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ABSTRACT -

The aIpha and gamma spectra of Cm242, Cm243, and Cm244
have been studied with an alpha particle spectrograph and gamma ray
scintillation counters. ‘Cm242 has alpha groups of 6.110
(73. 7 percent), 6.066 (26,3 percent), and 5.964 Mev (0. 035
percent) and gai’nma rays of 44 (0. 041 percent), 100 (0. 006 percent),
and 157 kev (0. 0627 percent). Gm243 has alpha groups of
5.985 (6 pergent), 5.777 (81 percent), and 5. 732 Mev (13 percent)
and gamma rays of 104, 226, and 278 kev in coincidence with
the 5.777 Mev alpha group. Cm244'has alpha groups of
.5.798 (75 percent) and 5. 755 Mev (25 percent). The spectra are

discussed relative to alpha decay theory and corresponding

excited states reached by B~ decay processes.
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I INTRODUGTION |
':I;he ekxam.ination of alpha .spectfa has been continued usi.ng the
75 cm rad1us of 'curvi‘ature, 60° sectofr eiéctrémagnetié ahalyzerr
deécribéd ‘préviouély. t.2) Certain impr§§ements .in.the te,chf;iques
of sample p,r-eparation-and in thé calibration énd operation of the |
speétrogf’aph have resulted in greater refiﬁement of the measurements.
As an example of the reéul_ts, z; new rare alpha group in the decay of

,C'm242 has been found whereas PréV‘ious'lY(Z)

only two abundant groupé
were .disc'é_.rniblea Two prominent ‘alpha groups separated by a |
characteristic énergy have been encountered repeatedly among the
even-even nu_clides(3) and the implication of a Mthird éilpha group"

will be discussed later.

The major objective of the pres.ent'“s'tudy'was to determine the

*

spectr"a of curium isotopes of higher mass number than.the familiar

242 242

Cm"~"", .Since these isotopes are produced from Cm by successive

neutronbapture or through americium isotopes by a similar
mechanism, they are not obtainable in isotopically pure state and the
spectra must be resolved from mixtures. It will be seen that the

. 243 242
energy spread of alpha groups from Cm overlaps the Cm and
Cm244 groups and an instrument of high fésolution is necessary for
their separation. This situation is similar to that encountered (4) with

239

the alpha spectra of Pu and Pu240 in which iti\i}ri\is found that two
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239 240

of the Pu alpha groups fell between the two gfbups of Pu
Assignment of the several groups to particular isotopes ‘was made by
measuring samples of altered isotopic composition. =

The present study also gives further information for the
developing systematics and theory of complex alpha spectra. It
will be seen that Cm>%® has a spectrum virtually identical with
other even-even alpha emitters of the heaviest elements and that
ZCmZ43 displays the pattern of alpha emitters with. .,odd nucleons. The
hindrance of decay directly to the ground state for odd nuclear cases

is again in evidence; in fact, none of the alpha groups seen so far

from C’rr2143 represgents the ground state transition.

II. METHODS AND INSTRUMENT CALIBRATION

All samples which were used as sources .iri' the spectrograph
were prepared by vacuum sublimation. After chemical purification
each sample of curium present in solution as the chloride was
evaporated to dryness on a tungsten ribbon. Under vacuum, current
was passéd through the tungsten ribbon and the curium subliméd onto
a’2 mil thick Platinum plate masked to a band 1in. x 0.12 in., When
placed in the spectrograph the sample was made to approximate a
line source by placing before it a stainless steel plate with a defining
slit 1 in. x 0. 018 in. or 1 in. x 0.005 in.

The alpha particles after magnetic analysis were intercepted
on a photographic plate placed 30° to the direction of the beam and
the tracks counted with a 450 power binocular microscope. The alpha
spectrum was reproduced by plotting the numbers of tracks found in

each 1/4 mm scan of the plate.
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One of the difficultiés in the use of this spectrograph as a
precision instrument is that the op‘,t.ics are not rigidly defined. The
nominal radius of curvature 6f the mag'net (75 ¢m) is only
approximate and the source and' detector must be aligned for optimum
focusing. It has been the practice to determiine alpha energies by
comparing with alpha emitters of known "enefgy and by using these to

‘correct the calculated dispéréion of the instrument. | The dispersion
of the instrument should be given "b'y"thé' expression:
2r, 2(144)°r,  2(144)

where B is the magnetic field in gauss, T, is the normal radius of -
curvature of the magnet in centimeters and E is the energy of the alpha
particle in electron volts. It has been found upon use of the Knovminal
radius, 75 cm, for ro.that,ﬁhe calculated dispersion is some 6 percent
lower than the measured dispersion.

| Figures la and 1b illustrate data used to obtain the correction
applied to the calculated dispersion and to show that the dispersion is
essentially constant irrespective of the position(.w_ov.nv the 22 cm long
Plate upon which the alpha particles are focused. The open circles of
Figure la, showing the energy.differ'ence between the two principal
alpha groups of Cm’24;, were obtained on a single photographic plate
by using six diffe.r'e,xit magnetic field settings and employing the
above expression for tht‘a'disp.ersion with a +5.9 percent correction.
The other symbols indicate other sets of data. It is seen that within
the limits of determining the peak position (about one field of view in

the microscope corresponding to 1 kev energy) the energy separation
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is constant over the part of the plate examined.

Figure 1b shows the method used for obtaining the .correction
term for calculating the dispersion. Sets of alpha emitters, each
with two groups of known energy difference, were employed to make
a series of exposures and for each the empirical correction term for
the dispersion formula was found. The alpha groups used were
Rn-RaA, Rn-Po and the two groups of Ra.226 for which tiqe respective
energy differences 512 kev, 188 kev and 183 kev were assumed. The
average value for the correction term was 5.9 percent. As indicated
there was a rather large uncertainty in each measurement which is
partly the result of an unsatisfactory method of locating peak position
no longer employed.

For present purposes the correction term and its limits of
error will be taken to be 5.9 (fj:___Z) percent. This allows liberal
limits for the uncertainty in instrument calibration.

The method used to determine peak position alluded to above
was to extrapolate the high energy edge of the peak to the origin. It
was later noted th_at peaks registering on different parts of the plate
had different widths. A better comparison would result from the use
of the position of maximum peak height and this convention is now used.

The disparity in peak widths at different positions of the plate
was parfly due to misalignment of source and detector but part is
inherent in the focusing properties of the magnet. .Some improvement
resulted from partial disassembly and realighment of the source and
receiver assemblies. In addition, a proton resonance fluxmeter has

been installed in the magnet gap so that the magnetic field can be
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measured directly for each run. Previously a series 'of flux
measurements had been made as a function of magnet coil current
and this relationship had been assumed to remain constant. Data
shown in Figures 3 and 4b were obtained be’fc.)re source realignment
while the more constant peak width following the changes is ‘
reflected in.Figures‘ 4a, 4c'and 4d. The data shown in Figure la

were taken after the instrument improvements were made.

1III. RESULTS

As already mentioned, the three curium isotopes under
consideration éould not be produ;ced individually isotopically pure.
The assignments'v of the alpha groups arhohg the several curium
is‘otopes were made principally by comparing samples with different
isotopicl ratios. Before- discus sing these, mention will first be .
made of the redetermination of the eﬁergy difference and relative
abundances of the two principal alpha groups of 'C.m'24'2 previously
r‘eported(z) as differing in energy by 45. 7 kev and having abundances
of 73upercent ana 27 percent. The improvements made in such
‘&eter'miha_tions, such as a better knowledge of the magnetic field
.strengfh, has resulted in some revisions.

242

| Principal alpha groups of Cm : -- The difference in enefgy

of the two groups taken as the average of the 13 values shown in
Figure la is 43.6 (t 0.6) kev. The limits of error shown include the
spread of all values. If we add to this the pos'siible 2 percent error
in ins-t.rumen_t calibration a consérvative limit of error would be
t 1.4 kev. If we take the energy of the vground state alpha group (a,)

to be 6.110 Mev, (2) that for the other prominent group (a,,) is
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6.066 Mev. The abundance of this low energy group has been
redetermined as 26.3 (t 0.5) percent. Attention should be called
to the fact that the difference in alpha group energies is not quite
the energy of the correéponding gamma-ray transition because of
the difference in recoil energy given to the residual nuclei by the
two groups. The energy difference between the ground state and
the first excited state of Pu238 is accordingly 44. 3 kev,

Principal alpha groups of Cm244. -- In order better to visualize

the origin of the different isotopic compositions of curium to be
discussed, reference is made to a segment of an isoi;ope chart shown
as Figure 2. References to the data used here as well as other
decay data to be mentioned will be found in a new edition of the "Table

s ,
of Isotopes'. (5) The first sample to be mentioned was composed

principally of Cm242 and C’m244° For its preparation, a sample of

plutonium having a high concentration of Pu242 was available and
its preparation, which is similar to one already described, (6) will
be mentioned first. A sample of Am241 was irradiated with neutrons

to form 16 -hour Am242 which by its electron capture branching gives

Pu242 and through B~ decay forms Cm242. The preponderance of B~

242 and the relatively short alpha decay half-

life of sz'42 conspire to produce more pu?38 than Pu242 if the
duration of irradiation is the order of the half-life of Cm242, or

branching of 16 -hour Am

longer. With long irradiation Pu238 undergoes further transmutation
to give small quantities of higher isotopes of plutonium. The pertinent

information for present considerations is that the plutonium sample

*The values as shown in the "Table of Isotopes' are used here

although some have since been revised. .
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'so prepared contained about 25 percent P‘u242 and 0.1 percent Pu241

by weight.
The chemically purified plutonium fraction was further |

irradiated and from this the curium fraction contained roughly equal.
gquantities by radioactivity of Cm‘242 and Cm244. The appearance of

both curium isotopes is approximately second order with respect to
42

s ae e . 2
irradiation time: Cm

neutron capture by Am'241, and Crn'zéj:4 from neutron capture by Pu

by the slow - decay of. Pu24l‘ followed by
242

and Am'243, successively. The pertinent neutron capture cross

sections which explain these results will be found in a summary by

(7)

Manning, Ghiorso, and Seaborg.

242 244

The alpha spectrum of this mixture of Cm and Cm is shown

in Figure 3.. The limitation in sample size (106 alpha disintegrations
. ’
per minute) prevented observation of possible rare alpha groups but

the identification of the two principal alpha groups of Cm244 relative

242

to those of Cm was unambiguous by virtue of the method of making

the curium isotopes. The energies of these alpha groups were found

to be 5.798 and 5. 755 Mev. There were small amounts of Am>¥ and

.PuZ?"8 in the sample but their alpha groups fall at energies well below

those of the new ,-C‘m2'44. The data shown in Figure 3 were obtained
from a 42-hour exposure; the sample wé.s prépar-ed by subliming the
chloride from a tungsten filament onto a 1 in. x 1/8 in. band on
platinum and this hand was collimated to approach a line source by a
1in. x 0.018 in. slit in a stainless steel plate.

Low energy alpha groups of szé}2

(2)

. -- In an earlier study it

was shown that at energies lower than the two principal groups
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(6.110 and 6. 066 Mev) there is no alpha group in abundance greater

than about 0.1 percent. With the improvements made in the instrument,

242 1.6 appeared at 5.964 Mev. This

a weak group assigned to Cm
group é,ppear's in allll of the spectra of Figure 4 and in another taken
but not shown. (The origins of the several samples having the spectra
shown in Figure 4 will be mentioned below.) The experimental

proof that the 5. 964 Mev group b,elongvsh:to Ctm‘z"'2 lies in the invariance

of its abundance relative to the principal groups of C‘m242. The data

-are summarized in Table 1 where the constancy of this ratio is

apparent whereas the ratios of this group to those ascribed to C'm'243

‘and _Cim'244 undergo considerable variation.

Two other possible groups have shown up (Figures 4a and 4b)

‘at 6. 006 and 6.030 Mev but these cannot be assigned definitely to

either Cm'242 or .C‘m243. Further work will be ne.ées’s’ary to establish

these groups definitely and to make assignments. These groups will
be mentioned further under the discussion of the decay schemes.

Alpha spectrum: of C'm243. --The curium preparations which

gave rise to the spectra shown in Figure 4 were made by neutron
irradiation of mixtures of #me‘ricium isotopes and of curium isotopes
-w,hich‘ in turn had been prepared from americium. The different
isotopic compositions obtainable are a function of the s;tart_ing materials,
the neutron capture and fission cross sections, thé intensity and
duration of irradiation, and the time following irradiation. ‘These
factors as applied té the preparation of curium isot_opes will be
discussed by others. (8)

The objective of comparing the spectra of the different curium
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'p‘r-epér'atioris is to éééi-‘gn the several groups by c'ompafiné abundances.
We have already seen that the alpha gfrdué at 5.964 Mev follows the
abundances of main Cm242'groui>s' and is a'ssign.e:'—d'.aééoi'dingrly as a
component of thé C‘n1‘124‘2'spéi:'t'ru-m.v Also, groups at 5. 755 and 5. 797
Mev (Figure 3) ‘were attributed to Cm?44 because the particular sample
was prepared in such a way as to make cm?4? and;not cm?3,

It' remains now to aséign groups at 5.985, 5.777 and 5. 732 Mev
which é.pﬁéaf in Figure 4. |

The pertinent numerical data of Figures 3 and 4 as 'well as others
not shown in’ graphical form are summarized in Table 2 in the form of
ratios of abundances for the various groups. The group ‘at’5.777 Mev
is thé"most‘p.riir"nihehf and is used as the reference., Within the
limits of e.i‘r-o,r.:i‘ni thé medsurements the ratios of the three groups
" among-théemselves are constant.’

* On the cbﬁtfary, ‘the ratio in abundance of the 5. 777 Mev group
to' the main group of cm?*? varies by almost a factor of 10.and varies
by an even larger factor with respect to the main group of Cm244.
" On this basis alone it is probablé that all three groups belong to

cm?®3. Othé¥ evidence will be discussed presently.

- .Gamma -Ray Spectra and Decay Schemes

242

D.e,cé,y Scheme for Cm . --Up to the present study only two

alpha groups .of.Cm'24‘2 were known, the mos,t.abund‘ant leading
presumably to tlié'-gr-buhd state Of'Pu'238'and the other to an excited
state of about 44 kev, taken to be the first excited state. ) The L-
and M-shell conversion electrons corresponding to the 44 kev

transitions were measured by O!Kelley ) and these were seen in the
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*
requisite quantity to account for all of the Q44 transitions of Cm‘242

(10)

by Dunlavey and Seaborg using the photographic emulsion

technique ‘which indicates alpha particle-conversion electron
coincidences. Coincidences between alpha particles and conversion

electrons of the proper energy were also measured by electronic

(11)

means by Prohaska. Finally, conversion electrons which can be

assigned to this transition have been observed in high abundances by

(12) 238

Freedman, Jaffey, and Wagner in the beta decay of Np

The absence of a gamma ray of comparable abundance to the
conversion electrons has been known generally from the low gamma
activity of sz'42 and this necessarily implies a high c_onversidn

(13)

in their classification of

(14)

coefficient. Goldhaber and Sunyag
excited states of nuclei and Horie and co-workers independently
have stated the generalization that the first excited states of even-even
nu.cléi have spin 2 and even parity. This thesis has been analyzed
.furthervby;Scharff—Goldhaber(ls) who also discussed 1ts implications

on the shell model of nuclear structure. The gamma ray transitions

from these states (2+

(

> 0+4) are of the E, type. Gellman, Griffith
and Stanley 16) have calculated L-shell conversion coefficients for
El’ M1 and E2 transitions and from their data we have estimated for

the case in question coefficients of 1.5, 60 and 600 for El’ M1 and EZ’

- respectively.

*The designation Qg refers to the alpha particles leading to the

238

44 kev excited state of Pu ~ a, refers accordingly to the alpha

transition to the ground state.
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We have measured with a scintillation counter spectrometer

242 both in samples fé.ifly pure

the gamma ray spectrum of Cm
isotopiéélly and in m’ix_tufés of curium isoto"pes, | Radiation cbrrespdnd-
ing to L x-rays was found in abundénce, but the actual quantity .was V
not calculated because of the large uncertain atténuatioﬁ loss in the
particulaf arrangement employed. In mucia lower inten.sity were

found photons of 44 3, 100 £ 2, and 157 * 2 kev attributable to

Cm242’. One such spectrum is shown in Figure 5. The intensity

of the 44 kev gamma réy was 1 per 2.4 x 103 total aiphav pérticles of
'C"rn'242° Since the first excited Q,ta,te is populated by 6n1y 26 percent

of fhe alpha divsin,teg_rations_, the corresponding yield of gamma rays
from this state is 1 per 620 which should repr"eé:erit the..to___..t_g_l conversion
coefficient. Accofding to Dunlavey and Seaborg, (10) 83 percent of the
electrons seen were L-conversion electrons and 17 percent.from the

M, N..... shells. Applying this correction, the experimental L-shell
conversion coefficient becomes 520 which is in good agreement with
transition. We can therefore

2
have good confidence thaf the first excited state of Cm242 does indeed

the theoretical expectations for an E

have spin 2 and even parity. This is indicated in thé'decay scheme
(Figure 6). -

The photon of approximately 100 kev would not be:»
di’stirvlguishable from a K x-ray of plutonium but such an assignment
is fairly well ruléd out by intensity considerations. Contrary to the
decay scheme of Figure 6, let us assume that the energy
det.ermination of the 157 kev gafnma ray is in error and that this

gamma ray represents the crossover transition from the state reached '
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by %48 to .the grqund state. On tlis basis the 100 ke_v photon could be
a K x-ray resﬁlting from the K-shell conversion of this gamma ray.
Thé measured abundance of the gamma ray is 2.7 X 1\0_'5 relative to
tovtal sz‘l_2 alpha particles aﬁd the abuﬁdance of Q48 is 3.5 x 10_4.
The K-shell conversion cobeffic_ient of this gamma ray would then be
12 and accordiﬁg to the calculations of Rosé, Goertzel and Pe.rry'(”) 7
this conversion: coeffic‘ient Qould corre§pond 1?0 an E6,tra‘.ns.ition.
Such a trahsitior; in this case can be fuled out on a number of grounvds
including the life,time_of the state. ,_F‘urthgrm'ore, if the conversion
coefficient is 12, the K x-rays vshou_ld be several times more plentiful
than observed. (The 100 keQ pho,tovn‘vis found in abundance 6 x 10-5. )
We fherefore considier the ~.100_kev pho_tdn to be a gamma ray in
cascade with thé 44 kev gamma ra;y giving a state 144 kev above the

ground state which is in agreement with the existence of the alpha

group, G ,q- This gamma ray is probably the same as the 103 kev
' : (12)

gamma ray reported by Freedman, Jaffey, and Wagner in the

decay of.Np238.
In attempting to assign a multipolarity to the gamma ray

transition frpm the second excited state to the first and from this to

deduce the spin and parity of the second excited state we have recourse

*Only electric transitions to the grbund staté are possible from
statéé reached by an even—evén alpha emitter. This follows because
all even éng,ular momentum quantum states must have even parity and
all odd states have odd parity and the transitions from such states to
the 0+ ground state wili involve change in parity from odd states and

no change in parity from even states.
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only to an estimation of the conversion coefficie‘nt for the ~100 kev
gamma ray. Its abundance relative to the 44 kev gamma ray (Figure 5)
is 0.15 and as already indicated there is one 44 kev gamma ray per
2400 alpha particles; therefore, the abundance of the ~100 kev = -

242 alpha particles. ¥

gamma ray is 6 x 10 "5 relative to the total Cm
The abundance of °'148 is 3.5 x 10-4 from which it follows that

the conversion coefficient is 5.  The theoretical values of G,ellma‘n,
Griffith, and Stanley(lé) for L-shell conversion coefficients do not
lend themselves for accurate comparison since their vclos,es't-gamma
ray energvaas ~150 kev and the change of conversion coefficient with
energy in this region is rapid. If we use measured conversion

228 (83 kev) and ThZ30

(16)

cioefficients(ls) for E2 transitions of Th

(68 kev) to fill out the curve of '-calculéted values the expectéd'
value for 100 kev is about 7. The calculated ,v"'a.lue for an M, transition
would be about 5 for this energy while for an E, transition it would be
about 0.1. Because of the uncertainties already mentioned in the
present ccmparisons., values within a factor of 2 of each other should
be considered in agreement so that we may assign this transition to
the categorigs .E2 or Ml'

- On this basis alone the second excited state of Pu238 would be
4+, 24, 0+, 34, 1+. We can rule out the odd states because of the rule
mentioned that the odd states of an even-even alpha emitter must have
odd parity. Of the other three possibilities we favor 4+ from the
synthesis of a number of arguments baé.ed on (1) the absence of a
crossover transition.to the ground state, (2) a detailed examixiation'

238

of the beta and gamma spectrum of Np~ ", (3) analogies with the
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excited states of other even-even nuclei for which interpretations are
more definite, and (4) the agreement of the ener.gyvof this state with
the expectations for a 4+ state considered as the second rotational
stateu?’,z'o)fof the nucleus. These considerations will be applied
generally to the excited states of even-even nuclei at a later date.

As shown in Figure 5 there is also a gamma ray of 157 kev
in low intensity. Its abundance is about one-third that of the ~100 kev
gamma ray and consequently is found in abundance 2.7 x 10-5_ of the
total alpha disintegrations. As placed in Figure 6, this gamma ray
represents a transition from a state 305 kev above ground state to the
excited state at 148 kev and it is listed as an E2 transition. The
reasons for this assignment will appear shortly. For an E2 t»ransition
of 157 kev, the total conversion coefficient should be about 2 and
therefore the state from which it arises should be populated to the
extent of about 8 x 10-5. Such an alpha group (5. 810 Mev) is just on
the vérge of detection but could not have been seen in the present
experiments in any case because £he best samples contained Cm2-44‘
and the principal groups at 5. 798 Mev would have obse¢ured it.

Without conclusive justification at present, we shall
hypothesize that the most prominent states reached by an even-even
alpha emitter among the heaviest elements are states of even angular
momentum and that these states represent some configuration of the
nucleus as a whole, let us say rotational states. As pointed out by

(20)

Bohr(lg) and by Rasmussen such states for a non-spherical
nucleus should lie at energies proportional to #(£L + 1). The ratio of
energies of the second rotational state to the first would therefore be

3.3 and the third to the first would be 7. 0. Applying these factors
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to the value 44 kev, we arrive at 147 and 308 kev for the séc¢ond and
third rotational states in excellent agreement with energy levels:
already deduced from alpha and gamma ray sp.ectr‘a.“ "In another

(21)

publication it will be shown that similar agreement is found for
other nuclides in this region which have different energy level "
spacing. ¥ However, despite this agreement with theory for the -
relative energy spacing of the "'rotational' levels, the absolute
values are not in agreement with reasonable moments of inertia
considering the nucleus as a rigid rotator.

If we consider the first three excited states of Figui'e 6 to
be special in the sense that they represent some quantized behavior
of the nucleus as a whole, the question arises as to the eéxistence of
other low-lying levels representative of some other mode of -
excitation. The only indication for such states is the tenuous evidence
for two very rare alpha groups at 6.006 Mev and 6. 030 Mev (see
Figures 4a and 4b). These would lie 106 kev and 81 kev above the
ground state. More refined experiments will have to be performed
before the exiétence of these groups in the decay of Cm242 can be
cons.idef'ed 'seriouély.

38

The partial decay scheme for sz and Cm'2'42 shown in

Figure 6 makes use of data obtained by Freedman, Jafféy, and

(12 238

Wagner ) on Np The interpretation of these data is conditioned

*

Dr, Aage Bohr has kindly sent us the manuscript of a
forthcoming publication (Aage Bohr and Ben R. Mottelson) in
which is included a similar analysis of excited states of even-even-

nuclei,
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by the energy levels arrived at from the Cm'24’2 alph'a_dec:;y. The -

principal virtue of the scheme shown is that it is the simplest one
which conforms with information now available.

It will be noted that a new B~ group is postulated leading to
the 148 kev level. This group is needed because of the measurement(lz)
of coincidences between "hard beta radiation'" and a ~100 kev photon.
The beta group with end -boiht at 1.272 Mev is taken to go either to
the 44 kev state or the ground state, or it may consist of two groups
going to both of these levels.

The spin and parity assignments were arrived at frorfn the
following arguments: From the alpha decay data for Cm242 already
discussed it is almost sure that there are low-lying states of PuZ?’8
with designation 0+, 2+ and 4+. The high energy B-group (or groups)

23 238

of Np 8 has an ft value of 8.5, (12) therefore the ground state of Np

‘most likely has odd parity as would be expected from the shell model.

If this is established, then the high lying excited state of Pu238 must
also have odd parity since the ft value for the low energy beta group
could fall into the "allowed' category. The spin values were selected
to conform with the selection rules and to account for the near:

equality in abundance of the two high energy gamma rays. It is of
interest to note that other odd-odd beta-emitters (e. g., ACZZS) with
sufficient decay energy also have pairs of hard gamma rays

differing by the energy of the first excited state known from alpha decay.

Decay scheme for Cm243. -~ The alpha particle spectrum of

va243 thus far determined consists of the following three groups with

indicatéd abundances: 5.985 (6 percent), 5.777 (8l percent),

5.732 (13 percent). If the 5.985 Mev group corresponds to the
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ground ‘s,ta’t_e transition, the other two.groups would lead to excited

states of 212 and 258 kev_;. :However, 'as will. be shown,. . the 5. 777 . :
Mev group is in.coincidence ,with a gamma ray. of. 278 kev.so that,
the.-highest energy group.seen;(5. 985 Mev).cannot.lead to:the ground
_state. In addition to the 278 kev. gamma ray, one.at 226 kevwas
found and a Photon of.104. kev. believed.to be a 'p'lﬁto._r‘;riu;n K.-x-ray.,

All of these photons; wer%_-aﬁtribute«d;;toﬁ_Cm,zzfl % rather :tha-n;.toucm.z?z
from abundante.argumients, .. Because it,is highly likely that the -

. spectrum for Cm>* is much like that for. Cm>*2, we do.not;believe

that these gamma rays originate from the-small amount of Cm244 :
present. .Other evidence will be given.presently. .

s The-highly complex:beta spectrum; of Np%3 a (18 ) indicates -
.strongly that there are a number of i@w -lying excited states .of -P-uz:39.
. Limitations of sample intensity of our Cm243 preparations are such
that a_lphg and gamma.transitions .even in moderate: abundances could
have been missed. The best.that can-;t)'e done at present.is-to-attempt
to define the decay energy.of. Cm243 and;to reconcile the two abundant
gamma rays with the alpha 'Sii(adifuiﬁf The:most-likely arrangement of
these data is shown in Figure 7 along with a partial beta decay’ ‘SEh;qme
for, Np?fg ‘:i,ny(}}vv;ing -rc-omvmpn,l»e,yv,el?_,; Gamma rays observed both from

239 and: the alpha decay.of szésrare:. indicated by ‘

double lines.  Figure 8 shows, on the same plot, a portion of the gamma
ray spectrum.measured with a ~.s;cintﬂléti9p.-,szpe;tromgter and the
gamma ray spectrum which is in.coincidence }wi}t'h‘ the most abundant
alpha group ome243 (5. 777 Mev).. .The latter measurement w‘a,s_,

made by setfing the magnet field to focus the alpha group,on a -
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scintillation détector and using this pulse to trigger the gamma ray
spectrometer. It 4s seen that the 226 kev gamma ray and 278 kev
gamma ray are botia in coincidence with the alpha group. (The
energies of the gamma rays as indicated are the averages from a
number of measurements.) The data are" in agreement v‘yith the work

(22)

of Graham and Bell who showed that these two gamma rays

originate from the 10 "9 sec metastable state of Pu?>7.

As shown in
Figure 7, these gamma rays decay by parallel paths, one leading

to the g;ound state and anothe:;:" to an excited state of 49 kev. Graham
and Bell also found a 210 kev gamma ray from the 277 kev level
which leads to a 67 kev excited state, We could not méasu;-e this
gamma ray but did find a low intensity alpha group which undoubtedly
lé'ads- to the 67 kev state because its energy is almost exactly 210 kev
higher than the group leading to the 278 kev state. The gamma rays
.shown from the 323 kev state could not be observed in the present
~study because of the relatively low population of this state by alpha
decay, but gamma rays corresponding to transitions from tﬁis state
have been observed by others (22, 23, 24) following the beta decay of
Np239. -

It will be noted that the highest energy alpha group measured
is in fairly low abundance and ﬂthaf no alpha gfou‘ps have been observed
leading to the two lowest lying states. These facts are not inv accord
with unadorned alpha decay theory which Ifavor's highest energy
transitions. However, there is ample-evidence that the type of

spectrum noted for Cm243 is the rule rather than the exception for

‘alpha emitters with odd nucleons.
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It was mentloned above that the 104 kev photons are probably

oot

plutomum K x-rays ar1s1ng from the 1nterna1 'cv:onv ,,slon of thew_‘_.,,,..,w .

278 kev and 226 key gamma rays of Cm243. Ev1dence f{)z; th1s as51gn-=

*,
£

}A‘ment was obta‘ined By settmg the gamma ray scmtﬂlatacm spectro‘ eter

“{6t this énergy and record1ng the alpha-gammawegfn“c.ldences as the
magnet current of the' spectrog;;ghg wgs va(r;ia Comc1d.elnﬁces e

' appeared when the main Cm2'43 group (5.777 Mev) was fon‘ltgec;ﬁeriathe
detebéor and fiot with elther of the Cm244 gr;)ups. The 104 kev photcm
is therefore in coincidence with the same alpha group whleirx g1ves nse

. . .
“‘ NSRRI

to the 278 kev and 226 kev gamma rays and is most reasena,bly"‘handled

-by.assuming it-te-be a ‘--pl-utonium"v'K" x=ray-arising from the internal

A3 "

conversion of these gamma rays. ;. :
244

— Decay -scheme for Cm™. = TheonlyinfoFmatien regarding the

decay scheme of Cm244 is contained in the observation of two alpha
groups differing by 42. 5 kev and in abundance ratio of 3 to 1. The
prevalence of this structure for even-even alpha emitters in this region
makes it highly likely that the decay scheme is similar to that of Cm242.

- On this basis the first excited state would be a .Zf‘s_ta_te and the conversion
coefficient for the gamma transition would be about 500. Other excited

242

states similar to those of Cm“ ~“ would be in too low intensity for
observation with the preparations now available.

We wish to acknowledge the assistance of Miss Beverly Turner
and Mrs, Mar jorie Simmons in counting the alpha -tracks. We would like
to acknowledge the use of the pile'facilities and the aid of the personnel
of the Atomic Eﬁergy Project, National Research Council of Canada,
Chalk River, Ontario, Canada, in the irradiations of plutonium,

americium and curium. This work was performed under the auspices

of the U. S, Atomic Energy Commission,
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| | Tabiel . 242. :
Assignment of Alpha Group at 5.964 Mev to Cm~™ "~

Experiment Bl S
. ~ Number - ' not shown ’ o
Abund - ' | Fig. 4a Fig. 4b (No. 105) A Fig. 4c Fig. 4d

. Relative to:

cm?*? groups 0.033% 0.035% 0.035%. 0.036% 0.037%
(at 6.110 and AR ; 6% . 0.03
6.066 Mev)

Cm244 groups 8% . 16% 14% - 1% 53%

(at 5.798 and - - ‘ S |
5. 755 Mev) -

: 243 : '

Cm group at 8% 30% 32% . 18% .. 107%
5.777 Mev ' ‘ o A

Energy of _ o ’ ‘
alpha group 5.965 5,964 ° 5.963 - '5.966 ' '5.964




Table 2

Assignment of Alpha Groups at 5. 985, 5. 777 and 5. 732 Mev to Cm> >3

R e e o [

Experiment : et s
Number L . ' not shown ;
' Fig. 3 Fig. 4a . Fig. 4b @ (No. 105) Fig. 4c Fig. 44
Abundance - el ;
"~ Ratios

at

Rétio
5.985/5.777/5. 132

. oyt

. 068/1/.18 .11/1/.17 .049/1/0.19 .083/1/.14 <.16/1/<.2

3 R-'at’io A k i G i
5.777/6.110(Cm%*2) <03 ' 5.8x1073 _1.6x107> 15x107° 2.7x107° 4.9x107*

-gz_

5.777/5.798(Cm"~"")  <0.05:, 1.4 0.70 , . 0.62  “70.78 0.69
: |

€612-TYON
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Figure 1. (a) Data illustrating uniformity of
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(b) Determination of the empirical correction
for the dispersion formula,



Cm

Am

{PJ

-25-

242

o

(le2d)

243

(~100y)

244

a

(19y)

241

{47Cy)
 «

242
(16 h)
{(~100y)

B +EC

243
(~10%y)
a

244
~{25m)
B‘

238
o (90 y). .

239

(2.4x10%y))
a

240

.16580y) .
Y O

. 241

242

(5x10%y) |,

a

NEZER
(5n) "
-

MU-5330




g‘ N

=26~

£33 3

g

ALPHA TRACKS PER Vomm SCAN

F-3
O .

Cmtotgy
$.Ho

Cuteq, ’
Rid .
.-'. emiote,,
s.08s

CI" % -
i 3 755

L

ALPHA PARTICLE ENERGY (MEV)

My-5338

: F:gure 3. Spectrum showmg rincipal groups
of Cm242 and Cm24 thh Cmg 3 abgent.



ALPHA TRACKS PER /4 mm SCAN

o pg g

-27-

e s
- 243
cm

O
T 244
LS

AL YT SECTPWE GRS
cm cm

2.42.«.‘!,»‘.
cm

~
3 5:
wE

3000

—

2000+

1000} .
5.965 5986
)
° :
2.1x10%
soo} .
FiG 4% ‘6‘“°
300} ¢
; v
o s =

5. 5.964

el AT b 2

" la.gmod J27x108|

“"8‘.‘65‘&“ LR EIETI I

ALPHA PARTICLE ENERGY (MEV)

Figure 4, Al ha-pai‘ticlé spect;awof
..Cm242, Cm?243, cm?244

) v, LR oy

- LA 3

Buw P

isotopic mixtures.

MU-5333



-28-

rvyrrmer v rrrrrrryrryryyrrrryyryrryrrryrrrrrrrrrrr T rve Y

1600} 44 KEV ' 1

e &
-1 -]

g.

800} .

soo}

GAMMA COUNTS PER 7.5 MINUTES

100 KEY

2oor 157 KEV

‘0

llll"ljll‘lllllll-J_llLlllJrllllll]vl‘lll.lAJll_l;lllllllll

o - 20 30 40 50
CHANNEL NUMBER

-]

MU-5334

Figure 5. Gamma ray spectrum of Cm242.



AN 258 Mev
A =\\\\\\\
\C o )

\ . -
‘ \(I.l4 Mev)
\ A

R MU-5332

42 38

Figure 6. Decay scheme for sz» and sz



239
Np

329
fzv/_.)
1.7%)\0.380

\iIO%)

0.441 (31%)

239m e
. . / 0.278

- +-0.067
-‘. 0.049

239
Pu

. MU-5331

Figure 7. Decay scheme for _Cm243 and Np239.



-31-

TRUE COINCIDENGES PER HOUR

§ COINCIDENCE SPECTRUM 226 Kev 27 °
© GAMMA SPECTRUM

GAMMA COUNTS
PER MINUTE~

;
g

278 Kev 7

—{15000

~~1 5000

'CHANNEL NUMBER
‘ MU-5257

Figure 8. Alpha-gamma coincidence spectrum
of Cm243,

—jio000



10.

11.

12,
13.

14.

15.
16.

17,

-32- UCRL-2193

IV. BIBLIOGRAPHY

F. L. Reynolds; Rev. Sci. Instr. 22, 749 (1951)

" Asaro, Reynolds, and Perlman, Phys. Rev. §_Z' 277 (1952)

F. Asaro and I. Perlman, Phys. Rev. 87, 393 (1952),

F. Asaro and I. Perlmén, Phys. Rev. 88, 828 (1952).:;"” |

‘Hollan‘c'ler, Pe:lmah, and Seaborg, '""Table of Isotopés, " Revs.

Mod. Phys. (April 1953)

Thompson, Street, Ghiorso, and Reynolds, Phys. Rev. 80,

. 1108 (1950)
Manning, Ghidrs.o, énd Seaborg, Natii)nal Nuclear Enérgy Seri'es,'

| fj,Plutonium Project Record, Vol. 14A (McGraw-Hill Book Co., Inc., .

New York, N. Y., inpress) The Actinide Elements, Chapt. 20.

‘Thompson, Barrett, _Reynoids',_ and Higgins (to be published)

G. D. O'Kelley, _Ph.D_.vahes_is, _Upiver.sity of California Radiation
Laboratory Unclassified Repotrt, UC/RL-1243. |

D. C. Dunlavey and G. T. Seé.borg; Phy:s.b'f‘{e\{,;:ﬂ, 165 ‘:(195-&)4
C. A. Prohaska, Ph.D. Thesis, Un.iver'sity'of‘ Califorhia Radiation
Laboratory Unclassified Report, UCRL-1395. |

Free&rhan, Jaffey, and Wagner, Phys. Rev. 79, 410 (1950)

M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951)
Horie, Urhezawa, Yamaguchi, and Yoshida, Progress Theor.
Phys. 6, 254 (1951) | '

G. Schar‘ff-Golcihaber, Phys. Rev. (in press)

Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952)

Rose, Goertzel, and Perry, Oak Ridge National Laboratory

Unclassified Report, ORNL-1023



18.

19.
20.
21.
422.

23.

24.

-33- UCRL-2193

For summary of data see: Hollander, Perlman, and Seaborg,

MTable of Isotopes, ' Revs. Mod. Phys. (April 1953)

A. Bohr and B. R. Mottelson, Phys. Rev. 89, 316 (1953)
J. O. Rasmussen, private communication.
F. Asaro and I. Perlman (to be published)

R. L. Graham and R. E. Bell, Phys. Rev. §_:_’;_, 222 (1951)

Freedman, Wagner, Engelkemeir, Huizenga, and Magnusson

(private communication)

Tomlinson, Fulbright, and Howland, Phys. Rev. 83, 223 (1951)




