as 15 Mev., The reactions involved are:
U235 (d,4n) Np233
U433 (a,2n) wp233

The decay is > 99 percent'by electron capturé. Absorption curyé measurements
reveaied the presence of K x-radiation and some gamma fadiation and conversion
electrons. It was possible to lobk for alpha partitles emitted by Np233 in
samples prepared by the bombardment o:f‘U233 with 15 Mev deuterons because at

this beam energy no Np231

alpha activity was produced. Alpha particles of
5.53 Mev energy were observed in amounts corresponding to a branching ratio of
only 10-5.
2 233 .. en sl
LESSLER prepared Np ~- By-the.readtidm:

2 2
w23 (4,3n) W23,

and studied the gamma radiations %n a Nal spectrometer. Peaks were observed

at 95, 150, 170, 205 and 410 Kev. Broad peaks irdiceting two or more unresolved

gamma rays were observed from 230~310 Kev 'and from 500 to 560 Kev. The most - cii.. .

prominent photons were K x-rays. Other gamma rays are probably present, but

234

activity interfered with their measurement. No

233

the presence of some Np
detailed decay scheme has been proposed for Np
LESSLER set an upper limit of 3 x 10 -2 for the a- -decay branching.

233

-Reference - Np _
1. L. B. Magnusson, S. G. Thompson and G. T. Seaborg, Phys. Rev. 78, 363 (1950).

2. R. M. Lessler; University of California Radiation Laboratory Report, UCRL-
8439, October 1958,
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9.1.5 Neptunium-234. The 4.40 day isotope Np23l+ was discovered by
JAMES; FLORIN, HOPKINS AND GHIORSOl who found that the neptunium fraction
chemically isolated from a U235 target bombarded with 20 Mev deuterons contained
in addition to Npo3o
with & half life of about 4 days. This activity was characterized by soft .

and Np239 (from the U238*preséﬁt) an activity decaying

electfons, x-rays and energetic gamma radiation. Shortly afterward HYDE, STUDIER

AND GHTORS0® found that Npod'
233

could be prepared in a purer state by bombarding

with 20 Mev deuterons. These authors reported high energy gamma radiation
in high abundance, An upper limit of 0,01 percent was set on the alpha branch-
230

from the neptunium fraction.
23k by bomberding Pa 231 Gith ko

ing of Np23h by the failure to isolate Pa
OSBORNE, THOMPSON AND VAN WINKLE3 prepared Np
Mev hellum 1ons.

The‘reactionvby which 1\1;)231’r

236 (a, 4n) Nzg‘u

has been formed include:

2
233 (4, p2n) Wp23*

233 4 _.234 .
Uz (d,3n) Pu __~§9__%> Np23u

u?3 (p,2n) Np°

vThe cross sections for several of these reactions are given in Table
5.5 of Chapter 5. |

The Various modes of. formation limited the mass number assignment to
234 or 233. The assignment 234 was confirmed by the fissionability measurements
of HYDE, BENTLEY AND HAGEMANNL who found a slow neutron fission cross section of
900 barns for szBu. The fissionability of the sample decreased with a half
life of 4.4 days and did not level out as would have been expected if the
highly fissionable‘U233 had been the daughter product. In the case of U233

234

bombarded with helium ions the formation of Np by the electron capture de-

>

2 ,
cay of Pu 3k has been directly observed. This bombardment yields a plutonium

2
activity of approximately 8 hour half life that is known to be Pu 3hawhidh-decays
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principally (~96%) by electron capture. The genetic relationshiﬁ between the
8-hour plutonium and thevhaday neptunium has been demonstrated.

A number of WOrkers6_lthave contributed to the measurement of the
gamma ray photons, the x-rays and the conversion electrons emltted by Np 3h
We quote here chiefly from the study o GALLAGHER AND THOMAS whlch is
- considerably more comprehensive than those published earlier. Np23u emits‘a
large number of gamma rays ranging in energy from 43 to 1606 Kev, Measurements
by the NaI sc1ntlllatlon method do not resolve these gamma rays cleanly. The
most frultful approach has been the measurement of the conversion electrons in
permanent magnet spectrographs of high resclution and in electromagnetic beta
speotrometers of moderate to high resolution.

GALLAGHER AND THIOMASlz measured more than'lSO conversion lines and de-
duced the gamma rays listed in the %table from the energies and relstive inten-
sities of these lines, In addition, a number of plutonium auger electrons were
observed as well as a few lines which could not be definitely assigned to a gam-
ma transition,

GALLAGHER AND THOMAS12 constructed the decay scheme shown in the figure.
In constructing this figure, they were able to use information on the low-lying
levels, obtained from the a-decay of Pu238 (See Section 9.2.8). They'relied
partially > also on sumr and differencer relationships between their observed
gamma, rays and partially on some gamma-gamma coincidence data reported by
HUIZENGA AND CO-WORKERS.9 In many respects this decay scheme is incomplete
and tentative., The spin of Np23h is unknown (although restricted to the values
0,1, or 2) and the primary electron-capture branching to the levels of U 34
also unknown. The spin and parity assignments of several of the highest-lying
levels are uncertain. Nonetheless this decay scheme contalns a great deal of
information on the level structure of U 23k and. it is Worthwhlle calllng atten-
tion to several interaesting points,

The lowest levels constitute a rotational band based on the O+ ground
state, The spin sequence is O+, 2+, 4+ ...., the energy spacing follows the
I (I+1) rule,and the pattern of de-excitation is a cascade of E2 transitions.
In the decay scheme of Pu238‘which is shown in section 9.2.8 the 6+ and 8+ mem-
bers of this rotational band of levels are also observed. Furthermore, the 4+

and 6+ levels are seen in the beta decay of Pa 23k (uz)..
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2 A
Transitions in U 34 following,Np23u decay as reported by Gallagher and Thomas¥.

Transition assignments are based on internal conversion data. ' The isotope assign- -
ment is based on the decay of the lines obgerved in a series of five exposures at ‘.. ..~
4. h-day interwslss over ancapproximately three week period. Visual intensities
listed are vvs = very very strong, vs = very strong, s = strong, ms = moderately
strong, n.= moderate, mw = moderately veak, w = weak, VW = very weak, vVVvw = very
very weak, ew = extremely weak, ew? = extremely weask and questionable, -d = diffuse.

Subshell Conversion

Agsign= Energy of Multi-
ment gamma. (kev) K L Ly Lo M Mo Mo NNy, N polarity
BA 43.49 £ ,05 W m m s W W E2
CB g99.7 * .1 W ew? ew? E2

o 233.6 *.2 ew? ew

MK 234.6 * .2 vvw W ew? ew?

IF 238.6 * 4 ew?

KT 247.9 = .2 vww-d ew ' ew

NK 265.8 * .5 ew?

-- 297.6 + .5  ew?

JD 450.5 '+ .5 ms VW ew ew? ew?

ML 482.8 * 18  ew?

MH 485.1 + 18 ew?

NH 515.7 % .5 mw ew

MG 525.9 % .5 ew-d

NG 556.8 * .6 m ew-d

DB e T W

NF 751.7 £ .8  w ew?

EB 768.0 * .8 ew-d ew?

DA 787.8 .8 wvvw

NE 793.8 = .8 ww

FB 810.0 *.8 s mw ew (EO)

EA 811.6 * .8 wvvs s W ew-d EO

FA 853.6 =1 ew? \

- 1003 2 NAA ew?

- 1105 %2 ewr

JB 1196 2 ew
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Assign- Energy of

ment gamms, (kev) K Lp Lpp Lopp Moo Mo Moo N N N Mu‘lt}—
polarity

JA 1240 =2 ew??

LB 1395 %3 ew??

LA 1439 %3 ew

MB 1531 #3 W

NB 1562 *3 m , ew

MA 1575 %3 &v

NA 1606

1= |3

Capital letters refér to levels in the decay scheme.

* RElectron lines observed on a series of permanent magnet spectrographs with fields

of 99, 160 and 350 gauss.
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|
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Figure 1. Decay scheme of the electron-capture decay of Np23u as formulated
by Gallagher and Thomas.
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The 1- level at 788 is the first 1- level to be reported in an even-
even nucleus of uranium but it is a commonly observed level in the spectra of
even-even nuclei of neighboring elements (see discussion ;n chapter 3). It is
assigned to a collective mode of excitation. Thig level de-excites by a pair
‘of El transitions to the O+ and 2+ levels of the ground state rotational band.
These gamma rays are also seen in the beta decay of Pa23h (UXE); See discussion
in section 8.2.12.

The level at 812 kev is given the spin assignment O+ and is believed with
some confidence to be the first B-vibrational level of excitathon in UZBA,
(See chapter 3 for a discussion of collective f and Y vibrations in even-even
nuclei). The level at 854 is believed to be the first rotational level in a
band based on the 812 kev state. This interpretation for both levels is strongly
based on the observance of the completely converted EO transitions which de-
excite them. The observation of these EO transitions is one of the most int-
eresting results of the study of the decay of szsu. Further information on
these particular levels and on the EO transitions deexciting them comes from the
work ‘of DURHAM, RESTER AND CLASSllL who excited the level at 854 kev by bombard-
ment of U231L with 5 Mev protons.

FO transitions proceed completely by emission of conversion electrons.
Hence the dominant feature of the conversion elélctron spectrum of 1\Tp231L is the
K and L electron lines of these prominent EO trémsitions. The transition from
the O+ level to the ground state has also been identified in the ¢-decay of
Pu238 and in the B-decay of Pa23h; (see sections 9.2.8 and 8.0.0, respectively).
This particular transition connects an O+ state with an O+ state and is pure
EO. The other EO connecting the 2+ level st 854 kev with the 2+ lével at
43,5 kev competes with E2.de-excitation. Thiswas the first observation in
the heavy element region of an BEO-admixed transition between two states with
I # 0. CHURCH AND WENESER13 had predicted such trensitions on theoretical
grounds.

GALLAGHER AND THOMAS™C also suggested that the levels at 1049 and 1090
(¢ and H) may be the expected 2+ and 3+ ('K = 2) states corresponding to col-
lective excitation of the first Y-vibrational mode., This interpretation is
probably incorrect in view of the later studies of BJ¢RNHOLM AND_NIELSEN15
on the decay of‘Pa234 (UZ) which indicates that the y-vibrational level falls
at 922 kev. Refer to the discussion in section 8.2.12 of Chapter 8,
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PRESTWOOD AND CO-WORKERSlO have‘investigated the fadiations of Np23u

with a trochoidal analyzer and have identifiedvpositrons with an end point ener-
gy of 0.8 Mev. The ratio of positron emissidn to eléctron capturé_wés fouﬁd to
be 4.6 x lO-u° This is the first observationnof thé émissionvof positrons by.a
nuclide of atomic number higher than 80, This medsureméﬁt set‘a lower limit of
1.8 Mev to the disintegration energy. ‘ .

234
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9.1.6 Neptunium-235. JAMES, FLORIN, HOPKINS AND GHIORSO™ found that

the neptunium fraction from uranium bombarded with 20 Mev deuterons, after
thorough decontamination, exhibits a long-lived activily characterized by low-
energy electromagnetic radiation such as would be emitted by an electron-cap-

turing species., Bombardments of uranium targets of varying isotopic composi-

tion have established the responsible target isotope as U235. It is now cer-

tain that this activity is due to Np-3?, produced by the reaction U237 (4,2n)

235
Np =7 235 L pan 2
Bombardment of U 3 and U 33 with 40 Mev helium ions also produces

Np235 by the reactions:

"3 (o, p30) Wp°3
U235'(a,4n) Pu235 electron ca;pﬂou:r'e.> Np235

2 2
v“33 (a,pn) Np2° |
U233 (a, 2n) Pu235 electron capture

235

> Np
Failure to find long-lived neptunium activity ffom the bombardment of UZ33 with
deuterons2 is confirmation of the isotopic‘assignmemt of the activity as Np235.
The best estimate of the half life,3 obtained from the decgy of several
samples over a period of 2 years, is 410 * 10 days; these particular samples were
prepared by the bombardment of 95 percent U235 with 20 Mev deuterons. The ob-
served radiations consigst chiefly of the characteristic L x-rays of uranium.3
The total disintegration energy is low and the ratio of L-electron
to K-electron capture is large. JAMES, GHIORSO AND ORTH3 set the ratio at
approximately 10. Later HOFF,. OLSEN AND MANNA reported the value 30 £ 2, The 1
most careful measurement was made by GINDLER, HUIZENGA AND ENGELKEMEIR6 who
arrived at the value of 36.7 for the L/K electron capture ratio. They also oba
served M x-rays and set 0.46 as the ratio of M-electron to L=eleetron. .ol
capiture. The L/K‘electron capture ratio is a sensitive measure of the deesy
energy for a nuclide with low disintegration energy. For the experimentally

observed L/K ratio of 36.7 the calculated decay energy,kmse&jgn;an aldowed

~
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transition, is 123 kev, The estimates of decay energy frpm closed decay-energy
cycles are imprecise by comparison. FOREMAN AND SEABORG7 calculate a value of
210 kilovolts while GINDLER, HUIZENGA AND ENGELKEMEIR6 estimate 70 kilovolts.,

The electron capturérdecay of sz35 leads to U23S whose low_lying :
levels are well known. They consist of a 7/2-, 9/2-, 11/2- rotational band
based on a K = 7/2 ground state and a 1/2+, 3/2+ aﬁdA5/2+ rotational band based
on a K = 1/2 base level lying within a few electron volté bf the ground stateg
The K = 1/2, T = 1/2 state has a half life of 26.17 minutes as has been learned
from a study of alpha decay of'Pu239,.(See section 9.2.9) GINDLER, HUTZENGA
AND ENGELKEMEIR6 examined the radiations of Np235 very carefully to see whether
any of the decay events led to the low-lying excited states of U235, They
attempted a chemical isolation of the 26 minute U235m but found:no evidence for
decay to any state other than the ground state of U235; they set a lowér limit
of 97.9 percent for decay to this state. Their conclusions are summarized in °
Figme. .2, A ground state assignment of I = 5/2+, K = 5/2 for Np235 is consistent
with the décay scheme.

Neptunium-235 also decays to a slight extent by alpha emission. JAMES,
GHIORSO AND OEEBB first observed the emission of 5,06 * 0,02 Mev alpha particles
and reported a branching ratio of 5 x lOnS_° HOFF et alch'réported a value of the
branching ratio of 3.5 x 1OB5, More recent values by THOMAS5 and by GINDLER et
‘alu6'are (1.23 £ 0.,10) x 1077 and 1.59 x 1077 respectively, The latter corres-
ponds to & partial alpha half-life of 7.0 xflOu years. . The alpha spectrum 1s
complex-as was first shown by HOFF, OLSEN AND MANNh'who found gamma rays of 26
kev and 85 kev and I x-rays to be in coincidence with alpha partitles. These
gemma rays were shown to arise from a metastable state with a half-life of 37
millimicroseconds. GINDLER AND ENGELKEMEIR8 confirmed these findings and also
noted a coincidence with K x-radiation in small intensityo Intensities of
(0,15 * 0,02), (0,088 * 0,008) and(0.006 * 0.002)phcton per alpha disintegration
were found for the 26 kev, 84 kev and K x_radiation,,réspebtivelya

Direct measurement of the alpha spectrum is»extremeiy difficult because
of the low percentage of events going by alpha decay. Nonetheleés, by means of
precise technique with the ion chamber method GINDLER AND ENGELKEMEIR8 achieved
‘a partial resolution of the spectrum. Their results are displayed in Figuré 3Zxc.
It is possible to interpret these results in some detail beéause the low-lying

231

excited levels of Pa
U23l

are well-known from & study of the decday schemes of

s Th231 and by Coulombic excitation of Pa23l targets with low energy beanms
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123 kev \\
\
\
-
' U235
MU-20202
235

Figure 2. Decay scheme of Np showing quantitative decay (within o
experimental error) to the ground state of U232. The three levels in U 35
with spins and parities 1/2+, 3/2+ and 5/2+ comprise a rotational band and
are populated by Puc39 alpha decay. The base state l/2+ has a half life
of 26 minutes. Levels at 46 and 103 kev are reached by Coulomb excitation
of U237 and are assumed to have spinsg and parities of 9/2- and 11/2-,
respectively. \
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of charged particles. The lower part of the excitation spectrum as deduced
from these studies is shown as dotted lines in the figure. The detailed argu-
ments on which these levels -and their Nilsson wave function assignments are
based are given in section 8.2.10 of Chépter 8. )

It is apparent that the favored decay of sz36 leads to the Nilsson
state 5/2+ 642 which lies at 84.2 kilovolts above ground. On the basis of
the pringiple of favored alpha decay between parent and daughter nuclei bear-
ing identical Nilsson wave function assignments, it is clear that the ground
state of'Np235 is 5/2+ 642 ., The quantum numbers béing referred to here
are K, x N nz "« It is rather likely that the alpha groups shown in the
figure are still not completely resolved and that alpha population is distrib-
uted over several members of the rotational bands of each intrinsic state of
Pa23l 235 237 discussed

. The alpha decay of Np closely resemblés that of Np

below in section 9.1.9 and it 4§ reasonable that the greater complexity ob-

235

served in Np237 decay is also in fact present In Np decay.

235
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and Nilsson state assignments based on discussion of
Total alpha branching is 1.59 x 10-2.
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9.1.7. Negtunlum—236° The isotope Np236 was discovered by JAMES,
FLORIN, HOPKINS AND GHIORSOol In the neptunium fraction isolated from a target
of U238, depleted with respect to U235, which had been bombarded with 20 Mev
deuterons, they observed the growth of alpha particles of 5.3-cm range, known

236

from other evidence to belong to Pu o Consequentiy, there was indicated the
2

formation of Np 36 and its beta decay to Pu236 as follows:

236

U238 (d,4n) Np236 S NN
2
The same phenomenon was found in the bombardment of U 35 with 20 Mev deuterons

and 40 Mev helium ions:l

23 (a,n) mp?¥P —B s py?30

1235 (o, pzn) WpPdl —E o py?30

This_isotope is also produced in 40 Mev helium-ion bombardments of Np

2337,

37 na-

Np237 (o,an) Np236 ——:—E——€> Pu236
ye33 (o, p) Np236 B > Pu236

U235 and U233

In the helium-ion bombardments of it was possible to

observe in. the neptunium fraction not only the growth of Pu236 _
but also the decay of the beta particles of Np236. From the rate of growth of -
Pu23 /hlpha particles in a bombardment of U £35 with helium ions, a half life of Zz2
236 “Analysis of the decay curve from the U 235 experi-
ment gave an independent value of the Np 236 half life of 21 hours.l JAME8;
FLORIN, HOPKINS AND GHIORSOl were unable to produce samples of Np236 free

of ‘excessive amounts of Np238 239

on the beta energy. ORTH AND O'KELLEY, using highly purified U 235 (99.4 %),

alpha particles

hours was derived for Np

and Np , and therefore could set only wide limits
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repeated the deuteron bombardments and prepared sufficient activity for ab-

sorption measurements and a beta ray spectrometer analysis. At a later time

JAFFE5 AND PASSELL6 prepared Np236 in a similar way for study of the radiations.

The results of ORTH AND O'KELLEY had to be reinterpréted by the later workers

and will not be quoted here. JAFFE5 and PASSELL6 represent the decay scheme

as shown in the figure. The LII and‘LIII conversion lines and the M and N
conversion lines of the ¥3.4-kev transition in Pu236 and the 4h.2 kev transition 7. J

2
36 7 studying the

were resolved from the electron spectrum.6 HOLLANDER,
236

decay of’Np236
2 .
and Pu 36 and found 45.28 * 0.06 kev and 44.63 = 0.1 kev, respectively. The
beta decay of'Np236iappears to proceed to the O+ and 2+ levels of the ground
236

state rotational band of Pu ; the electron capture decay appears to proceed

inU

B has remeasured the energy of the first excited states of U

to the O+ and 2+ levels of the ground state rotational band of U 236 which are
familiar from the alpha decay of Pu 2ho to the same nucleus. The log ft values
for these four transitions are 7.1, 6.6, 7.5 and 7.0 respectively indicating
first forbidden transitions. On this basis one can assign '‘a spin and parity
of 1- to 22 hour Np236. This is consistent with the measured " spins of Np237
(93 protons),which is 5/2, and of y?35 (143 neutrons)ywhich is 7/2 . The
Nilsson orbital assignments of the odd nucleon in the ground states of these
nuclei are known on pretty sure evidence to be 5/2+ [6hé}and 7/2-'[7h3], res-
pectively. Neptunium-236 with 93 protons and 143 neutrons might then be ex-
pected to be represented by (5/2+, 7/2-) leading to 1- or 6-. It is logical
to assign 1- to the 22 hour form of Np236 and 6- to the long lived isomer. The
MS/transition between the two isomers would have a very long lifetime and would
account for the occurrence of isomerism. It is known, however, that a 5/2- level
identified as the Nilsson state [523 5/2.1 occurs at 59.6 kev above ground in

37. This state could possibly be the ground state for the 93rd proton in
Np236. This in combination with the 143rd neutron state T/Za would lead to
spins of 1+ énd 6+ for the isomers of Np236, which would be an alternative set
of assignmenfs. The negative parity set may be preferred on the basis of the
log ft values. |

GRAY8 sets the ratio of negatron emission to K-electron capture as

57/&3 in Np236. GINDLER, HUIZENGA AND ENGELKEMEIR9 suggests a 15 percent cor-
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U236 | |
- MU-21268
Figure L. Partial decay scheme of 22 hour Np236.



-27- UCRL-9148

rection for the contribution of L-electron capture to the electron capture
branch. This reduces the B /EC ratio to l.2. GINDLER AND SJOBLOMl report the
even lower value of O, 9%

The energy of the most energetic beta particle group is about 520

8 .
kev, GALLAGHER AND THDMAS observed conversion lines of gamma rays with
4 2

641.7 and 687.0 kev energy which defined a level at 687 kev in U 36, This

may be a K= 0 I = 1- state of collective excitation.

236
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9.1.8 Long-lived Isomer of 1 V)236, Evidence for the existence of a
ldng-lived isomer of Np 3 was first obtained by‘STUDIER, HOPKINS, GHIORSO AND
BENTLEY from a 22 Mev deuteron bombardment of uranium metal in whlch the U235/
U23 ratic was only 1/2800 Neptunium prepared in & qubardment of long dura-
tion was isolated chemically and measurements were made of the fiséion rate of
the sémple in a calibrated flux of slow neutroné° These showed the fission-
gbility to decrease with a two day halfnlife'charécteristic of Np238o In addi-
238 a long=-lived fissionable material was

parsations
present even after further chemlcal nad been performed which should have removed

tion to the fission events due to Np

any other- element. . Since the slow-neutron fission cross section of long-lived
Np237 was too small to account for the observed number of fission events,and
since the long-lived fissionability was found only in the upper 3 mil layer
of the uranium metal target where the (d,hn) reaction was energeticdally possi-
ble,it had to be concluded that this fissionebllity was due to a N9236 isomer,
In a followup experiment STUDIER, GINDLER AND STEVE]NS2 prepared a

larger sample of the suspected isomer in a similar way. Fifteen months after
bombardment the neptunium fraction was isolated from the U238.and subjected to
analysis in a mass spectrometer. Masses 236 and 237 were observed in the mass
ratio 0.062. The alpha activity of the qample was entirely due to Np 375 Beta
activity was observed and assigned to Np (long llved) _A beta decay half life
of > 5000 years was derived. This is a highly-forbidden transition (log ft
> 12), -The cross section for fission with slow neutrons was measured to be
2800 barns. GINDLER , HUIZENGA AND ENGELKEMEIR3 repeated the experiment of
STUDIER, GINDLER AND STEPHENS with the same results. They found that the 22
hour isomer was produced in a T-fold greater yield than the long—lived isomer.

_ Furfher research is required to determine the relationship of the 5000-
yéér Np?36 to the 22-hour Np236 but a tentastive spin of 6 caﬁ be assigned to the

isomer on the basis of the considerations discussed in the preceding section.

o : . R, . R . . L

e °

236
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9.1.9 Neptunium-237. The discovery of Np°o! by WAHL AND SEABORG
is mentioned in thé introductory section 9.1.1. There is also some discussion
of"l\szS‘7 in section 7.1.2 of Chapter 7 where the kn + i decay chain is treated.
Np237 is an alpha-emitter with a half-life reported by MAGNUSSON AND LA CHAPELLE
as (2,20 = 0,10) x-lO6 years and by BRAUER3 and his co-workers as (2.14 * 0,01)

X 10 years. This latter value corresponds to a specific activity of 1562 #

2

7 disintegrations per minute per microgram. The spontaneous fission rate is.
less than 5 fissions per gram=hour, correspondihg to a half-life limit of

b Np’z37 is beta stable. This isotope is the longest

greater than 4 x 1016 years.,
lived species of the element, neptunium and the most suitable for investigation
of the chemical.properties of the element. It is isolated in gram and kilogram
amounts by the special processing of spent reactor fuel elements made of naturel
or slightly -enriched uranium.

A careful measurement of the alpha spectrum is a matter of some
difficulty because of the low specific activity. MAGNUSSON, ENGELKEMEIR, FREED-
MAN, PORTER AND WA.GNER5 studied the spectrum with a gridded ionization chamber
connécrted. o a multichannel pulse height analyzer. Close attention was paid to
important details6, such as sample collimation, to get the best resolution of

which this method is capable. Their results are summarized in Tableaxz2... These
same authors wused scintillation, proportional and magnetic spectrometers to get
information on transitions with the energies, 20, 29, 56.8, 86.9, 145, 175, and
200 Mev. Transition assignments derived from o-e , o~y and Y=Y coincidence meas-
urements were used to construct the decay scheme shown in the figure. STEPHENS7
elso contributed to the measuremeht of the gamma transitions by scintillation
gpectrometer determinations and y-y coincidence measurements.

o Alpha spectrum measurements by KONDRAT'EV, NOVIKOVA, VOROB'EV AND
GOLDIN\8 are also listed in the ‘bable. ASARO, STEPHENS AND PERLMAN9 have un-
237

published results on the alpha spectrum of Np taken on a magnetic spectrometer
which agree for the most part with those seen in the table with the exception -

that they include more groups.
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Table 2 Alpha Particle Groups Enmitted by 'Np237
Magnusson et al. Kondrat'ev et al.

Alpha " .7 ¢ Energy of Abundance _ Alpha Abundance

Particle Pa233 Ex- (Percent) Particlé (Percent)
‘Energy cited State Energy

(Mev) (Kev) : (Mev)

4,872 0 3.1 4,867 2.5
4,816 57 : 3,5 ' 4,803 3.4
4,787 86 ' 53 | 4,781 S5k

L. 767 107 29 L4761 29.5
4,713 _ 162 1.7 L, 701 2.3

b, 6Tk 201 3.3 ' 4,643 8.3

' (sev'l unresolved
groups)

L. 6l 232 6.0
4,589 288 7 0.5
4.52 ~360 0.02

* Data of Magnusson and co-workers, Phys. Rev. 100, 1237A, 1955. Relative
to ThZ3° E, = 4.682 Mev and P07 E, = 4,877 Mev.

10

*% Data of Kondrat'ev and co-workers relative to Po2 Eq = 5.2984 Mev,

A
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233

Figure 5.
of Magnusson and Co-Workers.

MU-21276

Decay scheme of Np 23t derived chiefly from the experlmental results
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The decay scheme shown in the figure is incomplete and no detailed
assignments of the spins, parities and excitation character has been given to
the majority of the levels in the Pa233 daughter nucleus. There are interesting
experimental facts and suggested interpretations of the lower-lying levels and
of the transitions which de-excite them which we should like to mention. As an

aid to the discussion we show a sfdguret 6o which emphasizes the similarity

231 233

in the lowest levels of Pa and Pa

233

First let us consider the 86.3 kev level in Pa which plays a prominent

2
37 since it is populated in 90t 5 out of every 100 alpha

decay events, ENGELKEMEIR AND MAGNUSSONlO have shown that this level is meta-

role in the decay of Np

stable by measuring an epparent half-life of (3.69 = 0.04) x 10-8 seconds for

the 86.3 and 29.6 kev transitions. The true partial half-lives are 2.6 x 1077
~xéconds and 3,0 x lO_7 secondé, respectively. STROMINGER AND RASMUSSENll con-
firmed these results and speculated on their significanceo. Both the 86.3 and the
29.6 kev transitions are believed to be El in nature from the measured conver-
sion coefficlents and from other lines of evidenceo12 The half-lives of these
transitions are enormously longer than would be predicted by the "single particle"
transition probability formulas. The retardation in these cases in 1.4 x 10
and 7.2 x 10, respectivély° These transitions belong to a class of El transi-~
tions observed in the decay of heavy deformed nuclei of odd mass which have
anomalously long decay periods and anomalous L-shell and M-shell conversion co-
efficients. The 84.2 kev and 25,7 kev transitions in the decay of the 84.2 kev
level of excitation of Pa231 (shown in the figure) also show these anomalous
characteristics, Experimental data on this class of El transitions is discussed
in a paper by ASARO, STEPHENS, HOLLANDER AND PERLMAN'. Some of the theoreticsl
implications are discussed by NILSSON AND RASMUSSEN13°

Now let us discuss the spin and parity assignments of the Pa233 levels,

The ground state spin of‘l"‘az33

is deduced to be 3/2 from the decay scheme of
‘sz37 and of‘Pa233a This assignment is confirmedd by the measuremen%9of spin
3/2 for the ground state of Pa23l, In each case this ground state is probably
the I = 3/2 member of a rotational band of levels with K = 1/26 In the discus=~
sion of the collective model in chapter 3 it is pointed out that K = 1/2 rota-
tional bands can have an "anomalous" ordering of levels., The Nilsson orbital

221 2 .
assignment for the ground state of both Pa ~~ and Pa 33 is 1/2- 530_, For
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Figure 6.  Partial level schemes of Pazsl a, Pa233. The lowest-lying
levels of Pa 33 as seen in the q-decay of Np are shown on the right.
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details of these assignments see section3,s,sor chapter 3 or other referemnces.
The levels at 6, 57 and 69 kev are assigned as I = 1/2, 7/2 and 5/2 members of this
same band. Note the inversion of the 5/2 and 7/2 members. In the Pa231 case only
the T = 3/2 and I = 7/2 members have been identified by decay scheme analysis but
the others are believed to exist. The NILSSON state assignment of the 86.3 kev
level in Pa®33 is 5/ 2+ [64221 A somewhat uncertain assignment of 3/2+ [65i]has
been made for the 200 kev level.

The ground state spin has been determined to be'5/2 by hyperfine structurel6
. 17

analysis and by the ‘méthod of nuclear paramagnetic resohance. The Nilsson state

237

assignment of the Np ground state is firmly made to 5/2% {6&2]for reasons which

are discussed in connectlon with the decay scheme of Am 2h1 below. The identity

of this Nilsson 3551gnment with that of the 86.3 kev level in Pa233 accounts for
the high percentage of the alpha transitions which go to this level.

The neptunyl ionrs, Npoé++, is paramagnetic because of its unpaired 5 f elec-
tron. It is possible to grow crystals of such compounds as rubidium neptunyl
acetate and by codlihg sﬁch crystals to temperatures in the vicinity of absolute
zero to align the nuclei of Np237, The angular distribtuion of the alpha parti-
cles of such aligned nuclei of sz37 have been studied and found to be anisotro-

pic by ROBERTS, DABBS AND CO.WORKERSI8 It was found that Np237 emits its alpha

237

particles preferentially dut through the tips of the Np nucleus, a prolate

spheroid.

va237
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9.1.10 Neptunium-238. It is mentioned in the historical introduction

238

that 2.lO-day Np was the second isotope of neptunium to be discovered and

that it was first producedl,by the cyclotron-induced reaction:

U258 238

(d:2n) Np

It can also be produced by helium ion bombardment of uranium:

U258 p258

(O’., ,P5n) N

"% (@, p) Np258

Cross sections for these reactions are listed in Table 5.9, Chapter 5. The

238 237 (n,y) N 258

first evidence for the production of Np

LB Sooovers ofr D ':
wiE RS aigdgvery oF By 4238

by the reaction Np

file produéea pil_dﬁiﬁﬂi5 This was produced by

the neutron reaction sequence:

038 P 038

> Pu

¥ (n,e0) ¥ 77 (a) W

fast neutron _ slow neutron

In reactors operating with enriched uranium another mechanism becomes important,
namely:

o35 B B
3 (n,y) 1¥° (ay) U 23T 2 2237 (ny) Np258 s p28

238

The rate of buildup of Pu by this latter mechanism in a high flux pile is

discussed in section 9.%8 of this chapter.

238

The production of Np from Np257 was first observed directly by JAFFEY

L

AND MAGNUSSON.  The slow neutron capture cross section of Np257 is 172 barns.5

An important feature of this reaction is that it provides a means of producing

238

2
free from other short-lived neptunium isotopes, and Pu 58free from other

238

Np

plutonium isotopes, although in careful studies of the radiations of Np

233

prepared in this way some attention must be paid to the growth of Pa activity

237

from its Np parent.
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The early studies of Np258 were complicated by the fact that the isotope,
when produced by the deuteron bombardment of uranium, was always accompanied

by comparable amounts of Np259. Since ﬁhe half-life of the latter, 2.33% days,
is close to that of Np2§8

curves was required. Extensive studies of the complex beta-rays, gamma-rays,

a differential analysis of decay and absorption

x=rays and conversion electrons have been carried out in recent years using

238

many modern techniques. These studies have been carried out on pure Np

238 1,239

made from neutron irradiation of Np257 and with the Np mixture made
from cyclotron bombardment. We shall not try to review the experimental
evidence exbaustively but will summarize the most important results. In this
we follow closely the treatment of RASMUSSEN, SLKTIS AND PASSELL,6 of
RASMUSSEN, STEPHENS, STROMINGER AND ASTROM,! and of ALBRIDGE AND HOLLANDER.
Others who have also done detailed work on this isotope are FREEIMAN: JAFFEY
AND WAGNER8 and BARANOV AND SHLYAGIN.9

resolved from the electron spectrum are summarized in Table 3. Data .on the

Data on the beta groups which may be

numerous conversion electronilines which are superimposed on the complex
continuous beta spectrum are given in Table 4, The half life of Np258, which
was originally reportedl as 2.0 days has since been re&ised slightly to 2.10
days.

The garma rays revealed by a Nal scintillation spectrometer include an
unresolved photopeak near 1 Mev made up of 4 high energy gamma-rays, a
photopeak near 100 kev made up of 102-kev gamma-rays plus K x-rays, and a
low energy x-ray peak of about 20 kev. A number of gemma-gamma, gamma-x-ray,

7

and beta-gamma coincidence measurements have been made’' to clarify the decay

scheme.

Figure {rc presents a decay scheme based on all these measurements. This
decay scheme is not completely established in .spite of the detailed experiments
which have been done to test it. One of our purposes in presenting it here is
to discuss a possible interpretation of the higher-iying levels .of Pu258 since
this nucleus was the first in the heavy element region to provide evidence for
the vibrational states at ~1 Mev predicted by the ﬁnified model of the nucleus.

The lower-lying states of Pu258 are fifmly established by the study of the

alpha decay of Cm2%2Q A ground state rotational band with levels O+, 2+, U+,
6+, and 8+ has been observed.. (See section 9.4.6 and the Figures therein.)

These states are éonnectéd by a series of cascading E2 transitions which have
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Figure 7. The more certain features are shown in

Decay scheme of Np
part a, the more speculative in part c., The decay scheme of Cm
shown in part b since it gtrengthens the interpretation gf
seen in the decay of Np23 A1l observed levels of Pu23°® are interpreted

as arising from a single (ground) state of intrinsic particle motion. The
lowest levels clearly constitute a rotational band based on the ground state.
Several of the 6 levels at around 1 Mev may be assigned to two rotational
bands based on a K = 0, beta-vibrational level at 937 kev and & K = 2, gamma-
vibrational level at 1030, but this interpretation is speculative.

is also
the level system
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Table 3

2
Beta groups of Np 28

‘Determinations of thé most energetic beta group

End ppint energy (Mev) Abundance (%) Reference log ft Reference
1.272 | W7 -8
1.25 45 6 8.5 7
1.236 38 9. 8.6 9
‘ Determinations of lower energy beta groups
0.258 ' 53 ‘8
0.27 55 : 6 5.8 7
0.28 and » 20 6.6 9
0.250 31 g 9 6.2 .
0.200 7 8

1.139 2 2.8




Table %

Np238 Conversion Electron Data

Transigion

Electron Con- Selected Abundances per ‘Relative
energy version  energy transition 100 beta disintegrations insensities o
(kev) shell (kev) energy Freedman Slatis Resmussgn.  Baranov and Albridge and
. , (kev) et al. et. al.” et al. Shlyagin Hollanderg
21.76 Lig L, 01 38 28.7 ——— 23.1 —— '
25.96 LIII 4k, 02 20 21.0 - 21.1 -
38,4k M 1), 00 14 —-- — 11.6 -
© 390 ° pa—— —— o o . ;, 2 -
39540 Mo 43.96 5.7
42.58 Npt 43.96 -—- 15.2 — 3.71 ———
428k - 43.97 3.2 ——— — —— ——
43,71 0 ~4l, 0 -— —— - --- —_——
. , (44.11)" :
79.52 I1 101.8 1159 l.h — 1.21 -
83.7h LIII 101.8 -— 0.9 -—- 0.64 -—
96.20 Mp 1 101.8 1.2 0.7 _— 0-40 —
a - o — 0. 6 T
o7.17 MIII 101.7 3 *
100,3. NII 10057, - - —— - -
101.4 0 101.7 -——- - “m- -——- ———
. 101.7
96.79 LI 119(9 - —— -—= -—— -
113.9 pl 119.8 -—- — - - -
118.1 NI 119.7 —-— -—— - -—- -
119.8

—O-r-(_

QHT6-TION



Table 4 (continued)

Electron  Con- Transition  Selected Abundances per Relative
energy version energy - transition 100 beta disintegrations intensities
(kev) - shell (kev) . energy® Freedman S1itis Rasmisgen Baranov gnd  Albridge and
L : 7 (kev) et al. et al.” et al, Shlyagin Hollander®
99.22 K 221.0 221.0 —— - —— ——- 0.09
170.8 K 292.6 292.6 ——— —— ——— -— (2)
748.8 K 870.6 870.6 - - - ——- <0.01
762.8 K 8846  884.6 ——- - - 0.01k4-
803.6 X 925.4 925.k4 - 0.05 0.0k _— 0.03k4
818.8 K 940,6 e 0.10 0.07 0.09 0.072
917.9 L,Lyp  940.2 -— 0.06 —— _—- 0.021
93k MM 9%0.0 _—— -—- _—— - 0.0075
| 940.4 |
821.3 K -9hk3.1 - ok3.1 - -—- -—- - -— 0.0093
86L4.0 K - 985.8 0.3 0.26 0.20 0.20 0.20
963.1 Lk 985.4 | ——— 0.13 0.06 0.06 0.059
967.8 o 985.9 --- - —— - 0.010
980.2 MM 985.8 - --- - J— 0.020
985.3 N 5986 - ——— e - 0.0090
| | | 985.7 -
867.3 K 989.1 989.1 _— ——— —— -— 0,012
905.6 . K 1027.4 0.3 0.2 o.20 0.16 0.048
1005.1 LTy 1027.k ——- 0.08 0.0k 0.03 0.018
1021.7 M ~1027 _— 0+06 0.02 — extremely
10271 | weak

LT

QHT6-TMON



Table % - (continued)

F¥lectron Con- ATfansi;ién' Selected Abundances per " Relative
energy version energy transi%ion 100 beta disintegrations’ intensities :
(kev) shell (kev) energy Freedman Slatis Rasmusgen Baranov and Albridge and
o _  (kev) et al.” et al. et al. Shlysgin Hollander®
908.1 K 1029.9 _— -_— — 0.08 - 0,15
1007.3 Ll 1029.6 - —— _— 0.03 0.039
1024.8 M - ~1030 ' - - -——- ' —— 0.011
_ 1029.9 h |
912.1 K - 1033.8 1033.8 ——— - -—- ——- <0.01°
973.5 K - 1095.3 1095.3 --- --- --- - ?
(a) Electron binding energies were taken from Hill, Church, and Mihelich, Revs. Sci. Instr. 23, 523 (1952).
(b) The selected values are weighted averages of the experimental values. '
(c) Reference 8
(d) Reference 10
(e) Reference 6
(f) Reference 9
(g) Reference 13
(h) For purposes of comparison, the relative intensities from Baranov and Shlyagin and from Albridge and
Hollander were normalized to Rasmussen's value of 0.20 for the K line of the 985-kev transition. In
the last cqlumn question marks indicate uncertainty as to the actual existence of the lines.
(i} The weighted averggs is 44 .00. The walue 44.11 had been reported previously by Smith and Hollander by
‘measurement of Cm in which the same transition cccurs and is considered more accurate. o
(j) The intensities listed for the 1027-kev transition by Freedman, Slatis, and Rasmussen include those of

the unresolved 1030-kev transition. The division of intenSities“by‘Baranov and Shlyggin between 1027
and 1030 is reported as only approximate. S : _ .

20

-

QHT6-TION
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been precisely measured and characterized. In agreement with the spin and
parity assignments there are no crossover tragsitions. Only the first three

238

members of this band are involved in the decay of Np -~ . There is a l-level of
Pu238 at 605 Kev but this plays no role in the decay of Np238°

The levels‘at about 1 Mev which are populated by the lower energy beta
groups of Np238 are interpreted as a gamma-vibrational band and a beta-vibra-
tional band,A Beta-vibration refers to oscillations of the sphercidal nucleus
in whiéh the eccentricity is changed but the shabe is preserved; gamma-vibration
refers to oécillations entailing shape changes, A general account of collective
oscillations is given in chapter 3. An excited vibrational state can have ro-
tational excitation superimposed on it so that in general each such state can
give riselto & whole family of levels, A strong indication that rotational
excitation of two of the higher lying levels may be occurring in theupresent
case is the fact that two sets of these high-lying levels are separated in en-
ergy by about ME kev orbthe same amount as the lowest members of the ground state
- rotational band. The higher levels of Pu238 are interpreted as a (O+,2+) ro-
tational band baéed on a K =0.,beta-vibrational levelsat 937 and a (2+, 3+) ro-
tational band based on a K = 2, gamma-vibrational level at 1030 kev. It has
been suggested thét two other levels exist at 91k,7 and 1033.5 kev and are per-
haps related to an octupole vibrational bandl3 with a basécstate spin and parity
2-,

.Several lines of evidence suggest the above interpretations: (1) the
sping and parities as determined by the multipolarity of the gamma transitions.
(2) The close spacing of the levels above 900 keV;.in particular the 48 kev
spacing in the beta-vibrational pair and the 41 kev spacing in the gamma-vibrational
pair are quite close to the Lk,11 kev spacing of the 2+ level in the ground state
rotational band.

(3) Another strong piece of evidence concerms the ratio of the reduced
transition probabilities for the energetic gamma rays which depopulate the level
at 1030 kev, (The reduced transition probability is obtained by correcting for the
fifth power energy dependence.) Since these gamme rays originate at a common
level and go to levels in the same rotational band, the relative intensities of
the gamma rays do not depend on the details of the nuclear wave functions but
ohly on the sﬁuares of the appropriate vector addition coefficients (CLEBSCH-
GORDAN coefficients) involving I- and K-quantum numbers, The experimental in-

tensity ratios and the ratios calculated theoretically by the equation given in
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Chapter 3 for three different values for K, are compared in Table 5. The

assignment, K = 2, is clearly indicated fo;éi;2a1030-kev level. With this assign-
ment the absence of M1 character in the 985.7 kev gamma ray finds a natural ex-
planation in K-forbiddenness; the K=2 exceeds the multipolarity, L. The weak-
ness of the gamma ray from the 1030 (2+) level to the 146 kev (4+) level also
receives a natural explanation.

The spin of sz

38
14

resonance method. ATBRIDGE AND HOLLANDER ralculated the log ft values of beta

was determined to be 2 by the atomic beam magnetic-

decay to the various levels which are given in the figure. It is to be empha-
sized that these calculations are not independent of the present assignment of
multipole orders of the various transitions; however, the only ft values which
are sensitively dependent are those of the beta decay to the 985- and 1089-kev
levels., TIf the transitions which de-excite these states should prove to.be of
Ml character instead of EO character, then the log ft values will decrease by one
unit,

The.log ft values are of importance as an indication of the parity of
Np238, The most reasonable chocice, based upon the existing data, seems to be
even parity. The log ft values of 6.2 and 6.6 to the 1030- and 1071l-kev levels,
respectively, indicate either slow>ailowed transitions ( I = O or 1, no) or
rather fast first-forbidden transitions ( I = O or 1, yes). As pointed out by
T

Rasmussen et al. ; the nuclear rearrangement accompanying the decay to the vibra-
tional levels may tend to hinder these transitions; thus the interpretation of
the transitions as slow allowed, with even parity for Np238 has been chosen.

One can make use of the 2+ (or possibly 2+) assignment of Np238 to
draw conclusions concerning the nature of the single-particle states that com-
prise the ground state of this nucleus. It is simplest to assume that the odd
proton and odd neutron in Np238 have the same Nilsson orbitals as are seen in
the ground state or the very low-lying states in the neighboring odd mass iso-
topes or isotones. The 93rd proton in Np235 in Np237 and in Np239 has the
Nilsson assignment 5/2 + 642 so it seems likely that the odd proton in Np238
also is in this &tate. The 145th neutron in Pu239 is in the 1/2+ 631 Nilsson
orbital so perhaps the 145th neutron in Np238
possible that the proton is in the 5/2- 523 state found in Np237 at 60 kev and
in Np239 at 75 kev. A second possibility for the odd neutron is 1/2- 501,

which is the assignment favored for the 145th neutron in U237o GALLAGHER AND

is also in this state. It is also

MOSZKOWSKIl6 have formulated coupling rules for the angular momentum of individ-

ual particlé states in odd-odd nuclei., According to these rules the possible
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Table 5. Experimental and theoretical relative reduced EZ transition
probabilities from the 1030-kev level (2+).

‘Final state ' Experimental Theoretical o (2 >If)'
B (2 —> I,) B (2—>0)
B (2 —> 0) K. = 0K, =1K, =2
1 1 1
I f Rasmuss en7 Albridgel3
2+ 1.3 - 1.5 1.k 0.36 1.4
(44,11 kev)
Yt . <0.3 0.15 2.6 1.1 0.071

(145.8 kev)
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combinations of the above cited states which give a resultant ground-state spin

of 2 are the following:

Proton Neutron 'TFinal State
5/2+ 6h2 1/2+ 631 o 2+
5/2+ 642 1/2- 501 - - 2-

Thus the coupling rules predict:for the proton state in Np238 the unique assign-
ment 5/2+ 642 , If the even choice of parity is corréct, the neutron state
is 1/2+ 631,

Closed decay energy cycles (see chapter 2) indicate that Np238 is un-
stable toward electron capture decay to U238 but only by about 120 kev so that
K-electron capture is energetically impossible. JAFFElO has looked for possible
" L-electron capture by studying the L x-rays using a Cauchois-type bent-crystal
spectrometer. With:the high resolution of this instrument the L x-rays of uran-
ium should have been observable in the presencé of L x-rays of plutonium. His
failure to find L x-rays of uranium allowed him to set an upper limit of L4 per-

cent for LI electron capture and Z percent for LI electron capture.

I

238
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9.1, ll‘Ne tunium=-2 In the hlstorlcal descrlptlon of the element
) 239

neptunium presented in sectlon 9.1.1 we discussed the early experlments on Np

by MC MILLAN AND ABELSON whlch constltuted the dlscovery of neptunlum The
239

1sotope Np is also made by a number of reactlons carrled out in a cyclotron.

These synthetic methods are summarized by‘the reactlons

) U239 B

239
23 min > Np

U238

(n,v

U238.(d,n) Np239

238 2 - 2
0¥ (a,p) V¥ —B—s
2 2
U 38 (o, p2n) Np 39
. Some reaction cross section values are given in Table 5.5, Chapter 5. The
. 2 o
isotope Np 38 is an impurity in any neptunium sample prepared by deuteron or
helium ion bombardment and it has to be considered in any study of the radia-
tions of Np239 in such material.

2
The half-life of Np239 is 2,35 days. O?Zl

The disintegration scheme
is complex involving four or more partial beta spectra, nineteen or more
gamma-rays, x-rays, a large number of conversion electron and Auger-electron
lines, A number of the more complete studies are summarized in Tables 6. and
{. TFarly spectroscopic studies were carried out by FULBRIGHT LKTIS3 TOM-
LINSON, FULBRIGHT AND HOWLANDM'AND FREEDMAN €t al.5 GRAHAM AND BELL6 used a
thin lens spectrometer to study the electrons. Delayed coincidence measure-
ments by these experimenters established that the 210-, 227- and 276-kev transi-
tions followed & state with a half-life of (1.1 % 0.1) x 1077 seconds. ENGEL-

| KEMEIR AND MAGNUSSON'
pue3?

discovered a 193 millimicrosecond metastable level in

by the delayed coincidence technique in which anthracene and sodium

iodide scintillation crystals were used as beta and gamma detectors, respectively.
The delayed stateris preceeded by a (343 * 15) - Kev beta group and is de-excited
mainly by El transitions of 61- and 105- Kev energy. LEFEVRE, KINDERMAN AND

VAN TUYL8 observed the gamma-ray photons with the aid of a Nal scintillation
crystal and found 440 Kev and 490 Kev photons in low abundance which had not
previously been reported. The abundance of these gamma rays is 1.6 x lO-lL
and 1.9 x lO-u per disintegration. HOLLANDER, SMITH AND MIHELICH9 studied the

conversion electron spectrum with 180O permanent magnet spectrographs utilizing
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Table 6 Beta Ray Groups of Np239 :
S14tis>  Graham Tomlin-  Freedman  Baranov  Connor
1947 and | som, Ful- et a1® and and Fair-
‘ Bell bright 1952 . Shlya- weathera3
1951 and ginlO 1959
Howland 1956
1951
End point 288 310 (W7%) 330 329 (52%) 327 (45%) 332 (28%)
(eoST o 403 k35 (k6F) ko 380 (108) 382 (27%) 393 (13.5%)
abundances 676 705 (7%) 654 W1 (31%) 439 (21%) 437 (L8%)
(%) : 715 655 (1.7%) 655}(77) 654 (4%)
| | 718 (h.8%) 723 713 (6.5%)
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Table 7: Gamma Ray Energies in Np239Decayvas Shown by Conversion Electron Data

Tomlin-

Ful- Graham Freedypan  Baranov Hollander Evan,
bright son, Fulr - and) ‘et al® and Smith and  Geiger,
19Lk bright ‘Bell ~ 1952 Shlyaglle Mihelich? Graham
“and How- 1951 1956 ‘ 1956 and Mac

land> _ KenziedTl
1951 1959
13 12
19 .

- 1.2 Ll bl i N 14,65

49.1 %9.0 49 19 49.3 49.40 49,41

57.3. 57.0 57 57 57.2 5T7.25 57.26

61,2 61.4 61 61 61.4 61.4 61.46

67.5 67.5 67 67 67.9: 67.82 67.86

T 88.06

105.5 105 105 106.2 106.12 106. 14

106.47

166.39

, 181.8 - 181.71

209.3 209 210 209 210.3 209.9 209.76

227.8 228 227 228 R 226.4 226.42

228.4 228. 4 228.20

254 254 254.6 254,41

273.1 272.87

277.4 277 276 277 278.1 277.7 277.62

286 285 285.6 285.47

316 oo 316.1 315.91

334 33k 33k4.5 334033

A number of estimates of beta ray end-points and ganms ray energies

were made by absorption techniques in early publications on Np

239

be regarded as superseded by the spectrometer work quoted above.

but these may
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239

photggraphic recording. BARANOV AND SHLYAGINlO have studied Np with a
double focusging spectrometer, a scintillation gamma spectrometer, a prdpoftional
counter and other equipment. EWAN, GEIGER, GRAHAM AND MAC KENZIE27 have
studied the conversion electron spectrum with an iron-free double-focussing
spectrometer and the beta spectrum has béen re-examined by CONNER AND FAIR-
WEATHER. 23 '

A number of decay schemes which have been proposed on the basis of
part of the data quoted above have had to be modified in the light of later
more complete information. In the discussion which folliows we accept the inter-
pretation of HOLLANDER, SMITH AND MIHELICH9o (See also the review of PERLMAN
‘AND RASMUSSEN.ll) In constructing & level scheme for Pu239 based on the beta

239

decay of Np one ig aided by the fact that the electron capture decay of

2 .
Am 39 and, particularly, the alpha decay of sz43 give independently-derived
239

information on the excited levels of Pu which aids in the elimination or ac-
ceptance of proposed level schemes, Coulombic excitation ofqu239 has also
been of considerable importance in setting a location of the ground state. A

239

decay scheme consistent with all known information on Np is shown in Figure

8, For comparison the levels of'Pu239 revealed by Np239 beta decay, Am239
243

electron capture decay, and Cm alpha-~decay are shown in the figure.
The levels of Pu239 have been interpreted as 4 sets of rotational levels.
The separation df the levels into rotational bands ig shown more clearly in
the second figure which is free of 'all the details concerning gamma transitions.
The ground state -and the first five excited levels comprise one band.
The measured ground state spin of 1/2 (BLEANEY, LLEWELLYN, PRYCE AND HALLlZ)
identifies this band, with its irregular spacings, as an "anomalous” K =0 = 1/2
band with energy level spacings given by the special rotational formula, applic-

able to K = 1/2 cases.

2
E. - é‘—r [z (z+1) + (o)™ e o (14 1/2)_]

The vquantity a, the decoupling parameter, depends on details of the intrinsic
nucleonic structure, The discussion of this paragraph follows the language of
the Bohr-Mottelson unified model according to which K is the projection of the
total angular momentum on the symmetry axis of the deformed (spheroidal) nucleus

and {1 is the component of the total nucleonic angular momentum along the symmetry
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243
Cm" “(35y)

5/2+(6,2,2,5/2)

6159 kev
Q

Energy (kev)
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Decay schemes of Np ~~
The Coulombic e%gétation scheme of Pué39

239,739,

[

t |/g-l.lx10'ssec

193.1

7571

— 5727

785

which may originate at the 511.9 kev level.

and szu
is also shown.
are placed with the exception of the very

weak gamma rgys of 440 and 490 kev energy found by Lefevre, Kinderman

0

—163.75

/ 0.05%

?~0.02%

? 0.15%

y
A
[ 4
s
/ 6:"/o
"4

/ ls.i%
f 1.0 %

MUB-452

shown on a common
All

The vertical arrows in each scheme are drawn only for experimentally

observed transitions.
(N,nz, A , K) are given as well as spins and parities.

Assignments of the asymptotic quantum numbers
Rotational

levels in a common band are designated by a common letter (A, B, C or D).
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Yot = 501.9
o~ - ~486 _ '
W2+ 46l
K=72q 9- ~434
T2- — 391.6 Y%+ 387.9
To+ 330. 1
K= 5/2'7
| %+ 285.5
W + 193.|
Y2+ 163.75
K=Y2 5 |
Yo+ 75.71
5+ 57.27
%% + 7.85
Vet 0
MU-14971

Figure 9. Energy levels of Pu239 displayed to emphasize their
interpretation as rotational bands based on four intrinsic states.



-5k
UCRL-9148

axis. J)is the moment of inertia of the collective wave motion of the nucleus
and I is the angular momentum of a given level. These quantities are discussed
in Chapter 3.

Ewan et al,Z7

have shown that the simple rotational formula is in-
adequate to fit the precisely known energies of the ground state rotational
bandaand that at least one additional parameter i1s required. They add a

"rotation-vibration" term to the level spacing formula:

B ?V%%; [T (1) + a(-1)TY/2 141/2] -5 [z(z+1) +a(-l);+l/2(1+l/2)} 2

Table 8 shows the experimental and calculated energy levels.
If the values 7.85 kev and 57,27 kev, respectively, are substituted

for the energies of the 3/2 and'S/Z levels into the simpler rotational formula

- 2
6.28 kev which is close to the value, 6.20 kev, found for the K = 5/2 band in sz37

but somewhat smaller than the T.37-kev value found.for the K = 0 band in Pu238°

given above the value of the rotational splitting constant é% turns out to be

This is in accord with the expectation that this quantity for odd A nuclei
should be less than for neighboring even~even nuclei. The value of the decoupl~

ing parameter & is -0.58 from the above substitufion.

239 39

In early versions of the decay scheme of Np~ the ground state of Pu2
was placed T7.85 ¥Xev above its designated position in the figures shown here.
‘Later, however, it was found that the most reasonable interpretation9 of the
gamma ray cascades could be made if the location of the ground state was lowered
by 7.85 Kev. This implied that a transition of 7.85 Kev had been overlooked.
This assignmep£ wvas later confirmed by the Coulombic excitaﬁion experiments of
NEWTONlB, who observed 57.5 Kev and 49.6 Kev gamma rays (difference 7.8 Kev).
BARANOV AND SHLYAGINlO direcfly observed the conversion electrons of the 7.85
Kev transition, but these workers interpreted the observed lines as due to M
and L conversion lines of a 12.3 kev transition; they are here reinterpreted as
N and O conversion lines of the 7.85 kev transition,l

The levels labeled B in figure 8 are rotational levéls based on an
excited state with a K-value different from that of the ground state. The
tentative assignment of K is 5/2. The 285.5 kev base level of the K = 5/2
rotational band has a measured half-life of 1.1 x 10_9 seconds. This is int-

eresting since this represents a slowdown from the value calculated from the
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Table 8, Energy Levels in Ground State K = 1/2 band, in kev

Level Theoretiéai Theoretical Experimental
¢ (simple Rotational (Including Rota~ :
Model Formula)® = - tionaVibration
Term)b

1/2 0 6] 0

3/2 7.85 7.88 7.85

L/2 57.27 57.37 57,27

7/2 75.59 75.65 75.71

9/2 164,51 163.75 163.75

From Evan et ai.27

2
8- é& = 6.284 kev, a =-0.581
i 2
Db = 6.290 Kev
ég )
a = -0.582, and
b == 0,0024 Kev
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Weisskopf 51ngle particle formula aof about a factor of th for the M1 trans1-
tions to the ground state band The long half life of these trans1t10ns flnds
a natural explanatlon in the fact that transitions between the upper ( K= 5/2)
and lower (K = 1/2) bands 1nvolve a DK of two.- This violates the K-selection
rule which states that AK must be equal to or less than the multipolarity of
the tran51tlon.lh 18

""" Theflevél at.39i.6 kev iao-a ﬁeésurédvhalf-lier of 1;9'xwio‘7'seconds‘
representing a retardation of ~2 x 106 from the single-proton lifetime estimate
for an El transition. This slowﬁess is rather commonly obéerved for El transi-
tions in the hgavy element region and may be associated with a viclation of sel-
ection rules ih.the asymptotic quantum number Ny or A . The experimentél
data for these anomalous transitions between Pu 39 levels and for many other
El transitions in odd mass heavy deformed nuclel is summarized by ASARO, STEPHENS,
HOLLANDER AND PERLMANZLL (See Chapter 3 for discussion of thesée quantum numbers).

It has been suggested that the long life of the level at 391.6'kev may‘be‘atﬁ

tributed to a violation of the selection rule in NZ since on the ba51s of

reasonable -agssignments of Nllsson wave functions to the intrinsic’ particle

states h»Ni is 3 which is greater than the multipolarity of the transition.

The decay scheme of Np239 provides several other opportunities to
test the selection rules for beta and gamms, transitions for strongly-deformed
9,18

nuclei, A number of these are discussed in detail elsewhere.

The spin of 5/2 is required for the ground state of Np 39 in order

to maeke & consistent interpretation of the observed transitions. A suitable
orbital with ]l = 5/2 is predicted by Nilsson's calculations; specifically
the favored assignment is (ln(Nn A) = 5/2 + (642). The log ft values for
the béta transitions are readily 1nterpreted 18 using Alaga's selection ruleslLL
together with the orbital assignments given in the figure; the log ft values ¢
definitely camot be understood in terms of the ordinary selection rules of

239

beta decay. This 5/2 spin value for Np has been confirmed by the atomic

beam measurement of HUBBS AND MARRUS.'!  The value 1/2' obtained earlier by

the optical experiments of CONWAY AND MC LAUGHLIN fgrobabl 1n grror.
para agne ¢ re
Another early assignment of the spin value 1/2 by a/%echnlque has been

25

w1thdrawn &7 after a restudy of the determination.

The following Nilsson orbital assignments have been made to the
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important levels of Pu239. The ground state is 1/2 + (631); the level at

285.5 kev is 5/2 + (622); the level at 391.6 kev is 7/2 - (743) and the level

at 511.9 is 7/2 + (624). The arguments on which these assignments are based

are covered elsewhere.18’26 ' |

A close inspection of figure 8 will reveal that Pu"3 1evels at 193.1,

387.9, ~4342a;d ~486 kev are populated in the o-decay of Cm21+3 but not in the
3 . ,

~

decay of Np
References 9 and 27 should be consulted for a more detailed discussion

239

of the radiations of Np and their interpretation in terms of the unified

model.,
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9.1.12 Negtunium-zho, The isotopes UZ&O and NthO were found by HYDE,
STUDIER AND MANNINGl in natural uranium which had been irradiated in the high
neutron flux of one of ﬁhe Hanford piles., UZho was produced by the capture
sequence,

U238 (n,7) U239 (n,7) UZAO
UZHO and its daughter, szl‘L were identified by standard radiochemical techniques
and found to be beta-emitters with half lives of 14 * 2 hours and 7.3 * 0.3 min-
utes, respectively, No’ further characterization of these nuclides were made
with these samples because of their low intensity and because of interference
from the radiations of U237 , which isotope was prepared by a side reaction,
U238.(n,2n) U237

The most careful study of the radiations of UZ)'“O and szu@ has been made
by BUNKER, DROPESKY, KNIGHT, STARNER AND WARRENZﬂgwho made use of U240 sources
of high strength and high specific activity produced by irradiation of U238 with
the very high instantaneous neutron fluxes available during nuclear weapons
testing.

The half life of UZL*O was more precisely determined as 14%.1 * 0.2 hours.

The B-spectrum of the UZLLO»:ul\TpBl{'O mixture was studied in a B-spectrometer

and the observed complex spectrum was analyzed by Fermi plots into the groups
shown in Table 9. From the gamma ray studies and the decay scheme to be discussed
belbw it 1s certain that these observed B groups contain unresolved components.
The right hand side of the table shows/%ostulated breakdown of the NthO B spec-

trum into its primary components. An intense low-energy component of the U240~

NthO mixture with an end-point energy of 0.36 * 0.02 Mev was assigned to UZMO°
BUNKER, DROPESKY, KNIGHT, STARNER AND WARREN3 studied the conversion
electron spectrum in 180o permanent magnet spectrographs and in a.uniform~field,
ring-forusing solenoidal spectrometer. They studied the y-ray photons in a
Nal scintillation spectrometer. Y-y coincidence measurements were made with ‘
two Nal crystal spectrometers in coincidence., B~y coincidences were also
studied. ASARO5 and his co-workers also studied the radiations of szhoo We
first tabulatel. the principal results, then present the derived decay scheme
and discuss its interesting features.
Tables 10and = show the conversion electron lines seen in the 180O
permanent magnet spectrographs b;y‘ASAROL‘L and by BUNKER3° Table 4 shows con-
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Table 9.. Beta-ray transitions of szuo
Observed groupsa Postulated transitionsb
Tnd-point End-point ‘
energy Intensity energy Intensity N N ¢
(Mev) (%) (Mev) (%) Log ft final state
2.18%0.02  52#3 2.18 b1 5 6.68 O+
2.1k4 12 4 7.18 2+
1.60+0.03 31%2 1.60 32 2 6.28 1-
1.30+0.05 10+1 1.32 3.9%0.5 6.86 o+
1.28 2.3+0.3 7.05 2+
1.24 3.3%0.5 '6.86 (2+)
0.65+0.10 73 o 0.76 0.3%0.1 7.15 (1,2%)
' 0.65 3.8%0.5 5.83 (1,2)+
0.57 0.7+0.1 6.33 (1+,2+)

aDed.uced from Fermi-Kurie analysis of the B spectrum.

bDed.uced from analysis of y-ray spectra.
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. . . . 240
Table 10. Conversion electron lines fﬁom 7.3 minute Np
(as observed by Asaro et al.™)
Electron Conversion “ Transitibn | Relative electron
Energy Shell Energy intensity
(Kev) : (Pu) ' (Kev) ' (Visual estimate)
20.6 L L
11 42.9 Strong
24.8 Lot
435.3 ' K : 100
| » 557 '
| LI 10
WT7.7 K v
599.5 50
576.4 - Lg
638.3 K 760.1
670.1 (x) (791.9)
T22.6 (x) | (8l .kt
738.1 K ) Lo
859.9
836.8 L L
740 .9 (K) (862.7) 20
823.6 (x) (945.4) §

969.3 (x) (1091.9) L
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Table Ll. Internal-conversion electron lines as measured on Permanent

Magnet Spectrograph by Bunker.

Electron : : ‘ Transition e _
Energy - Conversion - Energy @ Relative intensity
(Kev) ’ Shell : (Kev) (visual estimate)
20.6 , LII(Pu) 42.9 ' ~ 2
21.6 LI(Np) 4.0 ~ 2
22.4 LII(Np) Lk .0 ~0.5
24 .8 LIII(Pu) 42.9: ~ 2
Pu 42.9
38.3 Mrrr o1

My Np VNN
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Table 12. Internal-conversion electron data obtained by Bunker et al.
with a beta-ray spectrometer.

Electron v Transition a
energy - Assigned energy Intensﬁty
(Kev) shell (Kev) x 10

4324 K 554.1 19.6+1.5
530.7 LI 553.8 3.8+0.7
47k .8 K 596.5 9.8+1.0
573.3 ‘ LI 596 .4 2.0+0.6
636.5 ' K 758.2 1.8+0.6
694 .3 K 816.0 2.2+0.6
736.2 K 857.9 1k,0%1.2
835.4 Lo 858.5 2.7+0.6
776.0 K 897.7 1.5:0.7
819.9 K 9k1.6 3.5+0.7

240

Area of the conversion line relative to the area of the total Np
B-ray spectrum.
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version electraencdata taken by the latter authors in a ‘beta-spectrometer and
Table 13 shows their summary of the data and assignments for all the gamma ray

transitions of 7.3 minute NthO‘

From these data and from ocoincidence data and detalled arguments not re-
produced hére the decay scheme of figure 10 was consfructed. PuZhO is an even-
even nucleus and like all other even-even nuclei in this mass region has for its,
first levels of excitation a rotational band of levels with a familiar O+, 2+,
b+ ,,.. sequence and the familiar energy spacing proporticnal to I (I+1).’This
is very well established in the case of PuZhO because the 2+ and 4+ levels have
been observed in the electron capture decay of AmZhOo (dee section 9.3.5) and
the 2+, U+ and 6+ levels Imve been seen in the a-decay of szuu (see section
9.3. 8). The 4+ and 2+ levels are de-excited by EZ2 +transitions with energy
98.9 and k2. g/energy. These are almost completely converted in the L__ and

1T
L shells so that these transitions are revealed chiefly through the electroas

aiéIthrough L x-rays. These abundant L x-rays are very useful in fixing the
placement of the higher-energy gamma rays in the decay scheme through a consid-~
eration of L x-ray: versus y-ray coincidence spectra., - y-rays which decay dir-
ectly to ground do not show an L-x-ray coincidence, while those which populate
the 42.9 kev level show & strong L x-ray coincidence.

At 597 kev there occurs a 1- level which is strongly populated in the
B—décay of I\szbr . This 1~ level is believed to represent collection oscilla-
tions of thequZho nucleus of the octupole type. Such 1= collective states have
been observed at about this energy above ground for several other even-even
nuclei. See discussion in chapter 3. The spin and parity are firmly fixed
by the proved El character of the 597 and 554 kev gamma rays whith de-excite
it. The ratio of the reduced transition probabilities of these two transitions
is 0.47 £ 0,05.

B (Bl; 1- ————> 0+)
B (El; 1- ——> 2+)

0.47

This fixes the K-quantum number of the 1- level as K= O.

The level at 858 has spin and parity O+ with near certainty because of
the occurrence of the completely-converted EO transition which goes directly
to ground. This level is believed to be a vibrational state of the pP-classifica-~

tion discussed in chapter 3. ( ng = 1, n. = 0 and K = 0). Such states have been
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4 2o - » 240
Table 13, Transitions in Pu which fcllow the decay of 7.3-min N
L3 As reported by Bunker et al. 3 Y T3 P

‘ Total
K conversion Assigned estimated
Energy Transi- Photon cogffiaient. . x.10 multi~ transition
(Mev)  tion intensity®  Exptl. Theor? polarity  intensity®
0.0429 BA | E2 39 5
0.0989¢ CB , E2 1.3 +0.2
0.260 ED 1.9 +0.3 4.3 E1 2.0 0.3
- 0.30k FD 0.9 #0.2 3.1 El 0.9 0.2
0.554 DB 21.4 £1.5 0.92+0.09 0.94 El 21.6%1.5
0.597 DA 12.6 1.4 0.78+0.12 0.81 El 12.7 1.4
0.758  FC 1.3 #0.2 1.k 0.5 1.50 E2 1.3 0.2
0.816 EB 1.6 +0.3 1.4 0.5 1.32 E2 1.6 +0.3
0.82 HD 0.3 0.1 (0.k45) (E1) 0.3 0.1
0.858  EA <0.17 >80 , EO 0.14+0.01
0.898 GB . 1.2 0.3 1.2 £0.7 1.16 E2 1.2 0.3
0.936 ID 0.3 0.1 ‘ (0.36) (E1) 0..3 0.1
c.94k2  GA 1.9 0.5 1.8 0.7 0.9%  E2 1.9 0.5
1.49 IB 1.5 +0.3 (0.46) (E2) 1.5 0.3
1.53 IA 1.9 +0.5 (0.4k) (E2) 1.9 #0.5
1.62 JA 0.7 0.1 (0.40) (E2) 0.7 0.1
a

Per 100 disintegrations.

Values obtained from the tables of L. A. Sliv and I. M. Band, Leningrad
PhysicosTechnical Institute Report, 1956 [translation:Report 57 ICC K1,
issued by Physics Department, University of Illinois, Urbana, Illinois (un=-
published)]for the multipolarities shown in the next column.

b

Not observed in the present experiments.
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E Ir K

162 (1+;24).
v 153 (1,2)+
R A -—1---t-- 142 (it,2%)
3.3% 0.82 1.49
6.86
23% 0936 153
708
3.9% 162
6.86
\ 938 2 @
0, Y \
2-22? E 0858 O+ °
0.260 0.898 '
E2
0.304 ?ng
D L 0597 |- 0
18 MEV 0.758 :
Qp =218 161
0.597 0.816
El E2
o 0554 0858
%ﬁf El ) o
419 _
sﬁé |
c 0.0989 0.1418 4+ o
. i l E2 .
B £2]0.0429 0.0429 2+ o
A 240 —0 0+ 0
Pu
MU-20201

Figure 10. Decay scheme of 7.3 minute szno (as drawn by Bunker,
Dropesky, Knight, Starner and Warren).
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. . : 2
observed at about this level of excitation in Pu238 and U 34, With considerably

less certainty the level at 900 kev is given the spin and parity #+ and assigned
as the first rotational state in a band of rotational levels based on the O+
level at 858 kev,

The level at 942 is given the tentative assignment of 2+ and may be the
first Bohr~Mottelsqn Y-vibrational level with quantum numbers n6 =0 nY =1
and K = 2,

The experimental evidence does not point unambiguocusly to a definite spin
and parity for any one of the upper three leveids (H, I and J). The possible
choices are shown in the figure.

The beta spectrum of(U‘Zl"O as resolved with some difficulty from the B
240 . Np240 . U237

and. conversion electron spectrum of the U mixture has an
end-point energy of 0.36 Mev. The occurence of electron lines of a 44 kev
transition converted in neptunium rather than plutomium L and M electron shells

(see tablell) means that the UZHO beta spectrum contains two components. BUNKER

AND COS--WORKERS3 estimated that 25 percent of the UZL!'O betas decay (. to a Ll kev
level in NthO (log ft = 6.0) while 75 percent decay.( to the ground state
{log ft = 5.7). The log £t value suggests a spin and parity assignment for
To3 minute‘NPZAO of 1+. The most reasonable Nilsson orbital assignment for
the odd proton in NthO is 5/2+[642] . A possible choice for the odd neutron
is 7/2 + EEZLJ These choices are tentative, A final settlement on the Nilsson
states for sz 0 will have to take into account ardexplain the existence of
the 63 minute isomer discussed in the néxt section., This isomer is not observed
in the deeay of U?“O and presumably has a spin > 2,
References  Np 40
1. E+ K. Hyde, M. H, Studier and W, M. Manning, Argonne National Laboratory Re-
. port, ANL 4143, April 15, 1948 and ANL L4182, August 4, 1948 (unpublisghed).
2, J. D. Knight, M. E. Bunker, B, Warren and J.W ., Starner, Phys. Rev. 91, 889
(1953).
3. M, E., Bunker, B. J. Dropesky, J. D, Knight, J. W. Starner and B. Warren,
Phys. Rev. 116, 143 (1959).
Y., “F. Asaro, F. S. Stephens, Jru, J. Ms Hollander, E. K, Hulet, R. W. Hoff and

T, Perlman, University of California Lawrence Radiation Laboratory, unpub-

lished results.
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9,1.13 Isomer of Negtunium-zho.'-ORTH AND STREETl produced a 60 + 2 min-
ute beta-emitting activity with the chemical properties of neptunium by bombari-
ing U238 with 35 Mev helium ions. This activity was not produced in proton or
deuteron bombardments of U238; hence this 60 minute neptunium activity can be
assigned to mass number 240:or 241. ORTH AND STREETl tentatively chose szul
but later work of LESSLER AND MICHEL2 favored sznog These latter authors
carried out a mass separation of neptunium activities produced in a helium
ion bombardment-ofrU238-using a mass spectrometer based on & time-of-flight
vrineiple. If this assignment is correct the 60 minute activity is an isomer:
of 7.3 minute szhoo the B

| RITSEMA3 determined/excitation function for the production of 60-minute
neptunium from UZB& bombarded with heiium ions. LESSLER5 determined an excita-
tion function for neptunium produced by the (d,r) reaction on U238u LEFEVRE,
KINDERMAN, AND V‘AN'TUYL6 produced both szho isomers by bombarding=Np239 with
pile neutrons and set an upper limit of < 5% for the genetic linkage between
the two isomers. ' ' ;

Measurements with a beta-ray spectrometerl showed a beta spectrum of
upper energy limit 0.89 * 0,03 Mev and conversion electrons corresponding to
gamma rays of energies 0.15, 0.20, 0,26 and 0.58 Mev. Ganma ray‘measurements
by LESSLER AND ST-EP.HEI\TSLL »with & NaIl seintillation spectrometer showed gamma
rays of energies 1160, 1000, 915, 580 and 435 kev, but additional gamme rays

, 2
of less than 350 kev were obscured by the Np 39

background. By gamma-gsmma
coincidence techniques LESSLER AND STEPHENSM found additional gamma rays of

160, 245 and 85 kev. The 580-kev gamma ray- was shown to be a complex with
components of 595 and 565 kev in coincidence with each other., The most energetic
beta particle group had an end point energy of 900 kev and is in coincidence with
1160 kev gamma radiations. Further work remains to be done béfore the decay
scheme of the 60-minute isomer and the relationships between the isomers can be
written with certainty. LESSLER estimated the decay energy as 2,06 Mev; this

is cconsistent with the mass assignment since from closed decay-energy cycles

one would -estimate only 1.32 Mev for the decay energy of szul, whereas over

240 .
2 Mev is gvailable in the case of Np b .
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References for 60-minute Np

1. D. A. Orth and K. Street, Jr., unpublished data (1951).

2. R. Lessler and M. C. Michel, University of California Radiation’ Laboratory
Quarterly Report, UCRL-2709 (September 1954), unpublished, and Phys. Rev.
118 263 (1960. )

3. S5S. k. Ritsema, University of Californias Radiation Laboratory Report, UCRL-~
3266 (January 1956); also ingluded in Phys. Rev, 111, 1358 (1958).

L. R. Lessler and F. S. Stephens, Jr., University of California Readiation Lab-
oratory Quarterly Reports, UCRL-2531 (April 1954), and UCRL-2647 (July 195L).
See also reference 2. _ A

5. R. M. Lessler, University of California Lawrence Radiation Laboratory Report,

~ UCRL-8439 (October 1955).

6. H. W. Lefevre, E. M. Kinderman and H. N. van Tuyl, Bull. Am. Phys. Soc. II,

No. 1, 62 (1956).

9.1,1k4 Neptunium-241. LESSLER AND MICHELl’2 identified a 16 minute beta-

emitter in the mass 241 fraction of a neptunium sample carefully isolated from
a ﬁ238 target bombarded with 35 Mev helium ions. The mass separation was performed
on a time-of-flight isotope separator. In addition, another beta activity of
3.4 hours half-life was found in the 241 fraction aml ass1gned tentatively to
an isomeric form of szulo

VANDENBOSCHsconfirmed the existence of a 16 minute species of neptunium
of high mass by isolating'End identifying such an activity from auranium tar-

get bombarded with helium ions.

U238 241

(o, p) Np
. 240 239 . .

The 60 minute Np and 2.3 day Np were also produced in this bombardment
but no 3.4 hour neptunium activity was seen (upper limit to production cross
section 0.2 nb). The beta spectrum of the 16 minute Neptunium activity was
studied with an anthracene crystal-photomultiplier tube detector. The end
point of the beta spectrum was 1.36 Mev., No gamma rays or K x-rays were ob-
served in a Nal crystal spectrometer which could be attributed to the 16 min-

ute neptunium activity. Hence the 1.36 Mev beta group may represent decay to

ol
T

the ground state of Pu . This is congsistent with the 1.32 Mev decay energy
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estimated for szul from closéd'decay-ehergy cycles. (see chapter 2). The
log ft value is 5.8 on this assumption. ,

The measured spins of Np237 and Np239 are both 5/2 and fhe Nilsson orbi-
tal assignments with considerable certainty are 5/2+~[6MZJ for the ground states
of these two nuclei., Hence one might predict the same spin and orbital‘assign-

ment for the ground state of Np2u¥.

b1
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1. R. M. Lessler and M, C. Michel, University of California Radiation Laboratory
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9.2 THE ELEMENT PLUTONIUM (ELEMENT 9L)

9.2.1 The Discovery and Farly History of Plutonium. MC MILIAN AND
1 239, formed by the beta decay of U 39, underwent

AND ABELSON~ found that Np
radicactive decay byrthe emission of beta particles, but they were unable to
detect the 9&239 daughter in their samples because of the long half-life of
this daughter isotope. The first isotope of element 94 to be identified was
Pu”P produced in the experiments of SEABORG, MC MILIAN, KENNEDY AND WAHLZ by
the bombardment of uranium with 16-Mev deuterons in the University of Calif-
ornia 60-inch‘cyclotron:

238 B~ 238

2.1 days Pu

(d 2n) Np~

: 238
The isotope Pu 3 was shown to emit alpha particles with a half-life of approxi-

7

mately 50 years (best present value = 86.4 years). The discoverers' later pro-

posed the name plutonium (symbol Pu) taken from the planet Pluto, at that time
believed to be the second planet beyond Uranus in our solar system.

In 1941, KENNEDY, SEABORG, SEGRE>AND WAHL3 isolated and identified Pu239
as the decéy product of a Qery intense source of Np239. A target of about 1.2
kilograms of uranyl nitrate hexahydrate was distributed in a large paraffin
block and irradiated with the neutrons produced when a beryllium target was
struck with 16 Mev deuterons from the Berkeley 60-inch cyclotron. It was nec-
essary to bombard for a total of 3500»microampere?hoursg of deuteron current to
239

obtain a sufficiently active sample of Np
: 1
isolated by the fluoride coprecipitation method of MC MILLAN AND ABELSON to

, about 125 millicuries. This was

free it from all impurities. Alpha particles were observed to grow into this

neptunium sample with a growth half-life of 2.3 days. From the number of alpha

239

particles which grew'in,the half-life of Pu was estimated to be 30;600 years.

(The presently accepted value is 24,400 years.) These experimenters used this
sample of Pu 239 (about 0.5 mlcrograms) to investigate the slow neutron fission-

ability of thls 1sotope. It was established that Pu 239 undergoes fission w1th

slow neutrons and that the fission cross section is somevhat larger than that

of U235. This measurement 1mmed1ately gave this ifzsotope great importance

239

because it meant that if Pu could be produced and isolated in appreciable
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quantities, it might possibly‘bevused in the releése of huge amounts of nuclear
energy. It was recognized that the slow neutron fission of large amounts of
U235 in a suitably designed assembly might provide a neutron source of suffi=
cient strength to allow the conversion of appfeciable quantities of’natural

239

uranium to Pu via the neutron capture reaction:

On the strength of this hope,'the secret plutonium project was set up
by the Uranium Committee, an agency of the United States Government, established
just before World War II +to explore the possibility of utilizing the energy of
the fission reaction for military purposes. During 1941 and the early part of

1942 cyclotron-produced Pu238

was used at the University of California to in-
vestigate the chemical properties of plutonium by the tracer method. Following
this initial work, the investigation of plutonium was taken up by other labora-
tqries° Chief aﬁong these were the Metallurgical Laboratory of the Univefsity
of Chicago, where the program got underway during the first half of 1942, the
Los Alamos laboratory in New Mexico, where work began early in 19h3, the Clinton
Laboratories in Oak Ridge, Tennessee, which opened late'in 1943, and the Hanford
Engineer Works in Washington,which began operation in the latter half of 19uk,
The goal of these investigationé was to design a chemical process workable on
an industrial scale for the isblation cof plutonium from uranium fuel elements
irradiated in a chain=reacting pile. Other groups of investigators at these
same laboratories were concerned with the demonstration of the feasibility of
a chaindfeacting pile'and the design of the large reactors ultimately constructed
at Hénford, Washington.

The organizational and administrative history of this effort is recorded
in the SMYTH REPORTha The scientific findings of fhese American laboratories
on the nuclear and chemical properties of plutonium and other transuranium
elements are detailed in the volumes of the>National Nuciear Energy Series -
Plutonium Project'Record.5 SEABORGll has traced the history of the wartime
developments in plutonium isolation from the Hanford pile fuel elements in
another volume. Very considerable contributions by Canadian workers at their

Chalk River Laboratory are described in other publications.
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Prior to the establishment of the organized attack on plutonium chemistry
some of the important features of the chemical behavior of plutonium were ef-
tablished by SEABORG, WAHL AND KENNEDY6 and SEABORG AND WAHL7

University of California. Plutonium could be carried from acid solution on rare

working at the

earth fluorides, on thorium fluoride, on the peroxyhydrate of thorium, and on
insoluble iodates. In basic solution it would coprecipitate on insoluble hydﬁox—
ides. However, in the presence of a poverful oxidizing agent such as peroxydi-
sulfate ion the plutonium tracer could be oxidized to a higher oxidation state
which did not coprecipitate with insolubie fluorides in acid solution. In order
to estimate oxidation-reduction potentials, a number of oxidiiing and reducing
agents were tested for their ability to oxidize or reduce tracer plutoniom. An
important difference between neptunium and plutonium in trace concentrations is
the faster rate of oxidation of neptunium to the fluoride-soluble higher oxida-
btion state by bromate ion at room temperature. Neptunium is quantitatively
oxidized in 20 minutes whereas plutonium is not and can be removed from solution
by precipitation of an insoluble fluoride such as lanthanum fluoride. This
bromate-lanthanum fluoride cycle was a mainstay of neptunium and plutonium
separation for some time to come.

SEABORG AND WAHL'

plutonium, emphasized the conclusion that plutonium was a member of a new rare

, in the first detailed paper on the chemistry of

earth-like series which included neptunium and uranium. It was regarded as an

open quéstion whether this series began with actinium, thorium or uranium.

Very soon after the discovery of plutonium, G. T. SEABORG AND M.-PE_RLMAN.8

made a search for Pu239

others which is described in the section entitled "The Natural Occurrence of
Transuranium Elements in Trace Amounts" in the chapter on the Natural Radio-

239

in natural sources. Their work and the later work of

activities.shows that traces of Pu are present in minerals containing uranium
resulting from the‘action of naturally occurring neutrons on U23 . '

During 1942, when the main effort to develop a process for plutonium
isolation was centered at the Metallurgical Laboratory, a process which later
came to be known as the bismuthuphosphafe process, was originated by the tracer
scale experiments of S. G. THOMPSON.lZ Since the chemical behavior of an element
on the tracer scale and the macroscopic scale is not always the same, it was
important to test the behavior of plutonium at the concentrations expected in
the chemical plant. At this time only microgram quantities of plutonium were
available and hence such experiments had to be done by ultramicrochemical
techniques. P. Kirk was responsible for the dévelopment of many of the methods
and much of the specialized equipment employed in these studies. The first

chemically pure plutonium, free from carrier m=aterial and all other foreign
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matter, was prepared by CUNNINGHAM AND WERNER9 in August, 1942. This was the

first isolatién of any synthetic element. The half-life of plutoﬂium was
déterminedAby these authors by direct wéighing of a few micrograms of plutonium
oxide and direct counting of the alpha particle emission rate. A value of
24,300 years was obtained. By direct analysis of a 1.7 microgram sample of
plutonium iodate using microscale analytical methods CUNNINGHAM AND WERNER es-
tablished the formula Pu(I0 )u, This was the first direct chemical proof of
any of the oxidation states of plutonium.

A year or two later plutonium became available in milligram quantities
from the operation of the Clinton, Tennessee and Hanford, Washington reactors
and it was possible to initiate chemical studies by ordinary bench-top techniques
(albeit modified somewhat because of the physiological hazard). The chemistry
of plutonium on the tracer scale and at ordinary concentrations is summarized by
KATZ AND SEABORG > and by HYDE AND SEARORG .1

For a few years éfter‘the discovery of plutonium the only isotopes

238 and Pu 239,

CHAMBERIAIN, FARWELL AND sEGR'Y in samples of Pu

; then the isotope PuZLLO was found by
239

available for study were Pu
subjected to long neutron
bombardment. Cyclotron bombardment of uranium targets with high-energy helium

237, Pu236 and 1ighter isotopes. When

ions resulted in the identification of Pu
higher-flux piles were built the production of a number of higher isotopes of
plutonium by multiple neutron capture reaction became feasible. Some of the
plutonium isotobes of very high mass number were first identified during nuclear
weapons test programs. In the following pages the individual isotopes of

plutonium will be discussed in detail.
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9¢2.2 Plutonium-232. This isotope was first produced by‘ORTH.AND
235

STREETl who bombarded uranium targets enriched in U to make it by the reaction:

123 (&, 7n) -Pu?3"
The maximum yield occurred when the energy of the helium ions was 110 Mev. At

such an energy several other isotopes of plutonium are produced and pure samples

232
of Pu 3 can not be made. Pu232 has a1502 been prepared by the reaction:

2 2
y233 (at,5n) Pu 32,
E . 232 . ' 232
The half-life of Pu is 36 minutes. The alpha decay of Pu produces
9.3 minute U228 which in turn decays through a séries of short-lived alpha

emitting descendents; this U228‘collateral series is discussed iﬁ Chapter 7
(Section 7.2.7). The growth of this series of isotbpes into the plutonium
fractioh ié strong evidence for the presence.of Pu232. The U228 can be separat-
ed chemically, and observed to decay with a 9.3-minute half-life. The alpha

232

rarticle energy of Pu was found to be 6.58 Mev in a gridded ion chambers

. v " 508 .
the resolution of this peak from the 6.67-Mev peak of U presents some diffi-
culty. ’ v
232

The isotope Pu is very far on the neutron-deficieﬁt side of beta
stability and decays also by capture of an orbital electron although it is quite
difficult to establish this mode of decay by direct measurement of x-rays be-

235 234

cause of.the presence of Pu and Pu in the available samples. Attempts were
made to determine the amount of elecfron capture.by separating the 13 minute
Np232 daughter but no positi?e results were obtained. An upper limit of 60 was
placed on the EC/a branching ra‘bio.l |

REFERENCES - Pu°o@

1. D. A. Orth, Ph.D. Thesis, University of California, January 1951 (unpublish-
; ed); also published as University of California Radiation Laboratory Report
UCRL-1059 (Rev.) March, 1952.
2. T. D. Thomas, R. Vandenbosch, R. A, Glass and G. T. Seaborg, Phys. Rev.
© 106, 1228 (1957). -
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233

9.2.3 Plutonium-233. .The isotope Pu was discovered years after the

232, Pu23u and-Pu235 even though it is always produced

234 235

first identification of Pu

or Pu is made. This

233

when Pu232 is made and frequently produced when Pu
delay was due to the fact that the radiations of Pu are obscured by those of
the other plutonium isotopes and are unobserved unless careful experiments are
performed. THOMAS, VANDENBOSCH, GIASS AND SEABORG® identified Pu®S> in the
plutonium fraction from targets of U233 bombarded with helium ions of 40«45

Mev energy:
y233 (o, k) Pu233o

Figure 1llshows a pulse-height analysis of the output of a griddéd ionization
chamber used to examine the alpha activity of the mixtu;;\of‘plutonium isotopes
produced in such a bombardment. (The Pu239 was added to the target after the
end of the bombardment to serve as a monitor of the chemical yield.) An alpha
particle group was regularly observed at 6.3 Mev as a shouldér on the high

234 alpha peak. This 6.30<Mev activity, which decayed
233

energy side of the Pu
with a 20 + 2 minute half-life, was assigned to Pu

The mass assignment is based on four lines of evidence: (1) the change
intheyﬁeld of the new activity with the helium ion energy is in agreement with
that expected for an (&,4n) reaction, (2) the identification of u2% daughter
activity, (3) agreement of the alpha-particle energy and half-life with the
values expected from alpha~-decay systematics, (4) the identification of Np233
daughter activity.

The Np233

radiation of this 35<minute isotope was counted. From the amount of Np

daughter activity was isoclated quantitatively and the x-
233
isolated the alpha-decay branching of Pu?33 vas set at (1.2 £ 0.5) x 10-3, the
major mode of decay being orbital electron capture. The partial alpha halfe
life is 11 * L days.

Experimental difficulties make difficult a more detailed study of the
decay scheme of Pu233.

REFERENCES ~Pu 233 ‘

1. T. D. Thomas, R. Vandenbosch, R. A. Glass, and G. T..Seaborg, Phys. Rev.
106, 1228 (1957). '
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234

geZOH Plutonium-234. HYDE, STUDIER AND GHIORSOl produced Pu by

bombardment of U233 with 40 Mev helium ions:

ﬂ233-(a,3n) Pu23u

The isotope was shown to decay partially by the emission of alpha particles of
: 5 _
6.0 Mev energy to produce U % and partially by orbital electron capture to

produce Np23u; the observed half-life was 8 hours. The U230 and the alphaa

2
emitting daughters of U 30 had previously been well characterized (see the
discussion in Section 7.3, Chapter 7) so that idehtification of such 1sotopes
230 and Th226 could be made with certainty. PERLMAN, O'CONNOR AND MORGAN

,exgended these measurements using larger samples and revised the half-life to

as U

8.5 hours, the alpha-particle energy to 6.2 + 0.1 Mev. They isolated and iden-

tified the 4.40-day Np23u'producéd'by orbital electron capture. ORTH AND STREET
234 ¢

produced by the above reaction and also

3

made additional experiments on Pu

235

prepared it from U as follows:

y235 (a,5n) Pu23u

These authors report a half=life of 9.0 * 0.5 hours and an alpha-particle
energy of 6.19 * 0.01 Mev.

HOFF AND ASAROu.have shown that 25 percent of the alpha decay populates
a level at 47 kev in U23O= They have further found that there are 0.09 alpha
disintegrations per K-electron capture and 0.3 L-electron captures per K-
electron capture. From these figures and an estimated value of the amount of
electron capturé_from the M shell and higher shells, it is possible to calculate
a ratio of electron capture decay to alpha particle emissionvof 16, corresponding

to a partial alpha half-life of 6 days. Thecgtectron capture decay goes direct-

1y to the ground state6 of Np23ua For a calculated decay energy of 460 kev
this corresponds6 to a log £t value of 5.6. . _
Pu23)+ has been observed as the daughter of 2.5-hour Cm238 by'HIGGINS.5
REFERENCES - Pu23LL “\x
. e,
1. E. XK. Hyde, M. H. Studier, and A. Ghiorso, Paper No. 22.15, "The trans- ,%;

uranium.Elemehts",vNational Nuclear Energy Series, Division IV, Volume 14B,

McGraw-Hill Book Company, Inc., New York, 1949.
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2. I. Perlman, P. R. O'Connor, and L. O. Morgan, Paper No. 22.30, "The Trans-
uranium Elements", National Nuclear Energy Series, Division IV, Volume 14B,
McGraw-Hill Book Company, Inc., New York, 1949.

3. D. A. Orth, Ph. D. Thesis, University of California, January, 1951; also
published as University of California Radiation Laboratory Report, UCRL-~
1059 (Rév.), March 1952. D. A. Orth and K. Street, Jr., unpublished
results. _ | - _

L, R. W. Hoff and F. Asaro, unpublished data, University of California, 1956.

5. G. H. Higgins, Ph.D. Thesis, University of California, Juné, 1952; also
published as UniVersity of California Radiation laboratory Report, UCRL-

1796, June 1952. '
6. R. W. Hoff and S. G. Thompson, Phys. Rev. 96, 1350 (1954).

. ORTH AND STREET" found that a 26 * 2-minute

;;2952.
plutonium fsotope was produced by helium-ion bombardments of ﬁ233 together with
8.5-hour Pu234 and 2.7-year Pu2 . The best relative yield of the 26-minute

J1uPbutonitm=s23

36

plutonium isotope  occurred when the helium ion energy was in the range 28-30

235

Mev. The most reasonable mass assignment is Pu . It is possible to produce

py232 235

from .U targets as well. The reactions are:

U233 (o, 2n) Pu?3?
u?3 (a,kn) Pu?3?

 From the work of ORTH AND STREETl the radiations appear to consist
primarily of L x-rays, a small amouﬁt of harder electromagnatic radiation and
few, if any, conversion electrons of energy greater than 100 kev. Alpha activ-
ity of energy 5.85 * 0.03 Mev was observed in amounts corresponding to about
0.002 percent branching aecay'by this process.

Further work on the radiations of Pu’>) done by THOMAS, VANDENBOSCH,

GLASS AND SEABORGZQ has confirmed the half-life and alpha particle energy
nmeasured by ORTH AND STREET. By measuring the K x-rays accompanying the electron
capture and‘using an estimated value of 0.23 for the ratio of L-electron to
K-electron capture, these authors were able to calculate an alpha branching
ratio of (3.0 + 0.6) x 10—5, corresponding to a partial alpha half-life of

1.7 + 0.4 years.
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REFERENCES - Pu2>?

1. D. A, Orth, Ph. D. Thesis, University of California, January, 1951; also
published as University of Caiifoxpia Radiation Laboratory Report, UCRL-
1059 (Rev.) March 1952. .D. A. Orﬁﬁ and K, Street, unpublished results,
1952,
2. " T. D. Thomas, R. Vandenbosch, R. A. Glass, and G. T. -Seaborg, Phys; Rev.
106, 1228 (1957). |

2;296 Plutoniﬁmﬁ236a JAMES , FLORIN, HOPKINS. AND GHIORSOl.observed,
in the plutonium fraction from the bombardment of natural uranium with 4O-Mev
helium ions, an alphaépartiq;e group of 5.75«Mev energy and prdved it to be due
to Pu236, formed by the reaétion:

0% (@,30) P

That this is the principal reactéon was confirmed by the relative yields
5 :
from targets of enriched.U235 and of U 3 , depleted with respect to U235, but

the evidence indicated in addition the occurrence of the reaction:

U238 (a,6n) Pu236
' 236

Several other cyclotron reactions can be used to producée Pu :

w237 (a,3n) Pu?P
1p237 (o, phn) py 236 JRef. 2
Np 23T ﬁa’5n) 230 EC_ pu 230
u233 (q,m) Put3P Ref, 3.4
This isotope has repeatedly. been observed as the daughter of the 22-
hour beta-emitter, Np236, produced by the several reactions discussed in Section
9.1.7. Similarly this plutonium isotope has been observed as the alpha decay
daughter of 27-day szuo-which is discussed in Section 9.4k.4. Confirmation of
the mass assignment of Pu?36
U232,daughter activitysl
‘Small amounts of Pu®

and are presumably accounted for by the following sequence of fast neutron

comes from the isolation and identification of

36

have been detected in reactor-produced plutonium

reactions.
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2 - 2 236 - 236
U ES (n,2n) U237 BTGEE§§§9 Np 37 (n,2n) Np 3 EEEEBGET> Pu 3
236

The half-life of Pu
The spontaneous-fission rate as_measured by GHIORSO AND COWORKERS6 is
(5.8 + 2) x 107 fissions per gram-hour corresponding to a half-life of

(3.5 £ 1) x 109 years for this process. Pu236 is beta stable.
236

as determined by direct decay is 2.85 years.5

The elpha particle spectrum of Pu has been measured on a magnetic

spectrograph bvaUMMEL AND COWORKERS:7 5.763 Mev (68.9 percent), 5.716 Mev
(30.9 percent) and 5.610 Mev (0.18 percent). By alpha-gamma coincidence ex-
periments it was established that a further group must exist with energy 5.448

Mev and 0.002 percent abundance.
2
The isotope Pu 36 is an even-even nucleus and the energy levels of U232
observed in its decay follows a familiar pattern for even-even nuclei in this

232

mass region. The lowest lying levels of U deflned.by the alpha spectrum of

Pu236 are the following: Ground state (0+), 47.5 kev (2+), 156 kev (4+) and
321 (6+). A decay scheme is given in Figure 12.. Pazg?ﬁdecaysito the same
daughter nucleus, U232

decay. Refer to Section 8.3.8.

, and several of the same EZ gamma rays are seen in its

REFERENCES - Pu236

a. R. A. James, A. E. Florin, H. H. Hopkins, Jr., and A. Ghiorso, Paper No.
22.8, "The Transuranium Elements", National Nuclear Energy Series, Division
IV, Volume 14B, McGraw-Hill Book Company, Inc., New York, 1949,

2. R. A. James, S. G. Thompson, and H. H. Hopkins, Jr., Paper No. 22.16,

"The Transuranium Elements", National Nuclear Energy Series, Division Vi,
Volume 14 B, McGraw-Hill Book Company, Inc., New York, 1949.

3. E. K. Hyde, M. H. Studier, and A. Ghiorso, Paper No. 22,15, "The Trans-

uranium Elements", National Nuclear Energy Series, Division IV, Volume 1.B,
"McGraw-Hill Book Company, Inc., New York, 1949. ,

4, I. Perlman, P. R. O'Connor and L. O. Morgan, Paper No. 22.30, "The Trans-
uranium Elements" National Nuclear Energy Series, Division IV, Volume 14B, g
McGraw=Hill Book Company, Inc., New York, 1949, ,

5. D. C. Hoffman, G. P. Ford, and F. O. Lawrence, J. Inorg. Nucl. Chem. 4, 143

(1957) -
6. A. Ghiorso, G. A. Higgins, A. E. Larsh, G. T. Seaborg and S. G. Thompson,

Phys. Rev. 87, 163 (1952).
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Figure 12. Decay scheme of Pu236
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T. J. P. Hummel, F. Asaro, G. H. Higgins and I. Perlman, unpublished results
(1956); see J. P. Hummel, Ph.D. Thesis, University of California, August,
1956; also published as University of California Radiation Laboratory
Report, UCRL-3456, August, 1956.

9.2.7 FPlutonium-237. JAMES, FIORIN, HOPKINS AND GHIORSOl found that
the plutonium fraction from natural uranium bombarded with LO-Mev helium ions
emitted a considerable amount of electromagnetic radiation of energy similar to
characteristic K and L x-rays of a heavy element sih swgested the presence of a
nuclide decaying by electron capture. This activity decayed with a half-life
of about 40 days. By bombardments of different uranium targets, some enriched
and some depleted with respect to U235, it was established that the U235 was the
target isotope principally responsible fdr the formation of the activity but

238

that it originated to a small extent from U as well., The same activity was
produced later2 by the action of 20-Mev deuterons on Np237 but was not found

233 3
when U

1
plutonium fraction failed to show radioactivity due to Np

235

Neptunium isolated from an aged

235

was bombarded with helium ions.
indicating that
the 40-day plutonium cannot be Pu . Consequently this activity is assigned

to Pu237 produced by the reactions:

y23> (o, 2n) pu 237
U238 (o, 5n) pu 237
sz37 (da,2n) pu’3l

Recent work by HOF]E‘MAI\TLL has established the over-all half-life as
45.63 + 0.20 days.

For several years after its discovery no alpha radiation was found for
P.u237 although it was known to be alpha unstable. The reason for this was the
low branching ratio for this mode of decay and the unavoidable presence of
Pu238 239 236
amination. Later search -for the alpha radiation by THOMAS, VANDENBOSCH, GLASS
AND SEABORG5 and.byHOFFMANlL was successful. The former reported alpha parti-
cles of 5.65 + 0.02 Mev in 21 + 4 percent abundance and of 5.36 * 0.02 Mev in
79 + 8 percent abundance. HOFFMANlL has observed an alpha group at 5.34 * 0.01

and often of Pu and Pu in the plutonium samples available for ex-
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Mev and has reported evidence for a group at 5.60 - 5.65 Mev and for a group
at 5.20 - 5.25 Mev. Her , value for the branching ratio of the 5.3L4 Mev
group is (2.0 % 0.4) x 1072 - in agreement with that determined by THOMAS
AND CO-WORKERS, - (2.6 * 0.3) x 107,

HOFFMAN AND{DROPESKY6 have studied in detail the conversion electron
spectrum, the K-Auger electron spectrum and the photon spectrum of Pu237.
They found evidence for K and L x=rays and for gamma'rays of energies 26.36,
33.20, 43.46, 59.57, 55.56 and 76.k kev. The data indicate that the previously
established levels of Np237 at 33.20, 59.57, 103.0 and 158.5 kev are fed by
the &lectron-capture decay of Pu237, These authors measured the following
intensity ratios: k x-radiation; I x-radiation; 59.6-kev gamma radiation =
1.003 0.75; 0.14. On the basis of their results, they have calculated a
value of 0.06 * 0.01 for the K-Auger coefficient. Both K- and Leelectron
capture populate the level at 59.6 kev, with a ratio of L- to Ke-electron
capture to this level of 2.8. From this ratio HOFFMAN AND DROPESKY6 have cals"
culated an.electron-capture decay energy of 0.2l Mev, in good agreement with the
value of 0.22 Mev calculated from closed cycles. The relative intensities of
the electron capture transitions and the log ft values for these transitions
are .shown in the decay scheme for Pu237 given in Figure 13%. The spins,
parities and asymptotic quantum numbers are those’éssigned by HOLLANDER,
SMITH AND RASMUSSEN7 on the basis of the alpha decay of Am24l and by RASMUSSEN,
CANAVAN AND HOLLANDER8 on the basis of the beta decay of U237. The paper of
HOFFMAN AND DROPESKY represents a very thorough study of the electron capture

decay of Pu23-7 and should be consulted for details. GINDLER, GRAY AND HUIZE_NGAll

found the ratio of K-electron capture to total electron capture to be 0.38 #

0.06.

STEPHENS, ASARO, AMIEL AND PERLMAN9 have identified an isomer of Pu237
with a half-life of 0.18 * 0.02 seconds. This nuclide was isolated by collecting
recoils from the alpha decay of szhl. The isomer is 145 kev above the  ground
state and is thought to have spin 1/2. A more detailed description of this

isomer is found in the discussion of the decay of szul,‘ASectinn§9&4;5.
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Figu$e 13. Proposed decay scheme for ghe electron capture decay of
Pu?3! as given by HOFFMAN and DROPESKY.C The spins, pagpities and
asymptotic quantum numbers assigned to the lexels of Np 3 are those
given by HOLLANDER et 2l and RASMUSSEN et al® from a study of the
decay of Am“*l and U237(Refer to the discussion of these nuclides).
The symbol a denotes coulomb excitation experiments of NEWTON,

The values in parentheses give estimates of the intensities of the
various transitions relative to the 59.6 kev transition.
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2i2,8 Plutonium=238. In the description of the discovery and early
history of plutonium which appears earlier in this chapter, it is mentioned that
pulP yas the first isotope of element 9 to be identified. SEABORG, MG MLLIAY,
KENNEDY AND WAHI} prepared it by bombarding normasl uranium with 16 Mev deuterons.
KENNEDY, PERLMAN, SEGR§~AND WAHLZ made the mass assignment certain by bombarding

U238, depleted with respect to U235

, and noting that the yield was proportional
238 :

content. ENGLISH AND JAMES3

deuteron energy and showed that it varied in a manner expected for the reaction:

to the U determined the yield és<a function of
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238 B Pu238

U238 >
2.1 days

(a,2n) Np

: .2
Subsequent experiments with helium .ion bombardments of,U238 and U 35 targets

have resulted in the formation of Pu238 by the following reactions:
1238 (,un) Pu?38 )
u" (a,p30) W L P3O

2)5 (a,n) Pu238
235 (a p) Np 238 _B_ 5 p?

Preparation of Pu bz Neutron Reactions. This isotope 1s also

produced”’” as a result of neutron capbture by Np 37

Np=3 ! (n,r) Wp 238 —-§~———>'Pu

0=172 barns

This is a convenient method for the preparation of isotopically pure Pu238. A

238

small amount of Pu is formed in reactor-produced plutonium via the reaction

sequence:

238 2 238
u*3° (n,2n) 237 8‘§§ag§g> 1?37 (a,y) mp?3° ETE§E£§§> pu=>
238

The amount of Pu so0 produced is small on a weight ratio basis butZ% is

readily detectable because its alpha half-life is shortucomparedto uThe calcula-
tion of the yield of Pu238 by this mechanism depends on knowledge of the distri-

bution of neutron energies in the reactor. In high-flux reactors containing
piutorium operating at neutron fluxes of the order of lOllL neutrons cm_2 sec“l

238

ral

and higher measurable amounts of Pu may be produced by another mechanism. If

the integrated flux is high enough to prod.uce-CmZLLZ via the multipole neutron-

238

capture sequence givezn below, some Pu will appear in the sample as a result

of its formstion by the alpha decay of szng,

27 2 241 241 242 - 2
pu2392 (n,7) Pu 4o (r,r) Pu b i§’§€§?§ A2 (n,7) Am ham EETEBEEE> cnte

238< [0
162 days

Pu

238

Figurell shows the production of Pu by this mechanism. If the flux

is very high very little Pu238 is formed because the Puzul is burned out quickly
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Fl%ﬁ%e Production of Pu Eultlple neutron capture to produce
followed by alpha decay of Cm at neutron fluxes of 3 x 101

and 1 x 1014 neutrons cm™“ sec l._ The constants used in this calcu-

lation and the compllcated sequence of capture and decay steps are

given in the following. F refers to removal of the isotope by fission.

The numbers are cross sections in barns:

39(n,Y) PuZhO (n,v) pu 2t (n,7) pu?t

/ 287 . 530 390
238 (n,7v)
489

F
18 l 738 950 6_
89 vy ‘ u
o 241 (n;Y) AII]
F/ 225
3.1 1o 16 hr
(n,T) Am2)+2m_9 B
675 \L 19%
F . 16 hr B
2000 81%
\_ 163 daya L 243

Qn\’Y)C
/ %
F<5

When the sample is removed from the reactor the Pu238 continues to increase
because of the CmZHEuinventory in the sample. This is shown by the dotted
lines in the 1 x 107 flux case for samples removed after one year, two
years and 2.5 years or irradiation.
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1 s s
to form higher mass isotopes before much can decay to Amzu . If the irradiation
is continued for several years at lower fluxes the production of Pu238 also goes

down when most of the matter is converted to higher mass nuclides or to fission

238

products and the Pu itself is converted back to Pu239 by neutron capture. It
is interesting to note the dotted lines in the figure which show that the amount

238
of the Pu

movedsfron . the reaator bebau5a of the tBubseguént: deeayuofnCmu%?‘)vc At a flux
238

may,mncneaseubymere thdnod factor efiitwocafter kheesahple. is. fe-

of 1 x lOlLL neutrons cm z,sec -1 the maximum production of Pu occurs for a

radiation of about 2 years time. The chief isotopes of plutonium incthe sample

at this time will be Puo*2 ang Pu2®,

The amount of Pu238 by mass will be roughly one-half percent. 1In Fig. 1

we neglected the possibility of producing Pu238 by the Pu239 (n,2n) Pu238 path

239 238

since the Pu is burned out quickly and any Pu so produced during the first

two weeks of irradiation is converted back to Puz39 by neutron capture.

Gram quantities of Amzul are now available in many laboratories so that

238 241 241 242

pure Pu can be made from Am by conversion of the Am to Cm as shown

in Fig. 15. For .the highest isotopic purity the Cm'21L2 should be first isolated

238

-and purified and the Pu ‘separated after decay; the reason for this indirect

: 2h2
procedure is that Puth is produced by the electron capture decay of Am h2m and

238 239

in the reactor.

235 238

some Pu is .converted to Pu

In reactors operating on some Pu is produced via the reaction

sequence:

) 0237 B> P37 (n,y) 70 B> p,P3R

2 236
U 3 (n,y) U * 6.8 days 2.1 days

(n;Y

238

The rate of buildup of Pu by this sequence is .shown in Fig. 16.

The whole questicn of the formation of heavy element isotopes by multiple
neutron-capture reactions in high flux reactors is discussed thoroughly in
Chapter 5. »

The Radiations of‘Pu238. The best8measurements of the half-life of Pu

Ay ey 23

238,

alpha activity over a periocd of a few

7

have come from direct observation of Pu
years. An accurate determination is that of JAFFEY and LERNER who followed four
samples over a period of 31 months and .obtained a value of 89.59 £ 0.37 years.

A later determination was made by HOFFMAN, FORD and LAWRENCE19 who measured the
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MU=-21277

1 o Pu238'

‘ 2
Figure 15. Path of conversion of Am
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Figure 16. Buildup of Pu ih in a thin sample of pure U232 irradiated
at a neutron flux of 3 x 107 neutrons cm” sec™l. The neutron capture
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Pu238 activity growing into a szhz sample. They reported a half-life of 86.L41%
0.3 years for Pu238 based on a szuz half-life of 162.7 days. '
Several early reports on the energy of the alpha particles of»Pu238 are

superceded by those of ASARO and-PERLMAN8 and of GOL'DIN,TRET'YAKOV and
NOVIKOVA.9 The former group reported the followiﬁg energies and abundances:
5.495 keVTXYZ percent), 5.452 (28 percent) and $.352 (0.095 percent). The -
latter group reported 5.4909 Mev (69 percent) and 5.4499 (31 percent).

- ASARQ and PERLMAN8 studied the gamma radiation of Pu238 with B a
scintiliation cfystal spectrometer and found a large number of 17-kev L x-rays
(from the conversion of gamma rays) and gamma rays at 43.8, 99, and 150 kev.
NEWTION, ROSE and MILSTEDlO measured these gamma rays with somewhat greater
accuracy by the proportional counter -pulse-height analysis technique and '
reported gamma ray energies of 43.49 * 0.08, 99.8 %+ 0.4 and 153.1 * 0.6 kev
with relative intensities of 100: 28: 3. HOLLANDERll examined the conversion
electrons of the lowest energy transition. His value of 43.50 kev checks
closely the value of NEWTON, ROSE and MILSTED.lO THE LII LIII MII MIII pattern
of conversion confirms. the E2 nature of the transition.

DUNLAVEY and SEABORG . found by the photographic plate technique, wWith,
emulsions soaked with a solution containing Pu238, that 23 percent of the Pu238
alpha particles are in coincidence with electrons corresponding to an ~LO-kev
gamma ray. ASARO and PERLMAN8 conclude from comparison of the conversion
coefficients, estimated from the experimental data, with the theoretical
conversion coefficients that these radiations are.E2 in nature. CHURCH and
SUNYAR;3 confirmed the electric quadrupole character of these gamma rays by
detailed study of relative conversion in the L and M subshells. They report
the values 43.6 and 100.0 kev for the gamma ray energies. MILTON and,FRAZEth
measured the angular correlations of the 43.6-kev photons with the 5.45 Mev

alpha particles of Pu238

and obtained the correlation expected for a

O+ L 2+ > o+ sequence. The 153-kev gamma ray is élso believed to be an
electric quadrupole radiation although with less certainty. These results are
summarized in the decay scheme shown in Fig. 17%. TRETYAKOV, KONDRATEV,
KHLEBNIKOV and GOLDIN9a measured conversion electrons in coincidence with the

38

alpha-particles .of Pu2 and found evidence for a gamma transition of energy

152.6 £ 0.3 kev with a subshell conversion ratio typical of an E2 transition.

¥ A restandardization of Q¢ by Asaro and Perlman in 1961 led to the result
5,407 M=
Jes | eV,
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They interpret this as evidence for a 6+ level at 295.9 * 0.4 kev populated in
(L.3 £ 0.4) x 1073 percent of the alpha events. A |
By gamma-gamma coincidence experiments it was established by ASARO,
STEPHENS and PERLMAN that the 153 kev gamma ray is in cascade with the 99.8-kev
gamma ray.8’l5 Placement of this gamma ray in the scheme as shown in the figure
requires that an unboserved alpha particle group of 5.204 Mev energy and 0.00k4
percent abundance be emitted by Pu238; an alpha particle group with this low
intensity would have been missed in the direct ekamination of the alpha spectrum.
Later work by ASARO, STEPHENS and PERLMAN-> led to the discovéry of a 203 % 5
kev gamma ray in very low abundance (h.x 10?6%) which is in coincidence with the
150-kev gamma rays. This gamma ray is shown.as a transition from an &+ level at
499 kev to a 6+ level at 296.4 kev in the figure. This assignment, which: is
very reasorable but not definitely proved, requires that an undiscovered alpha-
partécle group of 5.004 Mev energy and 7 X 10~ percent abundance be emitted by
23 :

ASARO, STEPHENS and PERLMAN15 have found strong evidence for an electric
monopole (EO) transition occurring in low abundance.in the decay of Pu 38. An
examination of the conversion electron spectrum using an anthracene crystal as
detector showed K and L electrons of an,O;SZ-Mev transition. The total electron
abundance was roughly ]_O-6 electrons per alpha disintegration. No gamma-ray
photons of this energy were seen with  a sodium iodide crystal detector, In an
.electric monopole transition photon emission is forbidden and the transition
occurs entirely by electron emission. This 0.820-Mev transition is in all
likelihood identical with the 810 kev (or 803 kev) O+ —> O+ tranmsition to the
ground state of U234 which has been identified in the beta decay of UX (Pa23h)

o U 23k (see Section 5.2.12) and it is so drawn in the decay scheme. ThlS same
‘BO transition is seen in the electron capture decay of szSu. See flgure-igin‘
Section 9.1.5.. If this is correct one would expect to observe an -E2 transition
of 767 kev energy from the O+ level at 810 kev to the 43.5-kev 2+ level.
~ASARO15 observed photons of 763-kev energy in abundance corresponding to
~5 x 10-7 photons per élpha These photons were shown to be in coincidence with
L x-rays, presumably from the conversion of the 43.5- -kev gamma ray, and not to
be in coincidence with photons of 100-kev energy. In addition, photons of an 875-
kev gamma ray were observed in about 10_6 ks abundance but this transition has

nct been .placed in the decay scheme.
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238

Thecenergy levels of U23u observed from the alpha decay of Pu resemble
those of several other even-even nuclei in thie,mass region In conforming in a
remarkable fashion with thevpredictions of the unified nuclear model as developed
by BOHR and MOTTELSON. The O+, 2+, W+ sequence has the correct energy epacings
for the first members of the ground state rotational band with the splitting
constant 6/25 set equal to T7.30 kev., The levels at 296 and 499 kev have the
correct energy values for the 6+ and 8+ levels of this rotational band. The O+
level at 810 represents a collective vibrational excitation of the nucleus.

Early measurements by,SEGRi‘ahd‘CO-WORKERsl6:l7
238

on the rate of spontaneous
fission of Pu gave a value of (5.1 * 0.8) x lO6 fissions per gram-hour corres-
ponding to a spontaneous fission half-life of about 3.8 x lOlo years. A more
recent measurement by JAFFEY and HIRSCHl gave a value of (4.0 £ 0.34) x lO6

fissions per gram-hour corresponding to a half-life of 4.9 x 10 10 years.
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9.2.9 Plutonium—2§9. The diécovery of Pu239 thrddgh the work of‘McMILLAN

and ABELSONl and of KENNEDY, SEABORG SEGRE and WAHL is descrlbed in Section
239

are discussed in Chapter 11.

239

9.2.1. The fission properties of Pu
The most important method of preparatlon of Pu is the neutron capture

reaétlon.lnvolved in its orlglnal synthe51s

238 1239, 1239 B~ 239 B

] H —_

U () U5 U 23.5 min NP__. 2.33 days VPu
Flutonium-239 1s made in large .quantities in nuclear reactors by this reaction
for industrial or military purposes. Reactor-produced plutonium contains small
amounts of other plutonium isotopes as a result of side reactions. In reactors
operating at very high fluxes the amounts of higher-mass plutonium isotopes

prdduced by multiple neutron capture can be quite sizeable. (See Chapter 5)

Plutonium-239 is produced by a number of cyclotron reactions with U238 as
a target: .
8 (a,p) 239, U?39' B >0Np239 S py239
(d,n) Np239; ’ Np?39 — S py?39

(a, Sn)qu239
(a,p2n) Np239 Np239 — > py?39
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The yields for several of these reactions are given in Table 5.5 in Chapter 5.

_The Half-life of Pu239. Considerm ble effort has been éxpended in the

: : 2
239; The first determination of 30,000

239

determination of the half-life of Pu
years was obtained by counting the beta particles of Np
of its daughter and was subject to considerable uncertainty because of the com-

239 3

plexity of the radiations of Np . A later refinement of the same method” gawe

239

the value 23,000 years; in this determination the Pu alpha dctivity was com-

2
pared with the corresponding beta activity of its parent, U 39, whose radiations

are simpler than those of Np239

.and can be easily interpreted.
The first accurate value for the half-life was derived from the experi-
L
ments of CUNNINGHAM and WERNER, who determined the specific alpha activity by
239

weighing a,pure'compoundvof Pu and counting its alpha particles. These
experiments constituted the first isolation,of plutonium and the first
preparation and isolation_df a weighable amount of a synthetic atomic species.
In spite of the.sméll qpantity of material aVailable,;which was of the order of
100 pg, the accuracy of weighing and volumetric aliquoting was so great that the
limiting factor in these experiments was the uncertainty in the alpha-counting
yield (ratio of counts to disintegrations) of the instruments used. This
quantity is needed in order to convertcethe observed alpha-particle counting

rate of the samples to the absolute alpha-disintegration rate. Ex?erimental
work of CUNNINGHAM, GHIORSO and HINDMANS.and theoretical calculations of
CRAWFORD6 led to the discovery that, in a parallel-plate ionization chamber, the
alpha-particle counting yield may be greater than 50 percent as a result of
back-scattering~of some of the particles from the sample mount. The early
specific—éctivity measurements were in error because counting yields of 47 to
50 percent were assumed, whereas measurements5 indicate that the counting yield

239 on a flat platinum plate in a parallel -

of an extremely thin sample of Pu
plate counting ionization chamber operating in air is about 52'percent. However,
most of the backscattering alpha particles leave the plate at low angles, and
the calculations indicate that, normal to the surface of the plate, there are
virtually no backscattering particles. Conseqpently, in a counter with a low
geometry factor, in which only thdse»partiéles traversing a small aperture at

the end of an evacuated collimating tube normal to the plané of the sample mount

are counted, the .counting yield is identical with the geometry factor and can be

and the alpha particles

¢
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calculated by careful geometricélnmeasurements. Such counters were therefore
used for calibration in connectidh with the accurate‘sﬁecifié-éctiVity'
determinations. | |

' The weighing experiments of CUNNINGHAM and CO-WORKERS ’” led to a half-
life of 24,300 years. Careful redeterminations by WESTRUM,-HINDMAN”éﬁé”ﬁREENLEEYM

have given 24,400 £ 70 years, and FARWELL, ROBERTS and WAHL8 have also obtained
: 9

4,5

the value of 24,400 years. The calorimetric measuremgptSMof JONES and STOUT
have resulted in the value 24,110 * 240 years, basedy5.23 Mev as the disintegra-
tion energy of the alpha decay. A later specific activity determination,

carried out by WALLMANNlO yielded the value 2&,360 + 100 years. DOKUCHAEV
‘ ' 239

39

made
specific gctivity measurements on 12 specimens of Pu

position varying from 91.26 to 99.11% Pu239 and obtained a value of 24,390 %= 30

years. MARKiNuO solved the prdbiem,df the correction for PuZMO by using electro-

239

having isotopic com-

magnetiéally éeparated Pu with an isotopic purity of 99.92 percent. He

preparedvand we;ghed a series of samples as the compoundé, Pu(SOh)2 and PuClS,
and by specific activity measurements found a half-life value of 24,413 + 30
years. _ - v {

‘Tt should be pointed out that one of the chief complications in the deter-
239

minatibn_of the specific activity of Pu is the présence of small amounts of

240 i 240
Pu which contribute to the alpha activity. The Pu ¥ content must be
measured in some manner such as by measuring the spontaneéus-fission rate of the

2 : ) . .
sample. The Pu 50 content of Pu239 is dependent on the neutron irradiation

38 239

history of the sample. Small amounts of Pu2 may also be present in Pu

prepared in a reactor because of the side reactions discussed in the last

38

' 2
section. = Because.of the 89-year half-life of Pu its contribution to the

specific activity can be appreciable even Whgn.its,weight percent is quite low.
The Alpha-Particle Spectrum of'Pu239, A number of measurements of the
energy of the ﬁain.alpha-particle group of‘Pu239 have been carried out but the
earliest méésurementsvwill not be reviewed here. Three grbups have made
careful measurements by the ioﬁization chamber method; JESSE and FORSTATll
obtained.a value 5.137 Mev, CRANSHAW and I{A_RVEYJ'2 found 5.159 * 0.00S Mev and
.CONJEAUD and NAGGIAR]'3 gave the value 5.134 + 0.015 Mev for the main group.
The most accurate measurements have beeh made by the magnetic-deflection method

and these have revealed complex structure in the.alphavspectrum. ROSENBLUM,
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VALADARES .and GOLDSCHMIDTMr report a main group at 5.147 Mev in 7O percent
-abundance and a second group at 5.097 Mev in 30 percent -abundance, ASARO and
PERLM'AN15 report three groups with the energies and abundances, 5. 150 Mev (69
percent), 5.137 Mev (20 percent) and 5.099 Mev (ll percent). GOL!'DIN,
TRET'YAKOV and NOVIKOVA 16 report the same three groups, their figures being
5.1474% Mev (72.5 percent), 5.134k4 Mev (16.8 percent) and 5.0963 Mev (10.7
percent); no other alpha groups in greater than 0.2 percent abundance in the
energy region 4.9 to 5.33 Mev were found. . NOVIKOVA, KONDRAT'EV, SOBOLEV and
vGOL'DINl6a reported additional groups with the following energies and
intensities: 5.06L4 * .002 Mev (0.037 * 0.005%), 4.999 + 5 Mev (0.013 * 0.005%),
and 4.917 % 0.005 Mev (0.005 + 0.001%).

The Gamma Radiations -of Pu239. A number of studies have been made .of the
electromagnetic and eiectron radiaﬁions of ‘Pu 39. - Absorption curve measurements
carried out by early workers showed that the electromagnetic radiation included
~uranium K and L x-rays and apparently some gamma rays of 400 kev and lower
energy. The most energetic gamma ray was reported to exist in approximately
J.O_LL of the disintegrations-and x-rays were reported to be emitted in about  one~
tenth to one-hundredth of the disintegrations. The electrons are of low energy
.and consist of internal conversion and Auger electrons. Using photographlc
emulsions, ALBOUY .and TEILLAC ol found conversion electrons .corresponding to gamma
rays of 50 kev and also found 100-kev electrons (0.1 to 1 percent); by the same
technique DUNLAVEY,and.SEABORG18 found the conversion electrons of 35- and 50-kev
gamma réys (0.12 gamma ray per alpha particle) and also 100-kev conversion
electrons (0.5 percent). WEST, DAWSON and MANDELBERG,19’ZO

counter, found the corresponding gamma ray photons with energies 52.0 £ 0.3 kev

using a proportional

(7 x 10 5 gamma ray per alpha particle) and 38.5 % O. h kev (2 x 10 - gamma ray
per alpha partlcle). FREEDMAN, WAGNER and ENGELKEMEIR have assigned gamma

rays of 39, 53.1, 100, 124 and 384 kev to the alpha decay of Pu239
conversion-electron and scintillation-spectrometer measurements. The ratio of

L x-rays of uranium to the last four of these is about .100:0.56:0.25:0.1Lk:0.08.
19,20,21

from

. . 22

These investigators, s well as ISRAEL, have made measurements of
sufficient accuracy to assign the L x-rays to the daughter uranium. ASARO and
PER_LMAN23 have studied the gamma rays with a scintillation spectrometer and

found photons with energies of 37, 52, 120, 207, 340, 380 and 415 kev in

f In 1961 Asaro and Perlman remeasured.aoband obtained the energy value
5.152 Mev.
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addition to K and KB x-rays. The relative intensity of the gémma ray photons
is 130:320: 70 20:30:60:40. Gamma-gamma 001nc1dence studies established that L
x-rays are in coincidence with the 207-, 340- and 380-kev gamma rays and that
the 120~ and 207-kev gamma rays are in coincidence with each other. SHLIAGENzh
studied the conversion electrons of gamma rays with energies 12.5,. 38.3, 50.8

nd,ll¥ kev, ALBRIDGE AND HO \IDERLPl revort precise values of 13.00 Kev and
31,07 or these two impor %§ Lransitions. 235m

Decaz Scheme of Pu and the Dlscoverx of U . It is simple to con-

struct a reasonable partial decay scheme of Pu €39 incorporating the known alphs
groups and the most prominent gamma transitions of energy 38 and 51 kev which
have been reported by most experimentalists. This partial decay scheme is
shown on the right side of Fig. 18. It is evident, however, from the repeated
observation of low intensity gamma rays of higher energy that one or more alpha
groups in very low abundance (less than 0.1 percent) with lower energy than any

239

yet reported, must be present in the alpha spectrum of Pu It is tempting to

235

identify the observed spectrum of U levels as an "anomalous" rotational band
based on a K = 1/2 base level. This is consistent with the spacings of the
levels, the known ground state spin of 1/2 for Pu239-and the low hindrance
factor of 3 for the highest energy alpha group suggesting favored alpha decay
to a daughter nucleus of very similar 1ntr1n31c particle structure. This
interpretation was first suggested by BOHR, FROMAN and MOTTELSON. 25
The formula given by BOHR and MOTTELSON (see Chapter 3) for the level

spacings of an anomalous K =fl = 1/2 band is »

2
I 23
The lowest 5 levels of U235 populated by the alpha-groups of Pu

E [T(1) + ()72 a(z1/2)]

239 it this

formula closely if the constant, a, is set equal to -0.276 and 11 /23 is

ey, 16a AIBRIDGE AND HUuLANDERul ive sllgptly different values of -0.28

aﬁ% 0L Kev basad on their values of 3.00 an Kev for the first two levels.
For a long period of time this very reasonable interpretation of the

alpha decay of Pu239 gave rise to a very puzzling. discrepancy. The difficulty

was that the measured spin26 of the ground state of v s 7/2 instead of 1/2.

Furthermore, the experiments'of NEWTON27 on the Coulombic excitation of U235 \‘?

with helium ions clearly proved that levels with energy 46.2 kev and 103 kev

were among the low-lying levels of U235. He observed the gamma rays of h6.7,

57.8 and 103.8 kev shown in the figure.  These experiments constitute strong
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Figure 18. Decay scheme of Pu239. The alpha decay populates five levels
of a K = 1/2 "anomalous" rotational band. The ground state of this band
is an isomeric state of U235 lying only a few volts above the I = 7/2—
ground state, The isomeric state decays by a highly converted E3 isomeric
transition with a half-life of 26 minutes. The higher-lying levels of the
K = 7/2 ground state rotational band are known from coulombic excitation
studies. Gamma rays (not shown) and G-groups in low abundance indicate
that some low intensity alpha groups of Puz39 populate higher-lying levels,
The Nilsson wave function assignments of U 35 (ground state) and U321 are

7/2-L743] ana 1/2+631].
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evidence that a (7/2, 9/2, 11/2) rotational band based on a K = 7/2 ground state
is being excited. It was realized by workers in several laboratories that the
discrepancy between the two sets of observations could be resolved if some tran-
sition were observed in nearly 100 perceat abundance between the K = 1/2 and

K = 7/2 states. This transition would be expected to be of the AL = 3 type. A

diligent search for the photons, the conversion electrons or the x-rays from this
transition lead at first only to the conclusion that the energy of the transition
must lie below the L-shell binding energies of uranium. The possibility that
this unobserved transition had a very long half-life was checked by HUIZENGA,
ENGELKEMEIR and.TOMKIN828 who separated UZB% which had grown into a 10-year old
239

. +
sample of Pu , and measured its spin. Thé optical spectrum was the same as

that of normal uranium. From the limits of the experiment an upper limit of k4
months was set on the half-life for the transition between the twq forms of U235.
Following these observations the investigation took the form of a search
for a short-lived transition of extremely low energy and was rewarded with
immediate success. ASARO and PERLMAN29 and HUIZENGA, RAO and‘ENGELKEMEIR3O
almost éimultaneously reported the separation by a recoil collection technique
of an activity emitting very . soft conversion electrons and decaying with a half-
life of 26.5 minutes. The electron activity could also be isolated chemically
using separation methods specific for uranium. Later measurements showed that
the energy of the electrons was extremely low indeed. <FREEDMAN, PORTOR, WAGNER
and DAY31 set an upper limit of 19 electron volts and an upper 1iimit 6f 23
electron volts to the tramsition energy. MICHEL, ASARO and PERLMAN32 found
electrons of energy up to 70 volts. The great majority of the electrons are
of much less energy. They are nearly completely absorbed in 2 micrograms of
plastic film, which accounts for their non-observance in the numerous studies of

239

the radiations of Pu which had been carried out earlier. This is by a large
margin the lowest transition energy ever reported for an isomeric state. The
short half-life is accounted for by the extremely large conversion coefficient

which is estimated to fall in the range lO19 - 1021.

' 2
From a consideration of the nuclear level systems of Np239, Pu 39 and

2
U 3 it is possible to make a tentative assignment of Nilsson wave functions to
the odd 143rd neutron in_U235 (ground state) and in U235m. In the (N n, N K «)

nomenclature of the unified nuclear model (see Chapter 3) these assignments are
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(743 7/2-) and (631 1/2+) respectively. The isomeric transition would accorad-
ingly be E3. The Nilsson orbital gssignment of the ground state of Pu239 is
63k hlfﬁf)o It is interesting to note that another case of E3 isomerism

33

resulting from the close proximity of these same two Nilsson states is observed

5 :
in Pu 37 which, like U235

. - Not all of the levels of U235'populated in the alpha decgy of Pu

, has 143 neutrons. See Section 9.4.5. »
239 are
shown in the figure. There is evidence for very slight branching to higher-
lying levels. ASARO and PERLMAN23 reports levels at 17z, 379 and ~430 kev popu-
lated in 0.02%, 0.006% and 0.006% of the decay events from a study of gamma- -
gamma coincidences. NOVIKOVA, KONDRATEV, SOBOL'EV and GOL'DINl6a report weak
alpha-groups populating levels at 172, 234, 336, 373, 426 and 497 kev with the
following percentage intensities; ~0.02%, 0.005%, ~0.035%, ~0.002%, ~O.005% and
~0.0015%. Spins, parities and Nilsson quantum numbers have not been assigned to
these levels.

Level sttem of Pu239. The excited levels of Pu239 are discussed in
connection with the decay of Np239 (see Section 9.1.10). The excitation of the
57 kev level of Pu239 by Coulombic excitation techniques is alsc covered there

rather than here.

239

Spin of Pu 239

has been measured to be 1/2 by
35,36,37 and

The nuclear spin of Pu

3k

by analysis of optical spectrs,

38

nuclear paramagnetic resonance,

by atomic beam resonance studies.
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9 2 10 Plutonium-240. CHAMBERLATIN, FARWELL and SEGRE provided the
T 240

first direct evidence for the isotépe Pu 3 this evidence was the observation
that samples of Pu239 that had been .exposed to strong neutron fluxesSsuic .
exhibited spontaneous.fission_activity and that the spontaneous fisiddon rate
was éroportional to the irradiation received. From this relation it was
deduced that the isotope responsible was Pu240 formed in the reaction

Pu239 ( Y) Pu AO and this has been firmly established by subsequent experi-
ments. BARTLETT, SWINEHART and THOMPSON2 established the presence of PUZMO in
pile produced plutonium by mass spectrographic analysis.

The alpha half-life of PuzuO has been measured several times by direct
specific gctivity measurements although this approach is made difficult by the
presence of-Pu239 in the samples available for analysis. The methdd consists
in the measurement of the specific activity of a weighed plutonium sample of
known composition and correcting for the Pu239 contribution. The first careful
. studies had of necessity to be carried out on samples of plutonium containing
only a few percent of Puzuo. WESTRUM, HINDMAN and GREENLEE3 obtained the wa lue
6240120 years. FARWELL, ROBERTS and.WAHLlL reported a value of 6300:600 years.

DOKUCHAEY 23 published a value of 6620 * 50 years.
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At a later period, plutonium with .a much higher PUZMO content became
available. In Chapter 5 it is shown that plutonium samples containing as much
as 45 atom percent of Puzuo can be made in high flux reactors. CUNNINGHAM,
THOMPSON and GHIORSO,5 using samples containing as much as 34 percent PuZhO
redetermined the half-life and reported a value of 6650 £ 150 years. WALLMANN6
repeated these experiments with somewhat more care and obtained the value 6760
years. Corrections were applied for apprecigble amounts of Pu238
in the sample. BUTLER and CO-—WORKERS7

Aan independent method of determining this quantity has been employed by
INGHRAM, HESS, FIELDS and‘PYLE.8' These workers carried out a mass spectrographic

analiysis of a plutonium sample which contained a substantial percentage of PuzuO

235

alpha activity
report a value of 6600 £ 100 years.

and also -mass analyzed-the uranium daughters U and U236 which were formed by

alpha décay of the plutonium isotopes over a several year period. From these
ratios and from the known half-life of Pu239, the half-life of Pu211LO was
calculated to be 6580 * LO years.

In dranium reactors some of the observed Puzuo results from the

alternate reaction sequences:

238 . 2 ) 240 B~ 240 240
0,0 0 (,0) 00 B ™0 2 p
U (a,r) 1P30 B P (1) mP0 B> RO

23.5 m 7.3 m

The first sequence, observed by HYDE and STUDIERlO in their experiments on the

discovery of UZLLO and Np2u05 opens up the possibility of preparing isotopically

2ko by purification of neutron-irradisted uranium at the

proper time after bombardment and isolation thereafter of the PuZMO formed.

This method was used by HULET and CO—WORKERS19 to prepare small szmples of
240
Pu

pure sambles of Pu

for measurement of its fission cross section. The second sequence has

never been gpécifically observed, although it undoubtedly occurs to some extent.
During the bonmbardment of uranium with LO-Mev helium ions, JAMES, FLORIN,

HOPKINS and GHIORSO9

240
Pu as a result of the reaction U238 (a}Zn) PUZMO and ‘presumably:

U238 (a,pn) szgo %—§—E> Puzuo.

‘observed the production of alpha activity attributed to
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These alpha particles had an energy hardly distinguishable from the energy of

239

the alpha particles of Pu , but in a fission chamber the sample yielded a

number of neutron-induced fissions different from a sample of pure Pﬁ239.

’ 0
The energy of the main alpha-particle group of Puzu is so close to that
239

of the main 5.150 Mev group of Pu that the two cannot be distinguished when
the ionization chamber — pulse height analysis method is applied. Hence, mass
spectrographic or spoantaneous-fission counting methods must be used to assay
mixtures of the two. ASARO and P;ERLMAN,ll using a magnetic spectrometer, found
a main group of 5.162 * 0.00Lk Mevf(76 percent) and a lower energy group of 5.118
Mev (24 percent). ASARO12 has also observed .a third group at 5.014 Mev of 0.1
percent. abundance. GOL'DIN, TRET'YAKOV and NOVIKOVA13’lh
5.1589 (75.5 percentiéu5LlLAYLMEVKQZM.5 percent) and 5.004% (0.085 percent).

This same Russian group later restudied the PuZlLO alpha spectrum and found an

240

report three groups:

'
Lo

additional low intensity group plus two more tentatively assigned to Pu
.Their revised alpha spectrum is giveﬁ in Table 1,

It is expected that Puzuo will resemble all other even-even alpha
emitters in this mass region. On this basis the first alpha groups undoubtedly
poputate the O+, 2+ and L+ states, respectively, of the daughter nucleus U236.

In addition, the excited state at 313 kev reached by the L4.851 Mev alpha group

has the correct energy to be the 6+ state. These states should be de-excited

by a cascade of electric quadrupole (E2) gamma rays with energies 166 kev, 102

and 45 kev. The intensity of the first two as directly deduced from the alpha
group intensities are very low. TRET'YAKOV and CO-WORKERS22 have seen conversion
electrons of a gamma ray of 160 £ 1.5 kev energy in coincidence with the alpha par-
ticles of PUZMO. From this tuco -y they deduce an energy of 309 kev for the 6+
level and an alpha population of (2%1) x 10—3%. The 45 kev transition frOT6t?§

2+ state to the ground state has been observed by several research groups.

HOLLANDERl8

and measured a precise value of 45.28 t 0.06 kev for the transition. This same

236

found the expected conversion electron pattern for an EZ2 transition

transition is prominent in the electron capture decay of Np
KONDRATEV and_CO-WORKERS15 tentatively interpret the possible levels
at 210 and 239 kev(éee:tablecl¥)as 1- and 3- states.
‘Plutonium-240 is beta stable. The spontaneous fission half-life has been
reported to be 1.2 x lOll years by CHAMBERLAIN, FARWELL amd SEGﬁizo, and 1.22 x

1
10 1 years by BARCLAY and CO-WORKERS.21

Asaro and Perlman in 1961 remeasured the energy offao Qnd obtained the
value 5,164 Mev,
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Table 14

~ Alpha Spectrum of 0
Group Energy Percent : - Energy of
. (Mev) abundance . excited state
a 5.159 5.5 0
o | 5.115 | To2k.h h b5
e 5. 0Lk L09L 147
%10 4.952 7 2.7 % 1073 210 2
g k.92h 2 3.1 x 10‘3 ' 239 ?
Qg 4.851 3.2 x 1073 -~ 313

Data of Kondratev, Novikova, Sobolev and Goldiﬁ,
see references 13, 1k, 15.
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Pu 240

(24 %)

5.162
(76%)

2+ 5
E2
O+ 0
U236
MU-21267
Figure 19. Decay scheme of Pu21+0.
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9.2.11 Plutonium-24l. Evyidence for the presence of Pu in samples of

plutonium which had been strongly irradiated with neutrons was first obtained by
SEABORG, JAMES,.MORGAN and GHIORS0V’2 in the late fall of 194k, These workers
isolated two new alpha emitting radiocactivities from the plutonium and
attributed them to Amzul.and szuz. It was postulated that beta-~decaying Puzul,

formed by the reaction sequence:

Pu239. (n;T) Puzuo’(n;Y) Puzm-)

was an intermediate in the reactioh sequence leading to these activities. Sub-
sequent experiments showed that the activity attributed to Am‘zul continued to
grow in the irradiated plutonium after purification of the latter, indicating
that the parent Puznl wag long-lived. Observations on the rate of Amzml growth
in various plutonium samples led to an early valuez.of about 10 years for the
half-1ife of Puzul. Later studies haSe@igalues determined mass spectrographic-
ally for the isotopic abundance of Pu + in samples of neutron-irradiated
-plutonium, together with the best half-life of Amzul, led to the better values
of 14 £ 1 years (THOMPSON and co;WORKERs)3 and 13.0 £ 0.2 years (MacKENZIE,

LOUNSBURY and BOYD)lL and 12.77 £ 0.28 years (ROSE and MILSTED)5. HALL and
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5 . 21 . 2kl .
MARKIN  memeasured the half-life of Am cn which the Pu half-life

2y 1 Tife to
16

directly depends and fevised the last two values of the Pu
13.32 + 0.12 and 13.04 = 0.28 years, respectively.A'BROWNVAND CO-WORKERS
report the value 13.24 + 0.2k years. )  ' .

It is possible to prepare samples of plutonium.containing up to about

2k 239

20 atom percent of Pu by bombardment of Pu to an_integrated flux of

approximately 4 x lO21 neutrons per sqﬁare centimeter. Such a sample will
contain about 40 atom percent of Pﬁzuo, 25 atom percent of Pu21L2 and 15 atom
percent of Pu239° This is illustrated in Fig. 5.7 in Chapter 5. With
further neutron irradiation the Puzul isotopicvabundahce decreases and in
order to obtaln samples of Puzul of isotopic purity approaching 100 percent
it 1s necessary to resort to electromagnetic separation. Samples df 78
percent isotopic purity have been repofted by English workers.l6’l7

The isotope Puzl‘Ll has also been prepafedzvin the cyclotrbn by the
reaction:

U238(a,n)Pu2ul;
It has also been isolated 2 as the daughter product of szhs.

The beta particles of Pu241 are of low energy. The first estimate of
the maximum energy was approximately 20 kev.'2 Observations of the Pu241 beta
pafticles is difficult in Samples of low isotopiC'abundance because of inter-
ference from the intense alpha activity, the conversion electrons and the
Auger electrons accompanying the ‘disintegration of the Pu239. FREEDMAN, WAGNER
AND ENGELKEMEIR7 have studied the electrons of Puzul’in a double lens spectro-
meter and report an endpoint energy of 20.5 kev; their Kurie plot exhibits an
allowed shape down to 14 kev below which instrumental effects distort it. These
workers also detected gamma rayé of 100 and 145 kev energy which they assigned

to Puzulu The 100 kev peak may be K x-rays from the conversion of the 145 kev

gamma ray. The intensity of the 1&5 kev gamma ray is only 2 photons per 106
Puzul beta disintegrations which probably means tﬁe gamma, ray is to be associated
with the alpha branching of Puzul. SHLIAGIN8 reports an endpoint energy of 20.8
kev for the beta particles. 1‘

The alpha branching of Pﬁzul was established'by KDHMAN, SWARTOUT and
SULLIVAN® and by SEABORG, JAMES AND MORGANZ who isolated and characterized
the daughter U237 from plutoniumjproduced at high neutron-irradiation levels.
THOMPSON, STREET, GHIORSO AND REYNOLCDS3 have observed a low-abundance group of

alpha particles.by analysis of ionization chamber pulses with the energy
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4.91£0.03Mev. This group was present in the plutonium samples in the amount
expected for the isotope Puzul. From the alpha particle intensity and the
isotopic abundance the alpha branchlng was calculated to be ~ 0.003 percent and
the alpha half-life ~ 4 x lO5 years. These values are in agreement with the
predictions of alpha systematics. ASAROlO applied the more accurate magnetic
deflection method to samples of plutonium with a higher Puzul content and found
two alpha-particle groups, 4.893 Mev (75 percent) and 4.848 Mev (25 percent) for
Puzhlo His estimate of the alpha branching is 0.005 percent corresponding to
an alphs half-life of 2.7 x lO5 years. These older values for the O-half 1life
of Puzul have been improved by more recent measurements of BROWN, GEORGE, GREEN
AND WATT16 on samples containing 77 percent Puzhlo They reported a value of
(5.72 £ 0.10) x 10° years.

Tvo-groupsl3’lh have calculated the alpha branching by determining the
amount of U237 daughter activity in equilibrium with a plutonium sample of
known Puzul content. Both report a partial alpha half-life of (2.9 # 0.5) x.
105 years.

The nuclear spin of Puznl has been determined to be 5/2 by the para-

magnetic resonance method.ll .
. HORROCKS AND STUDIER15 describe the use of 1iquid scintillation
techniques to measure the Puzul content of plutonium samples. The lower limit

of detection is 1077 grams .
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9.2.12 Plutonium-242. THOMPSON:; STREET, GHIORSO AND REYNOLDSl first
observed the isotope Puzu2 in a mass-spectrographic analysis of neutron-
irradiated plutonium. The PuzlL2 content of this original sample was qpite'
low. In modern high-flux reactors, however, it is rather simple to prepare

Puzhz

of Chapter 5 we note that a Pu

with isotopic purity of 98 percent or higher. For example, in Fig. 5.9
239 sample irradiatedat a flux of 3 x lOlLL
neutrons per cm2 per second for 1.5 years 1s converted to plutonium which is
nearly pure Pu2h2° A typical analy5152 for a plutonium sample irradiated to
a total integrated flux of 1.k x lO22 neutrons per centimeter2 is given in
Table 15,

Another method of preparation of Puth’ the method which historically

was used to provide samples for the first examination of the properties of this

isotope, is based on the conversion -of Amzul to AmZMZm by neutron irradiation;
the reaction sequence is illustrated in Figure 15.. The complete decay schemes
of Amzbrzm and.j\_m?'h2 are discussed later in this chapter. The AmZLEL starting

material is carefully purified from plutonium and then placed in a reactor.

After the irradiation the plutonium is isolated chemically from the americium.

2h2 238

The Pu will be contaminated somewhat with Pu

]
Cm2+2. Samples of Pu242 98 or higher by atom percent are formed when the

formed by the alpha decay of

irradiation time is short (i.e., a few days or less) and the plutonium isolation
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Tgble 15. Isotopic Composition of Plutonium Prepared by Irradiation
of Pure Pu’3? to an Integrated Flux of 1.k x 1022 neutrons/cm‘2

Isotope -Abundance in : Composition by

Mcle Percent Alpha Activity
py?30  0.16+ 0.02 81.9 + 0.3
Puc3? 0.068 + 0.004 |
Py - 0.633 £ 0.006 } >3 %03
.Pu2”l  | 0.308 + 0.006
o242 677 % 0,05 12.8 & 0.2
24k

Pu ‘ 0.052 = 0.00k4

From W. C. Bentley et al., see reference 2.
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242
step is carried out quickly after the irradiation before much of the Cm has
decayed., Larger samples of Pu242 are produced by longer irradiation of Amzul

238

at the exﬁense of increased Pu
BUTLER, LOUNSBURY and MERRITT.S |
THOMPSQN énd,COQWORKERSl first prepared Puzuz by this mechanism and

obtained samples which were 50 percent PuzlL2 and 50 percent Pu238. Alpha-

content. This method is well described by

particle analysis using the ionization chamber method showed the presence of

alpha particles of 4,88 Mev attributable to Puth and in an abundance corres-

pending to a half-life of roughly 5 x lO5 yeers. ASAROlL redetermined the alpha
spectrum in a magnetic spectrograph and found two groups of 4.898 Mev (80
percent) and 4.854 Mev (20 percent). HUMMEL?. checked these energies but
revised the abundances to 74 percent and 26 percent, respectively. Three

accurate determinations of the half-life of Puth have been made: (3.73 x 0.0S)

x 10° years,6 (3.79 £ 0.05) x 10° years,7 and (3.88 + 0.10) x 107 years.

The two alpha groups of Puzl’L2 define an excited state of the U238
daughter lying U5 kev above ground. This state is unquestionably a 2+ state
representing the first state of rotational excitation of the U238 nucleus.
When the alpha decay of PUZAZ is re-examined it probably will be possible to
detect some slight alpha branching to higher-lying levels of the ground-state
rotational band of U238. It is known9 from the Coulombic excitation of U238
with energetic ions of Auo that U238
at bh.7 kev (2+), 148 kev (U4+), 310 kev (6+), 520 kev (8+), 790 kev (10+) and
1100 kev (12+).

The spontaneous fission half-life of Puzu2 as measured by BUTLER,
LOUNSBURY and MERRITT3 on samples of 98.2 percent isotopic purity is (6.64 +

0.10) x lOlO yeras. MECH and CO—WORKERS8 report a value of (7.06 % 0.19) x

levels of rotational excitation are present

lOlO years from measurements on a sample with a similar isotopic purity.
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9.2.13 Platonium—zug. When samples of plEtonium,containing Puzhz
243

are irradiated with slow neutrons, the isotope Pu -, which decays by beta
emission with a 4.98 £ 0,02 hour half-life, is formed. This was first
established by SULLIVAN and CO-WORKERSl and confirmed by THOMPSON and .CO-
WORKERS2 and O'KELIEY.S The cross section for formation of Pu2h3 is 18.6
barns for thermal neutrons.

Determination of the beta-particle energy by absorption curve
techniqpes% gave a rough value of 0.5 Mev while beta-ray spectrometer
measurementsz’3 gave an early value of 0.4 Mev and a later value5 of 0.560
Mev. Gamma rays of 95 and 120 kev were reported by early investigators.2’3
A more detailed study by ENGEILKEMEIR, FIE_LDS,anleUIZENGA5 showed that the
beta spectrum -is .complex. The most energetic group, present in 53 percent
abundance, has an end point energy of 566 kev. No gamma radiation is in
coincidénce'with it. A second beta group in about 35 percent abundance has
an energy of 468 kev and is followed by 85-kev gamma ray. Gamma-gamma
coincidence studies showed that the 85-kev .gamma ray is in éoincidence with
gamma rays of about 92-,107-, and 160-kev energy. The abundance of these
higher energy gamma rays suggests that lower energy beta transitions with
total abundance approximately 12 percent must be present. The total dis-
integration energy appeafs to be 566 kev, the energy of the most energetic

beta-ray group.
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: 2
STEPHENS and ASARO6 have studied the gamma rays of Pu 43

tion spectrometer techniques and have measured conversion electrons in a permanent

by scintilla-

magnet spectrograph. The exact energy of the ~85 kev transition is 83.9 kev
and from the conversion coefficient and the subshell conversion ratios it is
an electrié¢ dipole transition. Another transition with energy 42.2 kev was
found to be electric quadrupole in nature from the subshell conversion co-
efficient ratios. Gamma ray photons of a 340 kev-and a 381.2 kev gamma ray were
observed. Only the K-conversion line of the 381.2 kev transition was seen in
the conversion electron spectrum.
STEPHENS, ASARO and PERLMAN

in terms of the unified nuclear model and have made Nilsson orbital assignments

243

7 243

have interpreted the decay scheme of Pu
to the ground state of Pu218 and to several of the levels of the Am daughter.
These assignments were made on the basis of the incomplete published and
unpublished information on Pu2h3, on the data for the alpha decay of Bkz)+7
to the same daughter nucleus and also to a large part on the systematic trends
in the Nilsson orbitals in neighboring nuclei. These assignments are reviewed
very briefly here and are summarized in the figure. More details are given in
the reference cited.7

States in Amzu3 having spins 5/2, 7/2, and probably 9/Zuseem to receive
3

direct beta population from Puzu3 so that a spin of 7/2 for Pu2 seems most
reasonable. The expected Nilsson orbital is 7/2+ [62&] expressed in the quantum
numbers K, parity EN.nZ/QI. The 84 kev level decays by a prominent El tran-
sition to the ground state and by a very weak El transition to an ~40 kev

level — presumably the first member of the ground state rotational band. Since
the ground state has a measured spin of 5/28 this fixes the spin and parity of
the 84 kev level at 5/2+ or 7/2+. Assignment is made to K = 5/2,in particular to
5/2+ |§h2],because the energy spacing with respect to the ground state, 5/2-
[523] , 1s similar to that seen in neptunium except that the ordering of the
states is reversed. The 465 level decays by a predominantly ML transition to
the 84 kev level and to the band based on the 84 kev level. Thus the parity of
the 465 kev level is even and the spin is probably 7/2 or 9/2, although 5/2 is
also a possibility. The assignment T7/2+ [633] is consistent with these data and
with the proposed 7/2+ spin of Pu2 3; There 1s no other Nilsson level that seems
to be satisfactory for this state. The level at 265 is not seen in the B decay
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Figure 20. Decay scheme of Pu and Bk as interpreted by
Stephens, Asaro and Perlman.
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of Pu2h3. From arguments not given here this level is assigned spin and

parity 3/2- and may be the 3/2- level of the Nilsson state 1/2- [530]. The

decay scheme is shown in the figure. 213
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9.2.1L Plutonium-24k. In the course of an examination of the plutonium
fraction isolated frdm the debris of a Névember; 1952 thermonuclear test
explosion the isotope Puzuh was detected by mass spectrographic methods by
HESS, PYLE, FRIED and II\TGHRAM.l This experiment constituted the discovery of
Pughh. The neutron capture sequence in explosive devices of this type is dis-
cussed in Section 5.4.3 of Chapter 5. Because the entire synthesis takes
place in a very brief period no beta emitting steps occur until after the
initisl reaction so that the usual path of buildup of higher-mass isotopes

2hk

observed in nuclear reactors cannot be followed. It is concluded that Pu

was formed by the suctessive additions of neutrons to U238 until the isotope
UZML was produced; after the explosion the beta decay chain
2L p- 2kl g7 24k
—_— >
short Np short Fu
. . 24k . 24y .
gave rise to the long-lived Pu . The isotope Pu has also been found in

small isotopic abundance by the mass spectrographic analysis of Pu239 samples

which had been irradiated with an integrated flux of L4 x 102l neutrons.2 The

2kh

radistions of Pu could not be studied with this sample because of its long
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half-life and the presence of the other plutonium isotopes. The reaction
sequence leading to the formation of Puzl’LlL is summarized in Fig.21l. It will be
observed that PuzmL is off the main course of the neutron capture sequence and
is formed only by side reactions. The greater part of the yield comes from the
Puzus(n,y)PuZhh side reaction for which the cross section is about 170 barns,
but the contribution of the electron-capture decay of Amzm'L 1s appreciable.
This contribution increases as the irradiation is prolonged and the Amzu3
builds up in the sample. |

239

Table 16. indicates how the Puzuh content builds up in Pu irradiated
at a flux of 3 x 101” nucleons per cmz.

The presence of PuzmL in sﬁch samples.of neutron-irradiated plutonium
has been provens’6 by isolatiOnOthe U240 formed by its alpha decay. Uranium-
240 could be identified by the known radiations of UZAO in eqpilibrium with its
szno daughter. An interfering activity in this "milking" experiment is u?37
which forms from the alpha decay of Puzul present in the plutonium in much

greater abundance. This is taken care of by useidf, sufficient absorber over the

uranium daughter fraction to cut out the weak beta radiation of U237 and UZMO;
while permitting the hard radiations of szuo ".. pass through., Alternatively,
the szno can be chemically isolated.

3

It is possible~ to prepare plutonium samples with a much higher per-
centage of Puzhh by neutron irradiation of Amz43 (see Fig.22).

- By quantitative separation and counting of the UZLFO daughter activity
in equilibrium with a plutonium sample whose Puzuu.content was known from mass
spectrographic analysis the alpha half-life of PuZML has been found by DIAMOND
and BARNESBVto be (706 £ 2) x lO7 years, and by BUTLER and CO-WQRKERS6 to be
(7.5 £ 2) x 107 years. |

Since Pu24h'is an even-even isotope it is expected to have an appre-
clgble half-life for decay by spontaneous fission; this quantity has been
determinead’ ™t as (2.5 + 0.8) x 1070 years.

The cross section of Pu2M+ for éapture of thermal neutrons has been
measured as l.5-¢ 0.3 barns4 and as 2.1 * 0.3 barns.

DIAMOND and BARNES5 iinclude from the limits of error on their measure-

2

ment of the half-life of Pu and from an estimate of its primeval abundance

that PuZML might still be present in barely detectable amounts in the earth's.

crust. They also conclude that Puzlm might have been an important heat source
in the early history of the earth. Later considerations and calculations by
KOHMAN7

compared to other radionuclides.

indicate that the heat contribution by Puzuh was never very significant
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Figure Z1. Reﬁctlon sequence leading to the formation of Pu .
Note that Pu does not lie on the main course of the reaction
sequence shown by dark arrows.
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Puzm*/PuzL*2 Ratios in Irradiated Pu’°.
Data from references 3 and k4
Integrated flux Pu242 abundance Puznh abundance Puzlm/Pu242
in atom percent in atom percent
b x 10°% 3h.1 0.0018 5.28 x 1077
1.1 x 1022 96.33 0.037 3.84 x 107
1.4 x 1022 98.77 0.052 5.26 x 107
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Figure 22. Preparation of PuZhM by neutron irradiation of Am
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WORKERS first reported the existence of a 10.6-hour beta emitter assignable

to PuZhS. This isotope is prepared by neutron irradiation of plutonium targets
containing PuZlm or of other heavy element targets which can be converted to

2 2 2
Pu Bk and Pu b5 by multiple neutron-capture reactions. The radiation of Pu 45

itself were not studied by these authors because of conflicting radiations in

the plutonium fractions. The half-life was measured by repeated isolation of
2

the daughter, 2.08 hour Am "

BUTLER and CO—WORKERS3 confirm the production of Pu
244

, whose radiations are discussed in Section 9.3.10,

245

from plutonium samples

containing Pu
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9.2.16 Plutonium-246. During the course of the examination of the
plutonium fraction isolated from the debris of the November, 1952, thermonuclear
test explosion. the pfeviously-unknown i’sotope-l’uzulL was detected by mass
spectrometric methods,l This stimulated further investigation of the plutonium
fféction for isotopes of higher mass and resulted in the discovery of the
11.2-day isotope, Pu246, by groups of scientists at the Los Alamos Scientific
Laboratory and at the ‘Argonne National Laboratory.2

Examination of the radiétions of the plutonium fraction indicated the
presence of two beta activities, one of approximately 0.15 Mev and the other
of 1.2 Mev energy. By chemical separation procedures it was possible to show
that the more eneréetickbeta-emitter was an isotope of americium with a‘half-
life of 25 * 0.2 minutes. The chemical identification was made certain by
detailed chemical experiments during which the new activity was not separated
from added Amzul,tracer. The 25-minute americium isotope was proved to be the
daughter of the 11.2-day beta emitter. This latter acti&ity was proved to be &
plutonium isotope by exhaustive chemical steps. A

From the known properties of the plutonium isotopes it was certain that
the mass number of the:new:1ll.2-day isotope could not be less than 24k. Several
lines of evidence conclusively ruled out the mass number 244 and made the most
likely assignment, 245 or .246. The mass spectrographic analysis results

3

reported later~ established that the correct mass assignment was 246.

ENGELKEMEIR and CO-WORKERS2 reported that Eu§”6 emits gamma rays of
‘ 246
a

43, 111, 175 and 224 kev energy. The gamma rays of the 25-minute Am re
also emitted by a sample of PuzLL6 because the daughter activity quickly comes
to equilibrium with the parent. h

HOFFMAN and BROWNEM, énd SMITH and CO-WORKERS

of Pu2u6 using scintillation spectrometers and gamma-gamma and beta-gamma

p)

restudied the radiations

coincidence spectrometers., They report complexity in the beta spectrum with T3
perceﬁt of the disintegraﬁions going by means of a lSO-kev beta transition to

a 249-kev level in.Am2u6; This level is deacti?ated mainly through a 175 kev -
47 kev - 27 kev gamma ray'cascade, although alternate gamma ray sequences are
also detected. This leads to a totsl disintegration'ehergy of 400 i’jO kev,

In 27 percent of the transitions the beta ray energy is 330 kev. There may be
higher energy beta particles in low abundance. Evidence for gamma rays of 100

5 246

kev and 225 kev was also found. No decay scheme has been formulated for Pu .

HOFFMAN AND BROWNE)+ report the value 10.85 * 0.02 days for the half life.
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3 9.3 THECELEMENT: AMERICIUM (ELEMENT 95)

9.3.1_ The Discovery of Americium. The element americium was discovered
in experiments ¢onducted late in 1944 and early in 1945 at the Wartime

Metallurgical Laboratory (now Argonne National Laboratory) of the University
of Chicago by SEABORG, JAMES, MORGAN, and GHIORSO.l’2 The discovery of element
95 followed shortly after the discovery of curium (elementr96). .These in-
vestigators found that a long-livéd, aiéha—emitting iéotope could be separated
chemically from plutonium which had received exten51ve irradiation with neutrons.
From the known flux and time of 1rradlat10n and the predlcted propertles of

39 and Puzu it was clear that the reaction sequence respon51ble for the
results was the following:

2 240 1
23 (0, )20, )P s 52

>
long

The plutonium was purified répeatedly and the growth of theinew alpha emitter
into the purified plutonium was clearly established. Later irradiation of
samples of the supposed 95241 with neutrons resulted in the production of the
known isotope szu2 .

Further proof of the mass assignment came from helium ion bombardments
of Uz(38 targets. . A beta-emitting plutonium isotope of long half-l1ife was pro-
duced with a yield which varied in a manner characteristic of an (a,n) reaction
as the energy of the helium ions striking the target was changed.

U238(a,n)Pu2ul §Ong> 952u1

Numerous chemical experiments were carried out to determine the proper-
ties of the new long-lived alpha-emitter assigned to 9521*l and to provide the
necessary proof that this activity could be separated chemically from all known
elements. The chemical properties in agueous solution were found to be those
of a tripositive ion and in almost every particular to be very similar to those
of lanthanide element ions. Indeed, considerable time elapsed before a com-
pletely satisfactory method for the separation of elements 95 and 96 from each
other and from the rare earth elements was developed. Vigorous attempts to
convert 952hl to a lower or a higher oxidation state were unsuccessful although

many years later 1t was found that it could be converted to the oxidation states
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V and VI under suitable conditions. This oxidation is easier to perform with
macro quantities of the element but it can be done with tracer quantities.

v .The similarity of elements 95 and 96 to the rare-earth elements pro-
vided the first substantial_clue that the new transition series of elements in
the heavy element region should‘be considered to be an actinide series of

3

eleménts. Indeed it was the adoption of this view.as a working hypothesis
phat lead directly to the identification of sz_u2 andvl-\.mzul after a number of
fruitless experiments had been carried out under thé assumptién that elements
95 and 96 would resemble neptunium and plutonium in being readily oxidized to
the (VI) oxidation state. A 1

Element 95 was named americium (symbol Am) after the Americas on the
basis of its position as the sixth member of an actinide rare-earth series,
analogous to europium of the lanthanide rare earths.. ‘

Americium was first isolated in the form of a pure compound by
CUNNINGHAMM who carried out the first measurement of the half-life by direct
measurement of specific activity. This work was done with only a few micro-
grams of material. From the weight of this sample and from its alpha
counting rate a half-life of 498 years was determined, which is very cleose to
the modern value of 458 years. Since then americium in the form of 458 year
Amzul has been produced in .gram quantities from reactor prbduced plutonium.
The many studies of the chemistry of the element which have been performed

5.6

with this isotope are described elsewhere.

13

5 , :
The specific activity of Am hl is 7 x 10 disintegrations per minute
per gram so that the study of the chemistry of americium is severely hindered
by the remarkable chemical effects caused by the intense alpha radiations.

The isotope Am?LL3

with a half-life of 7930 years is more suitable for chemical
studies and is certain to come into more widespread use as milligram and larger
quantities become more generally available.
The nuclear properties of the individual isotopes of americium are
described in the following pages of this chapter.
REFERENCES

1. G. T. Seaborg, R. A. Jemes, L. O. Morgan, Paper No. 22.1, "The Transuranium

Elements," National Nuclear Energy Series, Division IV, Volume 14B, McGraw-

Hill Book Co., New York, 19L9.



-131- UCRL-9148

2. A. Ghiorso, R. A. James, L. O. Morgan and G. T. Seaborg, Phys. Rev. 78,
472 (1950). : | : . L ;
3. G. T. Seaborg, Chem. Eng.:News, 23, 2192 (1945); G. T. Seaborg, Metallurgi-
cal Laboratory Memorandum MUC-GTS-858, July 17; 194k, reproduced as -an
appeﬁdix in Paper 21.1, page 1517, leume 14B of National Nuclear Energy

Series, "The Transuranium Elements," edited by Seaborg, Katz and Manning,
McGraw-Hill ﬁook_Co.; New York, 1949. g \

k. B.SB.:Cunningham, Paper No. 19.2, "The‘Transuranium Elements," National
Nuclear Energy Series, Division IV, Volume 14B, McGraw-Hill Book Co., Inc.,
New York, 1949.

5. E. K. Hyde and G. T. Seaborg, "The Transuranium Elements" in Volume k2,
Handbuch der Physik, Sprihger—Verlag,'Berlin, 1957.

6. J. J. Katz and G. T. Seaborg, "The Chemistry of the Actinide Elements,"
Methuen and Co., Ltd., 1957, John Wiley and Sons, New York (1957)

7. R. A.'Penneman and T. Keenan, The Radiochemistry of Americium and Curium,

Nuclear Science.Series Report, NAS-NS=3006 (1960). National Academy of Sciences,

' 9,3.2 Americium-Ziz. HIGGINSl found evidence for a 1.3 hour isotope

am?37 formea with 30 to 50 Mev deuterons by the reactioh_Pu239(d,hn)Am237.
It'deCays chiefly by electron capture, but it also emits 6.01 Mev alpha
particles to the extent of about 0.005 percent. This isotope has not been
carefully studied.
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9.3.3_ Americium-238. STREET, GHIORSO and SEABORG™ found that the bom-

bardmenf of Pu239 with 50-Mev deuterons results in the production of an
239

americium activity of about 1.2-hour half-life in addition to l2-hour Am
and 50-hour AmZMO. Later work by HIGGINSZ suggested that this activity was
mixed with Am‘3! and that the half-life of Am’3C is actually about 2.1 hours.

CARR, GLASS, GIBSON and COBBLE> report a half-life value of 1.86 * 0.09 hours.

Reactions by which Am238 is prepared include:
pyp?3? (d,3n) Am238
238

Peak yields are listed for these reactions in Table 5.5, Chapter 5.

The principal mode of decay of Am238

is orbital electron capture for
which ~2.24 Mev of decay energy is available. An upper limit of 3 x lO_u% has
been set on the alpha branching.2 CARR, GLASS, aﬁd;GIBsomsghavng PR

238

studied the gamma rays of Am with scintillation spectrometers by use of gamma-
gamma coincidence technigues. They observed gamma rays with energies 370,
580, 950, 980 and 1350 kev. There is a 580-370-980 cascade, a 580-1350 cascade
and a 950-980 cascade. These results define the decay scheme shown in the
figure. Electron capture proceeds mainly to the Pu238 levels at 980 and 1930
but a few percent of the transitions may lead to other high-lying levels.

A striking feature of this decay scheme compared to the decay of

238 238 below 900 kev

Np
appear to be reached directly or indirectly. A great desl of information on
the levels of Pu238 is available from the beta decay of Np238 (Section 9.1.11)
and the alpha decay of szhz (Section 9.4.6).

38

is that none of the several known excited levels of Pu
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Figure 23. - Preliminary decay scheme of Am238, as formulated by Glass,
Carr and Gibson. Gamma-ray intensities and electron capture vranching
intensities are based on the assumption that one K X~ray is emitted per
disintegration. Seven percent of the transitions are unaccounted for
because of errors in the data or in the above assgmptlou or b cause of
unobserved branching to a low-lying state OL_Pu The Pu@3 ievels
on the left are those populated from Np23 p decay or from Cme

a~decay. The exact alignment of these levels with those seen in the
decay of Am 38 is not certain due to uncertainties in gamma-ray energies

and in the precise levels near the ground state populated by the high
energy gamua-rays.
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%34 Americium-232' The 1l2-hour radioactivity Am239 was first pre-
pared by SEABORG; JAMES and.MORGANl by the following reactions:
pu®3? (d,2n) Am32
w37 (a,2n) am®37.
The Am239 so prepared is not pure because it is contaminated with 53 hourﬁAmzuo.
Other reactions which have been used for the preparation are:2
Pu239 (p,n) Am239
Pu239 (¢, p3n) Am239'
Some cross sections for these reactions are listed in Table 5.5 of Chapter 5.
This isotope decays almost entirely by orbital electron capture although

3

an alpha branching of 0.003 percent was reported by HIGGINS.~ ' This was .confirmed
by GLASS, CARR AND GTBSON™C who redetermined the branching as (5.0 * 1.0) x 1073
correspoiding to a partial alpha half-life of 28 £ 5 years. The alpha particle

energy has been reported as 5.78 Mevu and as 5.77'Mevlo. STEPHENS AND CO-WORKERS
found the alpha particles of Am239 to be in coincidence with a 48 kev El transition
2h1 and Am2u3‘

This similarity is shown in Fig. 24 The presence of low-1lying states of oppos-

5,7

indicating that the alpha decay of Am239 is similar to that of Am

ite parity from that of the ground state is an interesting feature of the daught-
235

er neptunium isotopes in these three cases. The nuclear states of Np and of
Am239 have been assigned to specific quantum states of single particle motion by
STEPHENS, ASARO AND PERLMAN? The assignments are based on the great similarities
of the decay of Amziiltg/égzul for which Nilsson state assignments have been
made on a variety of Eirgjevidence, These Nilsson assignments are given in the
figure, In all probability the alpha spectrum ovam239 is complex but a detailed
study is made difficult by the low alpha branching and short half-life of the
isotope.r_ _ |

Americium~-239 is the daughter product of the isotope, 2.5-hour Cm239,
and can be prepared in small quantities free of contaminating,Amzuo activity

239 240

by isolation of americium from a curium sample containing Cm -7, since the Cm
shows no observable deqay by orbital electron capture to AmZhO.

The radiations of Am239 include K and L x—rays'and a number of gamma
ray photons and conversion electrons. SMITH, GIBSON and HOLLANDER6 have made
precision measurements of the conversion electrons with permanent magnet spec-
trographs and have discussed the decay scheme of Am239. GLASS, CARR AND GIBSONlo
used scintillation spectrometers to measure the gamma rays singly and in coinci-
dence. The electron capture decay of Am239 proceeds to a number of the same

239

excited levels of Pu
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239 241 243
A ss2- [523) S s/2- [523]. A2 572523
' L%
159 Key ———# 173 Kev
’ - 13.6% 15%
103 842/% 18 8%
021% 0.16%
—Fs2-[523] 60 /5/2-[523] 74
48 Kev . 33 :
0% 5/2 [64d o 32 > 7
Np235 +l ) 5/2 + [642)
Np237 0 s/2 +[642]
MU-21282
Figure 2. Comparison of the decay schemes of Am2)+3, Amzul and Am239.

Some Nilsson state assignments are given. Quantum numbers of these
states are K, parity L n, A, '



that are reached in the beta decay of Np
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243

239 and the alpha decay of Cm .

This is shown clearly in Fig. 8 in Section 9.1.11. The interpretation of

the level scheme of Pu

with the radiations of Np

239-

is discussed earlier in this chapter 1n connection

239

The gamma rays of Am 239 are listed in the table, The placement of

these gamma rays in the decay scheme is shown in Fig. 8 accompanying the

description of Np239 in section 9.1.11. _HOLLANDER8 has discussed the opera-

tion of selection rules in the asymptotic quantum numbers as they affect the

electron capture decay of Am

10,

239,

REFERENCES
G. T. Seaborg, R. A. James, and L. O. Morgan, Paper No. 22.1, 'The
Transuranium Elements,"” National Nuclear Energy Series, Division IV,
Volume 14B, McGraw-Hill Book Co., Inc., New York, 1949,
K. Street, Jr., A. Ghiorso, and G. T. Seaborg, Phys. Rev, 79, 530 (1950)
G. H., Higgins, Ph.D. Thesis, University of California, June, 1952; also
published as University of California Radiation Laboratory Report,
UCRL-1796, June, 1952,
W. M. Gibson, private communication, 1956.
F. S. Stephens, Jr., Ph.D., Thesis, University of California, June, 1955;
also published as University of California Radiation Laboratory Report,
UCRL-2970, June, 1955. '
W. G, Smith, W. M., Gibson, and J. M, Hollander, Phys. Rev. lOS, 151k (1957 .
F. Asaro, F. S. Stephens, Jr., W. M. Gibson, R. A. Glass, and I. Perlman,
Phys. Rev. 100, 151k (1955).
J. M. Hollander, Phys. Rev., 105, 1518 (1957).
F. S. Stephens, Jr., F. Asaro, and I. Perlman, Phys. Rev. 113, 212 (1959).
R. A, Glass, R. J. Carr, and W. M. Gibson, -J. Inorg. Nucl. Chem. 13, 181
(1960). '



-137- UCRL-9148

Table 17. Gamma Rays of Am239 from Conversion
.Electron Data

Energy (kev) Multibole order
Ll T70. . ML+ E2
e Rl . ML+ .E2
57.31 E2
67.91 E2

181.8 ML

209.9 ML

226.5 ] ML

228.3 ML

277.6 ML

*
See SMITH, GIBSON and HOLLANDER, reference 6.
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9.3.5 Americium-240. The 53-hour isotope Amzho was first produced by
239 237 1,3

deuteron bombardment of Pu and helium ion bombardment of Np

Pu239 (d,n) AmELLO

240
Np237 (at,n) Am
It may also be produced by the reaction:l’2
py?3? (a,p2n) Amzuo.
240 : . . 239
The Am prepared in these ways is contaminated with 1l2-hour Am .
. The main mode of decay of Amzuo is orbital electron capture. Alpha

decay is energetically possible but has not been observed; an upper limit of
0.2 percent has been set.2 This is consistent with an estimated partial alpha
half-1ife of'lO3 years. The AmzuO is believed to be stable with respect to
B- decay to the extent of a few kilovolts. Because of the uncertainty regard-
ing this, CARR6’Kas searched for the szuo product of a possible beta
transition in Amzuo and has set an upper limit of 6 x l0_6 for the ﬁ_
branching; this corfesponds-to a lover limit of 1 x lO5 years for the beta
half-life. '

The radiations of AmZhO consist of x-rays, gamma rays and conversion
electrons. The gamma transitions are of interest since they delineate the
excited levels of the even-even nucleus PuZhO. The results can be compared

. 2 -
to the level system deduced from the alpha decay of Cm bk and the B decay of

L
szuo. (See Sections 9.4.8 and 9.1.12). SMITH, GIBSON'and HOLLANDER
reported measurements on the L+ —> 2+ —> 0+ ground state gamma ray cascade
. 240 X 240
in Pu following electron capture of Am . They saw LII’ LIII’ MII’ MIII’

N and O electrons corresponding to a 42.87-kev transition (the 2+ —> O+

transition) and L Lipps Mpp» Mppps N and O electroms from a 98.90 = 0.2 kev

11’
transition (the 4+ to 2+ transition). Both transitions are E2. The levels of

240
Pu deduced from this information are a 2+ first excited state at 42.88 kev
and a 4+ second excited state at 141.8 kev. These are members of a rotational

band of levels based on the O+ ground state. The constant hz/z 3 for the
. CARR_AND GIB3ON 5,7
rotational spacing is 7.16 kev. GLASS /hawafound addltlonal gamma rays of

0.90, 1.00 and 1.40 Mev by scintillation® spectrometer studies. These are

similar to gamma rays seen in the beta decay of szuo to the same daughter

240
nucleus Pu24 . These gamma rays are believed to de-excite levels of Pu at
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0.900, 1.003 and 1.40 Mev populated directly by eiectron capture.. It is a
striking feature of the decay of Amzho'that all or nearly all of the tran-
sitions proceed to levels lying above 900 kev even though many lower-lying
levels of the ground state rotational band covéring a wide range of spins are

238

available. 1In this respect Amzno'resembles Am”~
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9,3.6 Americium-241., This isotope was flrstl produced by the reaction

2L0 241 B~ Pu!
(n,7) Pu TS year > B

sequence: put3? (n,v) Pu

and this remains the best method for its preparation. In some laboratories a
sample of plutonium which has teen strongly irradiated with neutrons is set up
as & source or "Cow". The Amzul which builds up in this source is periodically
removed by some simple chemical operation and the plutonium is set aside to pro-

2kl
duce moxre amex1cLum°5 Plutonium sources containing several percent Pu can

2h1

be made by neutron irradiation of Pu 39a The Am can also be isolated from
the reactor fuel elements during chemical processing but this, for many reasons,
is a more troublesome way to obtain large samples of this isotope. The amount
of Am *+L fofmed in a sample of plutonium contéining one gram of Puzhl is shown
in Fig, 25 ag a function of Fhe growth time.

The half-life of Am241 was determined originally by CUNNINGHAM2 as 510
yvears. HALL AND MARKIN3 have revised this value to 458.1 * C.5 years on the
basis of cenztul devemlnetions of the operlfic alpa seivily ot somRans
Am (SOM> arid Amnl /X/JALLI\/LM\T“T GRAF AND GODA check this closely with avalue of
4577+ 1, 8 obtalned ogﬁipe01fle activity measurements on a welghed sample of pure

americium metal, Am 1s stable with respect to orbital electron capture or

beta decay and decays entirely by the emission of alpha particles.
241

The Alpha Spectrum of Am . The complex alpha particle spectrum of
2L
Am H1 has been measured carefully by the magnetic deflection technique by three
659,10

groups of experimentalists. The closely agreeing results are summarized

in Teble 18,

These slpha data define geveral excited levels in the daughter nucleus

237

Np and assist in the placement of the observed gamms rays in a decay scheme.

Additional assistance in this task is obtained from s study of the B decay of
a 237 {see section 8.4,10) and the decay of Pu237 by orbital electron capture

(see section 902000)), both of which lead to the same sz 37 daughter nucleus.

237

In addition, the gamma rays observed in the Coulombic excitation of Np have

been of great help in the interpretation of the decay scheme. Figs. 26 and 27
237

summarize the level scheme of Np as deduced from these four distinetly dif-

ferent studles., The work of many experimentalists on the gamma radiations of

241

Am are sumrarized in the decay schemes and in the following paragraphs. All

the cbserved low-1lying levels of Np 237

are neatly explained as consisting of
rotational bands of levels based on four states of intrinsic excitation. The

" discussion of the decay scheme will be reserved until some of the more important
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Figure 25. The number of milligrams of Amzul
of plutonium containing one gram of %3-year Pu
time since last removal of americium,

Eroduced in a sample
24l g5 a function of



uz3'(6.7d) - Am2%(470Y)

(1/2-) (501) or 5/2-(523) 5628 kev
(1/2+) (631) 7 PER CENT
TYV_‘\ " 512 kev ABUNDANCE
\‘~9e~4 0.002
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Figure 26. Alpha decay scheme of Amzul beta decay scheme of 237
and electron capture decay scheme of Puzé7 to the common daughter
nucleus Np237. Also shown is the coulombic excitation scheme. The
vertical arrows in each scheme are drawn only for experimentally
observed transitions. Proposed assignments of the asympltotic quantum
numbers (N, nz,-Aé K) are given as well as spins and parities. The
decay scheme of U is displayed in somewhat more detail in 8.27 of

chapter 8.
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Figure 27. Level scheme of Np237 as drawn by Hollander, Rasmussen,

Albridge and Smith,



TABLE 18: -Alpha Particle Groups of An”

41

ASARO, REYNOLDS AND PERLMAN’

GOILDIN, NOVIKOVA.AND TRETYAKOVlO

ROSENBLUM, (VALADARES AND

MILSTED

Alpha particle  Relative Excited ‘Alpha Relative Excited
energy (Mev) abundance state particle abundance Ztate Alpha parti- Relative
) energy energy (%) energy cle energy abusidance
(Mev) (Mev) (). -
5535 0.42 0 5.5k1 0.39 0 5453k 0.35
5.503 0.2k 33 5,508 0.2k 33.1 5.500 0.23
5.476 84.3 59.6 5.482 85.0 59.8 5.4TT 85.1
5.433 13.6 103 5.439 -12.8 103.2 5.435 12.6
5.379 1.k 158.6 5.386 1.66 157.2 5.378 1.74
-— - -—- 5.321 0.015 224 5.311 0.013
5.27% 0.00k 267. 4 - - —
-—— -—= -—— 5.241 0.002 305

¥ Not directly observed - deduced from O - Yy coincidence.

-‘[1('[‘—

Q%16 -ToN
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'

experimental data on the gamma transitions are summarized.

2 ;
The Gamma Transitions of Am %l, The low energy gamma rays have been stud-

ied carefully several times with a bent crystal spectrometer, an instrument which
permits measurement of photon energles with great precisionnll’l2 The results of
DAY12 are given in Table 19. The conversion electrons of these same transitions
have been studied by several groups. The precise measurements of BARANOV AND
SHLYAGINl4 with a double-focusing spectrometer as well as the precise measure-
ments of HOLLANDER, SMITH AND RASMUSSEN16 and of ROSENBLUM, VALADARES AND MIL-
STED‘6'made with permanent magnet spectrographs are summarized in the same table.

[~y
ther pertinent references are listed in the bibliographyél3’lJ

The proportional
counter measurements of BELING, NEWTON. ARD ROSE17'were also important in deter-
mining photon energies and abundances. In particuiar, the absclute abundance of -
the 59.57<kev gamma ray was determined by them to be Oohovi 0,015 photons per

alpha. This measurement is important because this transition is the most promi-
nent gamma ray in the decay of Amznl and Beeause the 59057=kév gamma ray is & widely
used standard in nuclear spectroscopy for calibrafing the energy scale and effi-
ciency (or geometry) of counting equipment. MAGNUSSON22 remeasured this quanti-

ty and got the slightly lower value of 0.359 photons per alpha.

6,11,16

The discussion in several published articles may be consulted for

detailed arguments leading to the following multipolarity'assignmehts for these
low energy gamme rays: 26.28 kev (E1), 33.2 kev ( M1 + E2), 43.h kev (E2 + ML),
59.57 kev (E1l) and 99.0 kev (E2).

L x-rays of neptunium are produced in considerable abundance as a result
of the emission of conversion electrons in the decay of Amzal, The accurate
measurements of DAY12 made on & bent-crystal spectrometer are presented in Table
20, When instruments of lesser resolution such as the proportional counter spec-
trometer are used,only the mdre abundant groups appear. The measurements of
BELING, NEWION AND ROSE17'and of’MAGNUSSOsz on the Np%x, NpLB and NPLT groups

of x-rays are summarized in Table 20. Scintillation spectrometer measurements of

high enex amms;, rays are 2 listed in Table 21,
= %h%yD%cay'Sch%me of Am?nl° We are now in a position to discuss the decay o

21

scheme of Figs. 26 and 27. We follow the discussion of PERIMAN AND RASMUSSEN
and others and interpret the decay scheme in terms of the Bohr-Mottelson unified
model. The levels at 33.20 and T76.4 kev constitute a series of rotational levels
based oq;the 5/2+ ground state. In the thecry of Bohr and Mottelson the coupling
of single particle motions and collective motions in a region of strong interac-
tion leads to a limiting equation representing the energies of rotational levels

in odd A nuclei (valid except for K =. = 1/2) which is



b1

2 .
TABLE 19: Gamma Transitions of Am (Low Energy Region)

Efiérgy ~ Cauchois Bent-Crystal

1" "o Conversion Electron Measurements Proportional
Best. Spectrometer Results . . _ Counter Results
Value (Reference 12) | " A o
© o Energy  Photon. Transition  Conversion Electrons seen Transition  Ener- Phpton  Ref.
(kev)  Relative Energy v Type Ref. gy Intensi-
Intensity ty per
i . e . . . alpha
— .
, 26.363%0.01k 8.2 26.38 P — B — El 1k
26.36 26.36 ‘ M 16 26.3 0.028 17
26.34 L1111 | N, ) El 6 26.4 10.025 22
"
33.20  33.19940.021 0.5 33.22 bLI T 1t Moo N MI+E2 14
33:-20 Ly opp oo Yo7 Yoo 26
N1 1 v 1 1
33-% Ly o1popr Mpopr e Mr Or MI+E2 6
+ .
43.46  L43.463%+0.085 0.6 43,43 L7711 M1 o1 1T Ot O 7 E2+M1 14 k3.4  0,00073 22
4¥3.20 Ly pyorrr Mpoor 1T
N 11 1oz O1 1T TID _ 16
¥3.3% Ly rporrr Mprr Moor Or MI+EZ 6
5?’52 brop Yooy 14
55-56 beopr oo Moo o1on 16
55.46 Lo My IT III M1+E2 6
+ b.l °
59.57 59.568%0.017 100 59.62 I —_— 0.9E1 14 59.7 0.40 17
LIM2
DT - . ,
95T LpqrrmMirrrrvy El 16  59.6 0.359 22
Yot wvv o B

59. 5k Lt 17 177 Mrorotor v MroriOr 1 B 6
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TABLE 19: GCamma Transitions of Alel-l (Low Energy Region) (cont'd) '

98.9

$99.80 L1 oo Mo 1ome ' 1k
99.0 Lt 111
98.85 it rrr Mrr 1o Mororom El 6
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TABLE 20: Sumnmary Offthe'inteﬁsifies”of the Np L x-rays and gamma rays

(As published by L. B. Magnusson)

'Groﬁp Line o Energya’i kev Relative Intensityb ' Absolute
' Begt Crystal spgcto _ Proportionaléspeét. . Intensityg

Day Day Beling et al. Present™" photon/alpha

L : - 11.89 0.83 1.32 e 2.2, 0,008 0,008
oy 13.78 1.89 2.61 - | ' 0.013

oy 13.96 - 17,2 2.4 ' 0.119
1 - 15.88 0.39 0.49 0.0024

%x- ’ , 19.5 27.5 k2.0 37.5 0.135

E 15.88 0.39 0.49 | 0.0018
Be 16,1k 0.38 0.50 0.0018

B, 16.86 4,60 6.03 0.022

B . 17.08 3.04 3.90 0.015

65 - 17.52 0.7h 0,99 | ‘ 0.0037

B, 17.76 - 26.1 34.2 _ ‘ 0.127

5; - 18.00 2.41 3.17 0.012
1 20.12 0.11 0.15 ' ' ' 0.0006

2’5 |
’ Ly 37.8 49.5 66.0 51,2 0.184

% Y 20.12 0.10 0.13 | . - 0.0005

T 20.80 6.42 7.92 0.031

Ty 21.11 0.71 0.86 ‘ 0.0033

Ty 21.34 0.81 0.96 ' '0.0037
Te 21.48 1.73 2,01 0.0078

T, 22.20 0.78 0.92 : 0.0036

-G~
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TABLE 20: Summary of the intensities of the N;)L X-Tgys

and Bamma Yays (cont'd)
Group Line Energya’lkev Relative I'ntensi’cyb Absolute
Bent Crystal spgct Proportional spect. Intensityg
Day® Day Beling et al.  Present photon/alpha
LY 10.6 12.8 17.7 13.8 0.050
26.36 5.93 T.5 T.5 7.0 0.025
33.20 0.40 0.40 eoa ve p 0.0011
43.46 0.22 0.26 coo 0,20 0.0007
59,56 100 n 100 100 S100 n 0.359
99.0 0.10 cee 0.064h 0.00023
103.0 0.053 0.00019
a. P.PR. Day, Phys. Rev. 97, 689 (1955).
b. Photons per 100 59.6-kev photons.

Relat1X' ;ntens1t1es of reference a recalculated by Day with the topaz reflectivity dependence equal
to 1/E.°

Relative intensites of column 4 recalculated with mass absorption coefficients for the sample self-
absorption extrapolated from the data in Phys. Rev. 24, 1 (1924), 27, 266 (1926), 28, 907 (1926),
and 43, 527 (1933).

Beling, Newton and Rose, Phys. Rev. §§, 797 (1952).

The preliminary intensites for the L x-ray groups were normalized to the absolute intensities of
0.376 L x-ray/ o and 0.359 59.6-kev gamma-ray/a determined by Nal crystal spectrometry.

The relative group intensities of column 7 were distributed by the relative line intensities w1th1n each
group as given by column 5 and normalized to give the absolute total of oR 376 L x—rayﬂx.

These values were meapured by scintillation spectrometry.

Better values of theenergies of the neptunium L x~rays were later measured by J. J. Merrill by flhor-
escent excitation of x-rays in a sample of neptunium and the measurement of these X-rays in a care=-
fully calibrated 2-crystal spectrometer., See Ph.D. thesis, Calif. Inst. of Technology (1960) .

-gnt-
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TABIE 21. .Gamma Transitions of Amzul (High Energy Region)
Energy Relative Abundance Reference
99 2.3 x 10'” . | 22
103 1.9 x 107" "
113" 3.3 x 1077 | 12
130 5.3 X 1077 "
159 bb x 1070 !
210 : 8.4 x 1070 !
270 1.1x10° - )
328 3.0 x 10'6 "
370 1.7 x 1076 "

22, L. Magnusson, Phys. Rev. 107, 161 (1957).
12. P. Day, Phys. Rev. 97, 689 (1955).
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. h2
E, = = I(1+1) - Io(;o+l) | |
where = moment of inertia, I ='spin,‘Io =. spin of base level. The ground

state rotational band comprising the Three levels mentioned-has-a spacing con-
5 .

stant h / 2 of 4,75 kev. The effective moment of inertia is by far the

largest one known for a rotational band. The value of h2/2 is more than 20

percent less than the corresponding value for the band based on the 59.6 kev

level in the same nucleus. The 76.k4-kev 9/2+ level is not cobserved in the al-

5 .
pha decay of Am b1 or the beta decay of U237,'but it was revealed by the cou-

lombic excitation results of NEWION™’, His excitation of the 3320 and T76.4

237

kev levels by bombardment of Np with low energy helium ions makes certain

the collective nature of these levels. The base level, i.e. the ground state

of Np237

is given the Nilsson orbital assignment 5/2'+ 642‘where the numbers
in braibkets refer to the asymptotic quantum numbers mNni}.

The level at 59.57 kev which is so prominently observed in the decay of
Amzul, being involved in more than 99 percent of the transitions, 1is the base
state of a second rotational band of levels. The associated levels, which are
labeled with the letter B in Fig. 26 are 59.57 kev (5/2-), 103 kev (7/2-), and
158.5 kev (9/2-). This level spacing corresponds to avalue of 6.21 kev for
the '‘spacing constant. The next higher levels in this rotational band would be
expected to be 225 kev (11/2-) and 305 kev (13/2-). Alpha particle groups
corresponding to such levels were found by GOLDIN, NOVIKOVA AND TRETYAKOVlO
as listed in Table 19 and intérpreted as the higher membersvof this rotational
band. The Nilsson assignment: for this band is 5/2- 523 .

It is noteworthy that Amznl, with a ground state spin 5/2, is so highly

237

hindered in alpha decay to the ground state rotational band of Np whose
ground state spin is 5/2, while, on the bther hand, alpha decay to the family
of levels based on the 5/2 state at 59.57 kev accounts for the great majority
of the transitions. RASMUSSENZO interpreted this as meaning that the wave
function of the odd-proton (Nilsson eigenstate) in Amzll'l is the same as that for
the 59.57 kev gtate in Np237 but distinetly different from the ground state of
Np237. Specifically, the 59,57 kev state in Np237tand the éround state of Am241
are both given the Nilsson assignment 5/2- 523 .

BOHR, FROMAN AND MZOTTELSON23 have found this to be a general phenomenon
in the alpha decay of odd mass nuclei and have developed a theory showing why
certain alpha transitions are favored while others are hindered. These matters

are ~dlscussed further in Chapter 3.
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The 59.37 kev level in Np237 took on special significance with the
8

discovery by BELING, NEWTON ANDROSE17 that it had a half-life of 603 x 1077 ool

5

seconds, a value which ig ~4 x 10” longer than that expected through the use

of the Weisgkopf single-proton formuta for estimating the lifetimes of El

transitions. It has been suggested that this retardation is caused by the vio~-

AR
occurrence of highly retarded El transitions for heavy element nuclei is dis-

lation of a selection mule in the asymptotic quantum number n The general
cussed in Section 3.5.7 of Chapter 3.
In ‘addition to its unexpectedly long-half-life the 59.37 kev (and the

237

26.4 kev) transition in Np is anomalous in another respect. The L-shell

conversion coefficients do not agree with the theoretical conversion coeffi-

cients as given by ROSE30

or by SLIV AND BAND?’]‘° The disagreement is in a
direction which cannot be removed by postulating some suitable admixture of
other multipole types. ASARO, STEPHENS:; HOLLANDER AND PERLMAN8 have criti-
cally examined the data on 13 such anomalous El transitions in the region of
heavy element deformed nuclei, Their summary of the transitions appearing
in the decay of Amgul is presented in Table 22,

KROHN, NOVEY, AND RABOY28 measured the gyromagnetic ratio of the
59.57 kev level as *0,8 * 0.2 by the attenuation of the alpha-gamma angular

correlation in an applied magnetic field. The magnetic moment of the state

- is #2.0 t 0.5 nuclear magnetons.

41

The ground state spin of Am2 has been proved to be 5/2 from a

2k, 25,33

study of atomic spectra. This assignment is fully confirmed by atomic

beam experiments,34 The decay scheme is also strengthened by the determina-
tion of the ground state spin of Np237

. 2 .
and paramagnetic resonance studies. 7 MANNING, FRED AND TOMKINS33 report a

2
as 5/2 by atomic spectrum analysis

quadrupole moment of +4.9 barnscand:g dipole moment of +1.4 nuclear magnetons.

The half 1life of_Am211Ll for spontaneous fission has been found by

MTKHEEV, SKOBELEV, DRYIN AND FLEROV29 to be 2 x 101& years.

LA
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TABLE 22: Summary of %é?hell El Conversion Data for the "Anomalous" ‘Transi-
tions in Np .

EZ?Z??EZV) a(Ly) - °‘<Lg;;%)_ a(lyrg) @ (Tpopey)
59.57 Experimental 0.224#0,02  0.46£0.05  0.1240.03  0.80%0.08
Theory -Rose 0.11 0.10 0.125 0.34
Theory ~Sliv 0.13 0.12. 0.13 0.38
and Band ,

26.4 Experimental 2.0 3.9 1.2 | 7.1

~ Theory - Rose 0.22 0.55 1.25 2.0

Theory - Sliv 0.55 1.1 a.h 3.1

‘and Band
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9.3.7 The Isomers of Am2 When Amzul is irradiated with slow

neutrons two isomeric forms of AmZh2 are produced independently. The first to
 be discovered was a 16-hour B~ -emitter (MANNING AND ASPREYl) whose half-life

was later determined more precisély as 16.01%0.02 hours.3 Experiments by SEA-

BORG, JAMES AND MORGAN2 showed that a long-lived form of Amzll'2 was also pro-

duced. This isomer was identified by the isolation of its radioactive decay

products (szbf2 and Np238

) and by mass spectrographicvanalysis.z’u The half-
life was given as ~lOO-yearsu, later determined more precisely as 1527 years,12
The B~ and conversion electron spectra associated with both isomers

’,(5; T 8: ll)

have been investigated and the puzzling conclusion was -reached that

both had almost identical decay schemes involvipgg transitions to the O+ and 2+
states of szkz° The ratio of B~ emission/electron capture also appeared.to be
similar. This, of'course,‘is out of keeping with their existence as isomers. '
On the basis of a small differénce in the 6f-spectra and points the 16-hour
isomer was taken to be the metastable state,

This unsatisfactory situation was cleared up by ASARO, PERLMAN, RAS-
‘MUSSEN AND '_[‘HOMPSONlLL

and that its principal mode of decay is by a 48.6 kev isomeric transition to

who showed that the 152-year isomer is the metastable state

the ground state which is the l6-hour P-emitter. This explains the similarity
of B—decay‘propertiés because in both cases only the decay associated with the
ground state was under observation. The proof of the decay Sequénce consisted
of '‘an isomer separation in which it was shown that 16-hour isomer was present

in equilibrium with the 15Z2-year isomer. The minor differences observed5 in

the decay properties (B~ populations to different energy levels; B /EC ratios)

12,15 and only the apparent

have disappeared in the light of later measurements
difference in B~ end points (which have not been remeasured) remains.

The decay scheme embodying all available information is shown in
Fig. 28. The percentages of branching decay by orbital electron capture and
by B ~emission are taken from the work of BARNES, HENDERSON, HARKNESS AND
DIAMONDo12 A slight alpha decay of the long lived isomer was noted by SEABORG,
JAMES AND MORGAN2 as demonstrated by the chemical separation of the daughter
Np238. An accurate value of’O,h76i0001h% corresponding to a partial alpha
half life of 32,000+1600 years was measured by BARNES, HENDERSON, HARKNESS AND
DIAMOND,12 The alpha particles have not been observed directly because of
the interference of overwhelmingly greater,Amznl activity, but the alpha deqay

energy is estimated as 5.52 Mev,
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5,5,— 152-yr  Am242m
0,1,- 160-hr  Am242
16% E.C. 84% B~
Eg-625 kev
f1 6.8

Egc~720kev
ft~7.6

Decay scheme of isomers of Am2

m
+ 42.2 kev
. jE2

MU -22601
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known to occur to the extent of 0.48%, is not shown.

The alpha decay of Am

242m

J
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It may be worthwhile to point out the difficulty responsible for the
long delay in the discovery of the correct relationship of the two isomers.

It happens that the long-lived Amzu2 isomer has a large neutron capture cross
section so that a maximmcconcentration of only a few percent by activity can
be built up in a sample of Amzul; Since Amz)'Ll has abundant low-energy pﬁoton
transitions associated with its alpha decay, the electrons associated with

the isomeric transition are obstured unless special pains are taken to look

for them. In addition, Am2u3 is always present and its decay product Np239
also obscures the picture.

Table 23 summarizes the precision measurements of the gamma transi= . - :
tions seen in the decay of the 16 hour isomer. The authors cited therein used
electron spectrometers to measure the L,M,N and O electrons of the Z chief gamma
transitions. The subshell conversion ratios clearly identify both transitions
as Ez. ASARO, PERLMAN, RASMUSSEN AND THOMPSON measured the electrons associ-
ated with an aged americium sample which contained an sppreciable content of
152 year Am242 and found L,M,N and O conversion lines of a 48.63 kev transition
converted in americium subshells. This is the isoﬁeric transition by which the
152~-year isomer is chiefly de-excited. The multipolarity of the transition was
determined unambiguously as E4 by comparison of the experimental ratios of con-
version lines, particularly those from the M-shell, with ratios calculated from
theoretical conversion coefficients. |

The spin of the 16 hour state was measured by the atomic beam resons
ance technique and found to be 1 by WINOCUR, MARRUS AND NIERENBERG,16 In
combination with the E4t multipolarity assignment of the 48.63 kev transition
this establishes a spin value of 5 for the 152 year AmZthu The atomic beam
experiment emphasized strongly the shortcbmings of the earlier decay:schemes
for the Am242 isomers and provided a strong stimulus for the work of ASARO AND
CO—AUTHORS,lh

The beta decay properties of Am2h2 and Am242m are summarized in
Table 24,

The radiations of Amz,+2 include a complex spectrum of X-rays result-
ing from the electron capture branching, and the gamma conversion process.

Some precise measurements of the L x-ray spectrum on a best crystal type x-
ray spectrometer are given in Table 25 . Since these measurements were made
with samples of the 16 hour isomer, the L x-rays of americium can not be

attributed to the isomeric transition but only to the fluorescent excitation
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TABLE 23: Gamma Transitions in Amzu2 from Conversion Electron Measurements

Transition | o Energy Ref.

‘42,3 , 5

16 nr an*? o o2 42,2 8
Gonversion in Cm subshells 42,12 .11
42.18 7

. L42.20 1k

, s 4.8 : 5

- kh.6
242 2h2

16 hr An > Pu 4,50 11

conversion in Pu subshells "

4k, 52 ' 7
44,50 _ 14
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TABLE 24: Beta Decay Properties oqumzuz;and Angzm
Isomer Decay Product Decay Relative
mode - -state Energy Intensity Log ft
%
16-hour 5" 2, o ' 0.667 34 7.1
2h2 , | - -
Am 83.64  cuP'Z, 24 0.625 50 6.8
" EC Puzl‘z, O+ 0.72 ~6 ~T.6
16% (K“capo,h’au’)
Puzl’?', 2+ 0.67 ~10
(K-cap.,~7.6) ~T.3
152 -year B on?*2, 4 0.578 <2% of IT >13
AmZth

As summaerized in reference 1kh.
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L2

TABLE 25: X-rays following the decay of Amz (From Hoff, reference 5)

Liné Transition Observed ' Siegbahn's ) Correéted 4
energy _ v extrapolated relative
(kev) . _energy (kev) intensity .
Cm Iat, L, - M, 14,75 + 0,03 Wk .
Cm Iot, L3 - M5 14,97 * 0.03 14.96 27
Cm Lﬁz 'L3 - N5 18.09 = 0.02 _18.10 ) | 16
Cm L8, L, - M 19.47 £ 0,02 19.38 100
Cm LYy L, - N3 22.79 = 0.0k 22.63 40
é? ;rg L, - I, 23,30 + 0,06 23,25 6
Cin Ly, =~ L, - Ou ‘ 23.62 + 0.12 - 23.46 ~ : 12
Am Ia, L3 - M, 1&.&4 * 0,06 I '1§.4; | 1
Am I, L3 - M5 14.61 *+ 0,03 k.61 i L
Am L8, L, - M, 18.89 + 0.02 18.80 6
Pu 1o, 'L3 - M 14.08 + 0.03 14.08 2
Pu Lo, L3 - M5 14,28 + 0.03 14,28 - 10
Pu 1§, L3 - Ny 17.29 £ 0.03 17.25 | 9
Pu 1§, Ly, - M, 18.33 = 0.03 18.27 27
Pu LB3 L - M3 18.62 + 0,04 18.52 7
Pu Ly, L, - N, 21.46 * 0.0k 21.38 , 16
Pu LT3 S N3 22.06 £ 0.10 - 21.97 7
Pu Ly, L, - 0y 22.24 £ 0.10 22.13 7

Pu K x-rays 102 . 37




~158- UCRL-9148

of americium x-rays in the bulk sample by the L x-rays of curium; all the
samples subjected to study contained large amounts of Amzul because of the
method of preparation. ,

‘SBeveral features of the decay scheme were interpreted in terms of the
unified model of ﬁuclear structure by ASARO, PERLMAN, RASMUSSEN AND THOMPSON.

Americiumiémilies within a grioup of nuclei which have large prolate nuclear

1h

deformation. It has one odd neutron and one odd proton and it is believed that
the wave functions of these odd nucleons should be identifiable with Nilsson
wave functions for nucleons in a deformed nucleus. The most likely Nilsson
state for the odd neutron is theAS/Z + 622. state, which appears as the ground
241 243

State of the isotonic nuclei Pu and Cm The quantum numbers are the
usual ones Kt N nZ' appropriate to particles in spheroidal nuclei; see
Chapter 3, . The most likely proton orbital is 5/2- 523. , the ground state of
Amzul and Am2h3, The orbital 5/2 + _6&2., however, is rather near-lying and is
also a possibility.

The K«quantum number is the projection of the total angulér momentum
on the nuclear symmetry axis and with two unpaired particles of . = 5/2+
and = 5/2— the values K = O- and K = 5- are possible. According to the
Nofdheim coupling rules as modified by GALLAGHER AND MOSKOWSKIl7, in this
particular case, the K = O- state should lie below the 5-states.

‘ - Thus the spin 5 of the long-lived form of Am2lLZ receives a natural
eXplana.tiono Also the high Tog ft Value, > 13, for the beta transition from
this isomer to the b+ level of szuz receives a ready explanation in 5-fold
change in K which this transition would entail. On the other hand, it seems
hard to reconcile the K = O- prediction for the ground state with the observed
spin of 1. The reconciliation is made by assertipng that the spin 1 member of
the rotational band of levels based on a K = 0 ground state appears as the
lowest'mémber of the K = O band. This surprising feature is strongly supported
by the closevcorrespondence of several of its theoretical implications with
experimental data. ‘

For example, a traditional test for the K-quantum number involves com-
parisons of branching ratios of beta or gamma radiation to different members
of the same rotational band, the reduced transition probabilities being pro-
porfioned to the square of a Clebsch—Gordanvcoefficigntv This test is fully
described in section 3.4.7 of Chapter 3, When this criterion is applied to the

relative population of the 2+ and O+ state of'Cm242 in the beta decay of 16

« N
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hour Am242 fhelK = O assignment for Amzhz'favors the population of the12+ first
excited state by a factor of two, whereas the K = 1 assignment favors the tran-
sition to the groﬁnd state by a factor of 2, Experiment (see'Table 2#) clearly
favors the K = O choice, ' '

, Even more striking evidence comesvfrom consideration of quantities
derived from atomic beam measurements.l6 ThESe have fixed precisely the absolute
value ©f the ratio of the magnetic moments of Am'ZLL2 and Amzul, 0.236, and also
thé absolute value of the ratio of their spectroscopic quadrupole moments; 0.562,
Furtherﬁore,'the measurements have éstablished that either the magnetic moment

or the ‘quadrupole moment of Am242 is of opposite signF%% the corresponding

moment of Amzul. The optical spectrographic data of MANNING, FRED AND‘TOMKIngo
for Amzul gives pu = +1.4 nuclear magnetons (nm) and'QSpeC = +4.9 barns. Combin-
ing this information with that from the atomic beam measurements, we obtain for
AmZhZ, = * 0,33 nm and QspecAz +2.75 barns. ‘ .

These nuclear moments may now be compared with the theoretical expec-
tations for the I = 1, K = O assignment. An abundance of evidence has estab-
lished the intrinsic quadrupole deformatioﬂs of nuclei in the region of ameri-
cium as prolate (positive). However, for nuclear states with K < I(z + 1)/3
the signs of the intrinsic¢ and spectroscopic moments will be opposite. The
relation between these moments is as follows: ‘ | ’

2

q _ X -I(I+1)
spee (1 +1)(2r +3) °©°
for T =1, XK = 0, Q = QQ
. spec =
e , o 2h2 | = . a.2h1 - .
If we assume that QO for Am is the same as that for Am ~, the K = O assign-
ment gives Qspec = -2.74 barns, which is in excellent agreement with the value
+2.75 barns obtained as mentioned above. If, on the other hand, we assume K = 1

242
for Am b , then Q should be +1.4 barns.
Sspec

The magnetic moment may also be analyzed. For the KX = 0, I = 1 assign-
ment the angular momentum is directed perpendicular to the symmetry axis, and
there is no specific contribution to the magnetic moment from the odd nucleons.
In this case we would expect a magnetic moment W= gRI, where gR is the gyromag-
netic ratio for collective motion, usually estimated as +Z/A, the fraction of
protons in the nucleus. From this we get u = +0.39 nm, which agrees In sign
and magnitude with the measgured value (M = +0.33 nm) if the sign for Q is

spec
taken to be negative in accord with our theoretical prediction,
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If we consider the assignment I = 1, K = 1, we must first of all postu-

late some possible orbital assignments for the neutron and proton., The most
likely are 5/2- 523 (or 5/2+ '642;) for the proton as before and 7/2+ 624 for -

the neutron. This neutron orbital appears as a state at 172 kev in Puzhl. If

18,19 (

the magnetic moments are calculated from Nilsson wave functions, with a
deformation parameter,: , of 4.8), the values for 5/2- 523 and 5/2+ '642
proton orbtials are 0.2 nm and -1.2 nm respectively. Thus the measured magnetic
moment is not consistent with a K = 1 assignment with proton orbital 5/2+ 642
but cannot be used by itself to rule out K = 1 with proton 6rbital 5/2- 523: o
With the latter assignment, however, the ratio of “/Qspec would be positive, in
disagreement with the experimental results. It is seen, therefore, that not

only is the magnitude of the measured quadrupole moment in better agreement

with theory for K = O than for K = 1, but the sign of the ratio “/Qspec (as

determined from theory) can only be negative for K = O. Thus, the atomic beam

measurements reinforce the K = O assignment.
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2 3.8 Americium-243. . The neptunium fraction from a sample of'Amzul

that had been 1rrad1ated with slow neutrons in a reactor was shown by STREET,

GHIORSO and SEABORG to contain equllibrlum amounts of both Np 38,and Np239
239 243

.The presence of Np indicated the existence of the nuclide An prepared by

the reaction sequence:

Am241 243

(n,y) Amzuz (n,v) Am

An?H3 2 239

Mass spectrographic analysis of the irradiated americium sample confirmed the

2k3 in an amount of about 0.5 pereent. This, together with the

239

presence of Am
chemical yield of Np , gave a partial half-life for alpha emission of about
lOl‘L years. Better values are cited below. It has also been possible2 to proe

.duce.Am243 by the reaction:

P22 (4 ) pul3
A 243
Pu 5.0 hours> Am
In high flux reactors Am243 can be produced in large quantity in the
following way. Plutonium of mass number 239 or 240 is converted to Pu2h2 of
high isotopic purity ( > 98 percent) by prolonged neutron bombardment. The
PuZLLZ can be repurified, principally to remove Amzul, and reinserted in a

243

reactor to produce Am by the reaction outlined above.

This synthesis is.important,becauseAmz,h3 is the longest-lived of the
. : 241
isotopes of americium; it is about 19 times longer in half-1ife than Am k .

o
The study of the chemistry of americium vl 07 7 is severely hindered by
the remarkable chemical effects caused by the intense alpha radiation of Amzul;
since 1Its specific activity .is 7 x 1013 disintegrations per minute per gram.

243

The 19 times smaller specific activity of Am extends the range of possible
studies of the properties of americium.

The half-life .of Amzu3 has been reported as 7600 years 3,7 8800 + 600
2 7720 = 160 years ( )Ot?O yeazﬁ@ years The

last cited measurement was made by specific activity measurements on two

years,u 7600 %+ 370 years,

weighed samples of americium metal in which the alpha activity was 99.35%

Am243,
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43
>

A careful study of the alpha spectrum of Am2 in a magnetic spectro-
graph was made by STEPHENS, HUMMEL, ASARO and PERLMAN
groups; 5.339 Mev (0.17 percent), 5.308 Mev (0.16 percent), 5.266 Mev (86.9-
percent), 5.224 Mev (11.5 percent) and 5.169 Mev (1.3 percent). The decay

scheme based on these data is shown in the figure. The nuclear spin 5/2 has

213

who report the following

been assigned to Am on the basis of a study of the hyperfine structure of
atomic spectral lines.8 The quadrupole moment and the magnetic moment have
been measured as +4.9 barns and +1.4 nuclear magnetons.12
The pattern of alpha group abundances and level spacings is remarkably

similar to that of Amzul as can be seen in Figure 24: appearing in Section
9.3.4. This suggests that the interpretation of the decay scheme of Am2h3
should follow closely that of-AmZhl, gbout which much more evidence has been
gathered. 1In particular the levels at 74, 117 and 173 kev in the daughter
nucleus Np239 may constitute a rotational band of levels with spins 5/2, 7/2
and 9/2 respectively based on the 5/2 level. The Nilsson assignment of this
rotational band is 5/2- [523] where the numbers have the meanings K,parity
[N,nZ,A]. '

| A prominent El gamma ray with energy 75 kev has been studied3 by alpha-
gamma coincidence techniques and shown to follow about 80 percent of the alpha
transitions. HOLLANDER13

characterize the transition as El and determinedthe energy to be 74.6 Kev.

measured the L shell conversion electrons swhich

This gamma ray is shown in the figure. The half-life of this gamma ray is less
than 2 x 107 seconds.’ ASARO, STEPHENS, HOLLANDER and PERLMAN' ' have madé a
detailed comparison of the characteristics of this T4.6 kev transition with
many other El transitions in heavy element nuclei. Many of these are anomalous
in their conversion and half life characteristics. Other low intehsity ganmma
rays must certainly be present. |

39

is known to be 5/2 from the atomic

beam experiments of HUBBS and MARRUS.lO The ground state of Np239

the mther firm Nilsson orbital assignment of 5/2+ [642]. This assignment is
239 239

The ground state spin of sz

is given

, and on a comparison of Np

based on a study of the decay scheme of Np
43

. 2 2
with Np 37‘as well as on a study of Am2h3. The ground state of Am
the Nilsson assignment 5/2— [523] on the basis of a study of Am218

is given

itself and
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Amé43

(9/2)

MU=-21270

Figure 29, Decay scheme of Am2h3.
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2kh7

.For a review of Nilsson orbital assignments

see STEPHENS, ASARO and PERLMAN.'”

We note that the favored alpha decay procéeds to a rotational band of

levels in Np239 which has a Niisson orbital assignment identical with that of
the ground state of the parent in accordance with the ideas of BOHR, FROMAN
and MOTTELSON.

to beta decay to Cm
disintegration energies of Am

of Np239, FOREMAN and SEABORG

16
243

For some time it was not certain whether Am was stable with respect

2h3. Using the decay énergy cycle involving the alpha-

243 243
17

and the beta-disintegration energy

243

and Cm

found a value of the mass difference of Am-

and CmZLLS which was smaller than the errors involved, and hence it was uncertain

which member of this isobaric pair was the heavier. But CHOPPIN and THOMPSON18

found! evidence for an electron capture decay of Cm

243 243

to Am with a partial

half-life of (1.0 * 0.1) x 10t years.

[N

10.
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The Isomers of Americium-24L4. STREET, GHIORSO, and SEABORGl

o !_9
found that neutron irradiation of a sample of americium containing approxi-
mately 10 per cent Am243 produced a new americium activity. This activity

decays by beta emission with a half-life of about 25 minutes. " The isotope

2hhy

was assigned to Am produced by the reaction:
24 2hl
A3 (n,y) A

Later work of GHIORSO, THOMPSON, CHOPPIN, and HARVEY2 confirmed this
result. These workers studied the beta rays with an anthracene crystal
spectrometer and found an endpoint energy of 1.5 Mev, They found nd
prominent gamma rays in a study carried out with the aid of a sodium iodide’
crystal spectrometer. |

FIELDS and CO-WORKERSS suspected that Am

electron capture from‘a consideration of closed, decay-energy cycles. By

2Lk

iscolation of the Pu daughter from samples of Am 2h3 which had received

2hL

extensive irradiation with neutrons and comparlng the amount of Pu to the

amount of szhu found in the sample they measured a value of 0.039 £ 0,003

zuh

per cent for the electron capture branching of Am

At a later date DAY and VANDENBOSCHu‘showed that the neutron

2k

was unstable toward

2hh

irradiation of Am2u3 results in the formation of an 11 hour isomer of Am
as well as the 26 minute species. Their study of the beta and gamma
radiations of the isomers led to the decay schemes shown in figure 30. The
l1l-hour isomer lies higher in energy. In view of this result the percentage

3

of electron capture decay measured by FIELDS et al” is an average for the
mixture of isomers formed by neutron irradiation of their sample

Since large amounts of Am 2h3 can be produced by‘prolonged neutron
irradiation of plutonium (as was discussed in the previous section), it is

2Lk

possible to prepare high intensity samples of Am with considerable ease.
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Figure 30. Decay scheme of the isomers of Amzhh.



-169- UCRL—9lh8

L5

is a beta emitter with =a

25 which has

2.3.10 Americium-245. The isotope Am2

half-life of 2.08 hours. It is produced by the beta decay of Pu
a half-1ife of 10.5 hours. The Pu2LL5 parent can be produced by the neutron
irradiation of plutonium samples containing appreciable concentrations of
4 x 10°
high instagtaﬁépﬁsmflﬂx of neutrons such as is available in the explosion of
thermonuclear devices. The first reports on Amth were provided by BROWNE and
CO~WORKERSl and by FIELDS and_CO-WORKERS.2 Confirmatory evidence was provided
by BUTLER and CO‘-.WORKERS.3 The mass assignment was made on the basis of the

year Puzuu; or by the irradiation of a heavy element with an extremely

method of preparation, the systematics of isotope properties in this mass

245
245

region and the isolation of Cm daughter activity.

The beta spectrum of Am has been studied with a thin lens magnetic
spectrometer. It has single beta component of endpoint energy 905 * 5 kev.
The log ft value is 6.2 indicating an allowed or first forbidden transition.
The K and L conversion electrons of a 255 kev gamma ray are believed to
correspond to an El transition., Scintillation counter studies show prominent
gamma rays of 108 kev (K x-rays) and 248 kev. By gamma-gamma coincidence
methods several other gamma rays are found;l their energies are 36, 120, 143,
156 and 232 kev. A tentative decay schemél leads to a total disintegration
energy of 1.32 Mev. This energy leads to a gross discrepancy with the decay-
energy cycle involving the nuélides Bk2u9, szug, Cm2h5 and Am245 since only
860 kev should be available for thi'decay of Amzhs. The decay of Bk2h3 by
ahd

electron capture also produces Cm as a daughter product but there is not
much correspondence between the radiations seen in the two cases except for
the common occurrenée of a 255 kev gamma ray. Compare section 9.5.4 vhere
B1<:21L3 is described.
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2.3.11 Americium-246. The isotope Am2u6 was first found in a study

of the plutonium fraction iéolated from the debris of the explosion of a thermo-
1 . .
nuclear device. This was discussed under Plutonium-246 in Section 9.2.16 of

246

this chapter. The plutonium fraction was found to contain 10.8-day Pu

decaying by beta emission‘to.Am2h6. The Amzué has a half-life of 25 £ 0.2

minutes for the emission of beta particles. The genetic relationship of Am2h6
and Pu2h6 is firmly established.
46

Thevbeta and gamma ray spectrum of Am2 has been studied in equilibrium
mixtures ofqu2u6 and Am2h6 and in samples of radiochemically pure.Am2h6. The
following resolution of the beta spectrum has been»reported:2 1.35 Mev, 79
percent, log ft = 6.1; 1.60 Mev, 14 percent, log ft = 7.3; 2.10 Mev, 7 percent,
log ft = 8.0. Gamma rays were identified which have energies of 18.5, 103,

245, 795 (complex) and 1069 kev (complex). The 18.5- and 103-kev radiations

are probably L and K x-rays, respectively. The beta ray spectrum in coincidence
with 1069-kev gamma rays has an endpoint energy of 1.222 Mev. Hence, the beta
decay energy is at least 2.29 Mev.  SMITH and,CO—WORKERS2 have made an extensive
study of gamma-gamma coincidences. More extensive studies are required before

-a complete decay scheme can be formulated.
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9.4 THE ELEMENT CURIUM (Element 96)

9.4.1 TheuDiscoveEX of Curium. The first isotope of curium was pre-
‘pared by SEABORG, JAMES and'GHIORSO.l in mid-1954. These men worked at the

Metallurgical Laboratory of the University of Chicago on cyclotron targets of
plutonium which had been bombarded with helium ions at the 60-inch cyclotron
at the University of California, Their goal was to identify an isotope .of ...
element 96 prepared by reactions of ‘the (a,xn) type. At first these experi-
ments were unsuccessful because the chemical steps chosen for the isolation of
the element 96 fraction were based on the premise that this element should
resemble uranium, neptunium and plutonium in having a stable hexapositive
oxidation state. .The first successful experiments on element 96 occurred
shortly after it was reélized that this element might be a member of an actinide
series of elements and as such might be oxidized beyond the tripositive state
only with extreme difficulty if at all. A new activity emitting alpha particles
with a range of 4.75 centimeters of air and a half-life of five months was
then isolated by coprecipitation on lanthanum fluoride and other carrier
precipitates suitable for a rare-earth-like tripositive ion. This activity
was szuz produced by the reaction: _
Pu239 (a,n) szhz

,Shoftly thereafter, late in 194k, the identification of element 95

followed as a result of the bombardment of Pu239 with pile neutrons, the

production reactions being as follows:

pu?3 (n,1) Pu?*0 (n,y) Pu"M
2kl BT . 241
o™ Tong ~ 95"

-

In the same samples the isotope szlL2 was formed by an additional
neutron-capture step.

241 42
m

(n,r) Am®

2k2 B~ 2k2
95Am 96Cm

A
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The irradiated plutonium was processed chemically to separate a transplutonium
element fraction wiith, rare earth carriers. Alpha particles of 4.75 cm range

42

and five months half-life were assigned to 962 and alpha particles of 4.0 cm

range were assigned to 952hl' This assignment was partially based on the

ratio of the yields of the two alpha particle groups in plutonium samples
‘bombarded with .differing total numbers of neu’crons;_"I‘he.CmZLL2 is produced by

a second-order reaction whereas the.Amzul is produced by a first-order reaction.
. The activity assigned to_Cm242 was also identified by separating Pu238 daughter
activity. A satisfactory chemical separation of curium from its neighboring
element americium .did not come until about one year later when the method of
selective elution of the elements with a buffered citric acid complexing

agent from a cation exchange resin was adapted for this purpose based on the
methods previously used in rare-earth chemistry.

The name of element 96 was chosen by. SEABORG,. JAMES and GHIORSOl to
honor Marie and Pierre Curie and to emphasize the analogy of element 96 as
the seveﬁth member of the,actinide series of elements to gadolinium, the
seventh member of the lanthanide elements, whose name honored the Finnish
chemist, J. Gadolin.

Thebfirst isolation of curium in a weighable quantity was carried
through by WERNER and PERLMAN.2 Microgram quantities of curium were made by
the intense neutron irradiation_of 4.5 milligrams of .americium in a nuclear
reactor. The chief separation was made by the ion exchange method. The final
sample was 40 micrograms of Cm203 of about 90 percent purity.

Most chemical studies of curium up untll the mid-nineteen fifties were
carried out with samples of szu2 prepared in this way. There are severe
difficulties in working with this isotope with its short'l62.2 day half-life

242

because of the high specific activity. .Each milligram of Cm emits about
ILO]'LL alpha particles of 6.110 Mev energy per minute. Water solutions of szuz
are decomposed by this radiation; some of the decomposition products interfere
with attempted chemical reactions or the complete study of the absorption

spectrum. Precise temperature control of solutions or compounds as for example
in magnetic susceptibility experiments is difficult because of heating effects.

A massive chunk of such curium metal would be heated rapidly to incandescence,
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if it could be prepared, since the energy released is 1230 watts per gram.
Crystal lattices .of compounds are disarranged by recoil effects of the alpha

particles.
L2

It is for these reasons that the isotope sz is being replaced with

longer-lived isotopes for laboratory studies of the chemical and physical

2k

properties as the longer-lived isotopes become available. The isotope Cm
has a particular importance at present because it can be prepared with rather

high isotopic purity in milligram or greater quantities. The half-life is

19.4 years and the specific alpha activity is 43 times less than that of szuz,

245 246 247
, Cm 7, Cm

larger quantities by the neutron irradiation procedures described later in this

24k

chapter. These isotopes are :even longer-lived than Cm and hence are even

It is also possible to prepare Cm and Cm2h8 in-milligram-or-

more .suitable candidates for laboratory study of many chemical properties.

REFERENCES - Discovery of Curium
1. G. T. Seaborg, R. A. James and A. Ghiorso, Paper No. 22.2, " The Trans-
uranium Elements,”" National Nuclear Energy Series, Division IV, Volume
14B, McGraw-Hill Book Co., Inc., New York, 19k9.
2. L. B. Werner and I. Perlman, Paper No. 22.5, "The Transuranium Elements,"
National Nuclear Energy Series, Division IV, Volume 14B, McGraw-Hill Book
Co., Inc., New York, 1949; also published in J. Am. Chem. Soc. 73, 5215 (1951).



~1Th- | UCRL-9148

38 was first prepared by the

9.4.2 Curium-238. The isotope Cni®
1 . :

reaction,™’
pu23? (a,5n),cm238.

This isotope decays by the emission of 6.52-Mevvalpha particles and
‘also by orbital electron capture. The alpha branching has been estimated to
be about 0.4 percent.3 The observed half-life is 2.5 hours.

Thelcm238 prepared by the above reaction is contaminated with l2-hour

Cm239 and with higher mass curium isotopes. GLASS, CARR, COBBLE and'SEABORG2

38

2
have studied the yield of Cm as .a function of helium ion energy for the

reaction :
py?38 (a,kn) Cm238.

They report a cross section of only 0.26 miilibarns at 47.4 Mev the highest

energy for which they could obtain da;a.
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9.4.3 Curium-239. By bombardment of Pu®3? yith high energy (70-80
' 239

Mev) helium ions the 3-hour isotope Cmi is produced.l

put3? (a,ln) Cm239

A number of other curium isotopes are produced at the .same time and.interfere
with the study of the radiatiOQSvof'Cm239. This isotope decays by orbital
electron capture to, l2-hour Am239. The genetic relstionship of these two
isotopes has been established by radiochemical experiments. An upper limit of

0.1 percent has been set on alpha branching.
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9.4.4 Curium-240. The secoml isotope of curium to be discoveredl,was

E '
the 26.8-day e 0 produced when.Pu239 was bombarded with 40 Mev helium ions:
py?3? (a,3n) szho.

GLASS, CARR, COBBLE,and,SEABORG2 report a cross section for this reaction at
several values of the helium ion bombardment energy; .09 millibarns at 27.5 Mev,
0.22 millibarns at -33.3 Mev and 1.6 millibarns at 37.2 Mev, .The-szuO is not
produced in a pure state by the above reaction since other curium isotopes are
formed at the same time.

Curium-240 decays by the emission of alpha particles of 6.26 Mev energy.€

236 daughter

The mass assignment has been confirmed by the isolation of Pu
activity.l Curium-240 is nearly beta stable but the best estimate from closed
, decay-energy cycles is that it is unstable toward orbital electron capture
decay to Amzl"O by about 90 kev. HIGGINS_and.STREET3 have set an experimental
upper limit of 0.5 percent to this mode of decay. Cufium-ZhOmis the daughter

of the alpha-emitter, 45-minute szlm‘.LP

‘The spontaneous fission half-life of szuo has been measured by

'GHIORSO, HIGGINS, TARSH and SEABORG® o be (1.9 + 0.14) x 100 years.
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gohag Curium-241. The isotope, szul, was first produced by SEABORG,
JAMES AND GHIORSOl by bombardment of Pu239 with 40 Mev helium ions:

pu23? (o;2n) CmZlLl

These investigators reported a half-1life of about 55 days for decay by orbital
electron capture. HIGGINS AND STREET2 redetermined & half-life of 35 = 2 days
and detected a2 small branching decay by the emission of alpha particles. GLASS,
CARR, COBBLE AND SEABORG3 obtained a value of 0.96 percent for the alpha branch-
ing which corresponds to a partial alpha half-life of 10 years. They reported

a value of 5.95 % 0.02 Mev for the alpha-particle energy.
235

The discovery of an interesting case of isomerism in U during a study

of the a=-decay of Pu239 led to the speculationhwthataa similar isomerism might

: 2 5 2
be involved in the alpha decay of CmZhl to Pu 37; U23§-and Pu 37 both have 143

2 . :
neutrons. This isomerism in the U 3 case is completely discussegdunder the des-

239

cription of the decay of Pu in section 9.2.9 where it.is shown that the chief

. 2
a~-decay of Pu 39 goes to a state of spin 1/2 located less than one kilovolt gbcve
ground, and that this state decays by an E3 transition of 26 minute half-life

to the 7/2-ground state, It was thought that pu?3T might have a similar 1/2-..
237 ‘

isomeric form, particularly since the ground state of Pu can be assigned

the same Nilsson orbital, namely 7/2 - [7&3], as the ground state of U235, The
' 237 ,

decay scheme of Po is described in section 9.2.7.

Experiments of STEPHENS, ASARO, AMIEL AND PERLMAN4 did indeed prove that

237° Furthermore the 145 Kev delayed

& 0.18 second isomeric state exists in Pu
transition was shown to be E3 from its total K and L conversion coefficients.
2
Thus, the analogy to U 35 seems complete except that the energy of the transition
237 237

is much larger in the case of Pu - The isomeric state of Pu is assigned
to the 1/2 - [631] Nilsson corbital on the basis of the above data. Since the
favored alpha decay is to this stategbit seems logical to identify this same
Nilsson orbitel with the ground state of szula These assignments are summar-
ized in the decay scheme shown here,

We now consider the electron-capture decay of szul, Our account
follows the experimental findings and theoretical interpretation of STEPHENS,

ASARO, AMTEL AND PERLMAN,’
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Two gamma rays have been shown to accompany the electron capture decay
of szgl and coincidence data indicate that other weaker transitions are probably

> The two gamma rays have energies of 470 and 600 kev. The 470

also present, X
245 to Am2u1‘

kev transition has also been seen accompanying the alpha decay of Bk
(See section 9.5.4). This transition is quite strong in szul, accounting for
most of the decay. It is assigned on the basis of its K conversion coefficient
as principally M1, althotgh the data indicate that there i1s some E2 admixture.
Since no strongvtransitions are in coincidence with this gamma ray, and also

245

because of the data from Bk decay, it is thought to terminate at the ground

state of Amzul, placing the excited state at 470 kev. Less is known about the
weaker 600 kev transition, but because there are no strong coincident transi-
tions, it too is thought to terminate at the ground state, indicating a 600 kev
level.

41

_ The ground state of Amz has a measured spin of 5/2 and is known from
its alpha decay properties to have the Nilsson configuration, 5/2 - ESBﬁ].

(See discussion of Amzhl in section 9.3.6). Another level in Am241 at 206

kev, populated from Bl«:2)+5 decay, is thought to have the 5/2 + [6&21 assignment.
No decay to either of these ievels from szul is observed; this is consistent
with the K = 1/2 assignment for sznl. The 470 kev level in Am?'l‘Ll must have
negative parity since it is connected with the ground state by an M1 (E2) tran-
sition; and the 600 kev level probably has negative parity also since higher-
energy positive-parity levels would probably decay to the 206 kev level, We
would expeét levels with K values of 1/2 and 3/2 to receive most of the decay
since they are populated from a K = 1/2 parent. Two such Nilsson states are
available, the 1/2 - [53Q] which is the ground state for Pa23l and Pa233, and
the 3/2 - [52i] which probably occurs as the ground state for the berkelium

2h1 e

isotopes (except Bk249); It is not éasy to decide which level in Am
which of these two assignments, particularly since this 1/2 -K:5301 band has its
3/2 member as the lowestcstate in the protactinium isotope. (See discussion

of Th23l decay in chapter 8, section 8.2.10). Because of arguments hinging on

a comparison of excited levels in Am239, Amgul and Amzbr3 which are summarized

in section 3.5.5 of chap£2§ %f £%£r§d= 1/2 assignment for the 470 kev level,

and the K = 3/2 assignment for the 600 kev level, but these arguments are not c
chclusive. The electron capture decay scheme is also shown in the accompanying

figure. 31.
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Bk 245

3/2-[521]

EC.
99+ %

3 - Energy
62\? (kev)
\___600_._.
/2-[53d 470
& 372-[521 Ml
= b21] (E2)
n
()
o
5/2 +[642] ——206
) (E1) T[iEI)
. 72 42
Ener -
A /2 [523]{5/2 0
172-[631] 145——L0.18 Sec T, Am 24!
E3
772-[743]— 0 ——
[r42] 237
Pu
MU=-21278
241 245

Figure 31, Decay scheme of Cm « The a-decay of Bk is also shown
since knowledge gained from its study was essential to an understanding
of the EC decay of szl"l. - The Nilsson orbital assignments are given to
the left of the levels of intrinsic excitation. In order, the quantum
numbers are K, parity LN n, .
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9.4.6 Curium-242. The first isotope of curium to be identified was

szgz. SEABORG, JAMES and GHIORSOl_found that this alpha-emitting isotope was

239

was bombarded with 32 Mev helium ions:

Pu239 (a,n) szuz.

The cross section for this reaction is close to one millibarn for helium

produced when Pu.

ion energy in the range 20-37 Mev.? Another cyclotron reaction useful in the

2k2

preparation of Cm is the bombardment of Amznl with deuterons:

Amzulb(d,n)rszuz.

The sz42 is prepared in much larger quantities by neutron irradiation

2
of plutonium or americium. When Pu239 is irradiated with neutrons, Cm b2 is
formed via the reaction sequence:
239 240 2kl g~ 2Lh2m B™ 2h2
—
Pu (n,y) Pu (n,y) Pu 3 yrs (n,r) Am T Cm

239

The curium isolated from neutron-irradiated Pu may be contaminated with

higher mass curium isotopes produced by further addition of neutrons to sz)+2
or by the sequence:

PuZAl_(n,Y) Puzu2 (n,y) Pu 2h3 ——E——> Am 2h3 (n,7) Amzlm ———E—— 2”“ (n,r) szuS, etc.

5 hrs 25 min

The isotopic composition of the curium will depend on the neutron flux and on

the total integrated flux through the sample. However, it is possible to

prepare samples which are almost pure_.szlLZ in terms of alpha activity.
Perhaps the best way to prepare milligram quantities of szlLZ is to

241

1rrad1ate<Am with thermal neutrons.

AmZMl (n,7) AmZth ___g__> Cm

16 hrs
The cross section for this reaction is ~600 barns.
5 v
The half-life of Cm k2 has been measured as 162.5 * 2 days
162.7 = 0.1 days.21 This isotope is beta stable so that all disintegrations

3,4,5

and as

occur by the emission of alpha particles .except for a small but measurable
decay by spontaneous fission to be discussed later. The alpha particle groups

are summarized in Table 26. These alpha particle groups represent transitioms

238

to excited levels in Pu which are de-excited by gamma ray transitions.



TABLE 26

Alpha Particle Groups of'sz

42

Results of Asaro and Co-=workers 6,7,12

Results of Kondrat'ev and couWQrkérs‘22

o~particle ' 'Energg of

a-~-particle Energ¥ 8 Abundance Abundance
energy of Pu-3C. (%) energy Pu?3 (%)
(Mev) state (Mev) state
(kev) ' (kev)
6.110 0 3.7 6.110 0. 73.5
a  6.066 uu,ll(b) 26.3 6.0656 45,1 26.5
5.965 146 0.035 5.967 145 0.03
5,811 303.7 6 x 1073 5,809 306 4.6 x 1073
5,605 514 b x 1077
Cc . 4
15.515 605 3.2 x 10~
5.20 ~935 1.4 x 107

a. measured in magnetic O-spectrometer

b. this exact energy is the y-transition energy

c. deduced from gamma ray measurements

6,7,12

'ZQT‘

QHT6-TION
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38 238

iznce the beta decay of sz and the electron capture decay of Am result

in the same .erdproduct nucleus, it is instructive to compare the decay schemes
of the three isotopes. This is done in Fig. 32. The decay séheme of szhz is
shown separately in another form in Fig. 33. A

By far the most prominent gamma transition is the 4,11 kev E2 tran-
sition from the first excited state to the ground state. ASARO, THOMPSON aﬁd
EERLMAN6 found the L-shell conversion coefficient of this gamma ray to be 520.
O*KELLEY8 and PASSELL9 measured the conversion electrons of this transition
in a double focusing beta ray spectrometer and found a transition energy of
44,9 kev. NEWTON, ROSE and MiLSTEDl9 used a proportional counter to measure a
gamma energy of 44,03 + 0.06 kev and an abundance of 3.9 x lb_lL photons per
alpha particle. SMITH and HOLLANDERlO measured the conversion electrons in a
permanent megnet spectrograph and obtained a value of 44,11 * 0.05 kev.
BARANCV and SHLYAGINZO report an energy of h%.l kev. . HUMMEL13 measured an
abundance of 2.9 x lO—LL 44 kev photons per alpha particlé. These values-are

in close agreement with those reported for the identical transition which

occurs in the beta decay of Np238 (See Section 9.1.10). From the conversi on

coefficient and the L subshell ratio this transition is clearly

II/LIII,
electric guadrupole in nature.

The conversion of the kh,l-key transition gives rise to L x-rays of
plutonium which have been measured carefﬁlly in a Cauchois-type bent crystal

spectrometer by BARTON, ROBINSON arnd PERLMAN.ll Table 27 1ists the x-rays

which were observed.
While the plutpnium-L x-radiation constitutes the principal electro-

2k2

magnetic'radiationvof Cm the photons of several gamma-ray transitions have
been observed in scintillafién spectrometer measurements. These are summarized
in Table 28. It will be noted that these gamma rays are in very low abundance
corresponding to very small intensities of alpha groups to excited levels of
Pu238. The intenéity of some of these gamma rays is so low that gamma rays'from
the spontaneous fission of szLLZ interfere with the measurements. The
spontaneous-fission gamma-ray background may be decreased appreciably by anti-
coincidence techniqpes. If the Cm sources are placed on Al backing plates, the
radiations from P3O, forméd by the (a,n) reaétion, obscure all gamma rays with

energy above that of the 158 kev transition.
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5.20 Mev
(14 x107%%) 23
0+ —935 LEVEL SCHEME OF Pu™
] FROM a=~DECAY OF Cm
890
£2
5515 Mev
(32x107%%)
I-—T1605 5605 Mev
935 (4x1075 %)
EO -_r
562 (8+)—T514
El r
2|o
805 5811 Mev
Gsﬁ%l%rgo (0.006 %)

ROTATIONAL < 6+1)—}3037

BAND |577 5965 oMeV
K=0 / {0.035%)
6.066 Mev
4+ —41460 (263%)
1019 /

6110 Mev
2+ —-[-J-— 24—t — 1 — 2+ ﬁ"_/ (737 %)
ot—t——— ot—Lt——— 0+ 0

PUZSB
M- {2358
. 242 .
Figure 33. Decay scheme of Cm with gamma transition E ésolated
to clarify different features of the level scheme of Pu
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Table 27. Plutonium X-rays Emitted in the Decay of szll'2
~X-ray disintegration Energy
L : 14%.31-% 0.01
al .
L 1h.1k £ 0.01
%
L 18.35 £ 0.02
Bl .
L 17.91 = 0.02
P
L 17.28 £ 0.02
BZ
L 21.46 £ 0,04
L ' ' 22.20 £ 0,04

Barton, Robinson and Perlman, Phys. Rev. Ol

208 (1951).
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Table 28, Gamma Rays of szhz
Photon
abundances :
.Bnergy relative to = Multipole .
(kev) total alphas order Comments Reference
W11 2.9 x 107 . E2 6,13,8,9,10,19
101.9 k.1 x 1077 E2 . 6,10,13,19
157.7 1.8 x 1077 E2 in cascade with 101.9 6,10,13,19
kev 1
210 1.5 x 1077 E2 in cascade with 157.7, 7
" 101.9 kev ¢'s
562 1.8 x 107 El de-excites 1- level at 12
S o 605 kev, in cascade .
with L x-rays of 4k kev y
605 1.4 x 1070 El de-excites 1- level at 12
605 kev :
890 8.6 x 107/ E2 de-excites O+ level at 7
935 kev, in cascade with
L x-rays of Lk kev y
935 none observed EO completely converted, 7

de-excites O+ level at

935 kev
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' These gamma rays are placed in the decay scheme of Fig. 32 and 33.
Several interesting features of the level scheme of Pu238”may be mentioned.
A well developed rotational band based on the O+ ground state is observed with
the levels at Ll.11 (2+), 146.0 (L4+), 303.7 (6+) and 51k kev (8+) following
closély the rotational formula given in Chapter 3 where hZ/Z% , 1s set equal to
7.37 kev and the constant B of the second order correction term is set equal
to 0.0033 kev. De=-excitation by the predicted cascade of E2 transitions with
no observable cross over transitions is verified.

The level at 605, assigned spin and parity 1-, was deducedl2 from a

pair of gamma rays at 605 kev and about 560 kev. From the electron spectrum

7

taken with the aid of an anthracene crystal,' the average K conversion co-
efficient for these gamma rays was.found to be < l%, indicating E1 and E2
transitions. . The higher-energy component was not in coincidence with any
photons and the lower energy component was in coincidence with L x-rays proving
that it leads to the 2+ level at 44.11 kev. .Such pairs of gamma rays have been
seenlLL in other heavy even-even nuclei and have been proved to be El transitions
arising from_l— states. In all cases examined in which the 1- assignment was
established the reduced transition probabilities of the competing E1 transitions
were found in the ratio, 0.5, expected for the K-quantum number assignment of
O for the 1- state as well as for the rotational band based upon the ground
state. This same relationship of the reduced transition probabilities was
found in the present case. (Actual experimental value = 0.6). A general
discussion of these 1- states is given in Section 3.6.3 of Chapter 3.

The 890 kev E2 transition and the 935-kev EO transition shown in Table
28 and Fig.32 and g are quite interesting. The electric monopole transition goes
entirely by the emission of conversion electrons. Hence this transition was
overlooked until considerations of excited-level systematics in heavy element
nuclei (see discussion in Section 3.6.2 in Chapter 3) suggested that such an
electric monopole traﬁsition might exist. Such a transition exists for

234

example in the de-excitation of excited levels of U™, (The 806-kev transition
of the decay of UXZ)' CHURCH and WENESER18 emphasized the probable importance
of EO transitions in heavy nuclei. For these reasons and also because photons
ofvén 890-kev E2 transition had been found in cascade with the L x-rays of the

4h.11-kev transition discussed above, it seemed worthwhile to lock for
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conversion electrons of a completely converted transition from a 935 kev O+
level to the O+ ground state. ASARO and CO-WORKERS7_found,these conversion
electrons using an anthracene crystal spectrometer. Tbe assignment of the
multipolarity is unambiguous. The ratio of the total transition rates of the
89Q-kev E2 gamma ray to the 935-kev EO transition is 1.67.

| The other higher levels of Pu238 are hard to characterize by studying
< decay of_szLL2 because of the extremely low O-branching to these levels.
These are better studied in the p-decay of Np238. (See Section 9.1.12).

GHIORSO and.ROBINSON15 made the observation that the isotope-Cm242
undergoes spontaneous fission at a high rate (3 x lOlO fissions per gram—hour),
corresponding to a half-life for this process of about 7 x 106 years. HANNA,
HARVEY, MOSS and TUNNICLIFFEl6 report this half-life to be (7.2.+ 0.2) x lO6
years corresponding to 2.7 x lOlOAfissions per gram-hour. Many characteristics
242

of the spontaneous fission of Cm have been measured. These experiments

are thoroughly discussed in Chapter 11.
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9.4, 7 Curium-243. When a sample of Amzhl or szuz,is strongly irradiated

with‘slow neutrons, some CmZL8 is produced via the reactions
251 ohom BT _ . 2k2 243
An~ " (n,v)Am Tz hf>'Cm (n,y)Cm
REYNOLDS, HULET and STREETleirst produced this isotope in this manner and
identified it by mass spectroscopic analysis. The . conversion of_‘-./-\_.m'ZMl to szh?

and higher isotopes of curium is illustrated graphically in Fig. 3k4.

The isotope szu3 has also been identified experimentally as the daughter
of 4.6-hour Bk2h3. :

Curium-243 decays by the emission of alpha particles. An early published
half-l1ife value associated with the decay of three of the most intense groups

was .about 35 years, determined from mass spectrographic'and alpha spectrum

3

2
measurements. Later measurements~ discussed below showed that these groups

accounted for only<90% of the alpha emission, thus reducing the half life to
32 years. '

-ASARO, THbMPSON, STEPHENS and PERLMAN3 measured the alpha spectrum of

: 2
samples of curium containing varying amounts of Cm h2} Cm2h3 and Cm?AA and

assigned to Cm‘zlL3 the groups listed in Table 29;“

239

The glpha particle groups define excited levels of Pu as shown in Fig.

239

35. An interpretation of the level scheme of Pu

239

is given in Section 9.1.12
where the decay of Np is described. The complex structure of the a—spectrum
of Cm218 implies the existence of many low-intensity gamma rays. Experimental
difficulties have retarded the investigation of many of these. The data of
NEWTON, ROSE andMILSTED5

278- and 228-kev gamma rays have been shown to be in coincidence with 5.777-Mev

3

on the gamma spectrum are summarized in Table 30. The

alpha particles.
ASARO, THOMPSON, STEPHENS and PERLMAN3 have interpreted the alpha decay
to the levels shown in Fig. 35 in terms of the theory of BOHR, FROMAN and
MOTTELSON6 for unhindered (favored) alpha decay.
Table 31 shows the calculated and experimental alpha particle populations
to the rotational states with the same intrinsic configuration as the parent

243

nucleus, Cm The decay probabilities for alpha particles with various
angular momenta were taken from the adjacent even-even nuclides. Table 32

shows the data for hindered (unfavored) alpha decay to states with a’ different
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Figure 34. Buildup of curium isotopes in AmZhl by the neutron

capture sequence
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Cm243

K=5/2 7;—
I 7 Energy (kev) Energy (Mev)  Abundance (%)
5584  0.05

e~ age—-————s/ 3508 T~302
K=7/2 [we+a6l———4 2876 0.18
o2 434 _7/ 6re L
7/2- 3918 LOXI0 S, 2”000 118
Rotational band 9/2+ 3879 =7 80 73
with same intrinsic 7/2+ 3303 — 105 .
configuration as parent g5.7 —YLX
omzds O 0 5/2+ 285
5872 0.7
(1v2+ 1931 5900 0.15
Ground -state w2+ 164 5987 6
Rotational band ¢ 6005 1.2
K=1/2 sy 128 6054 5
172+
\ Pu239
MU-21280

Figure 35. Decay scheme of szu} including interpretsation of Pu239
levels as three sets of rotational levels based on three states of
intrinsic excitation (Nilsson orbitals).
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Table'ZQ. Alpha. Groups of on®r3

6.061 Mev | 1.0%
6.054 Mev - h 5%
6.00