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THE COMPLEX ALPHA SPECTRA OF THE HEAVY ELEMENTS
Francésco Asaro
" Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

June, 1953

ABSTRACT
Using a 75 cm radius of curvature 60° symmetrical

electromagnetic analyzer, we have investigated the complexity

244, 243, 242 243, 241
, Am )

234, 233, 232,230 T

of the alpha spectra of Cm

u242, 241, 240, 239, 238 228, 226

U h
leZ, 211, 210, 208, Atle, 210 and

P

226, 224, 223,222

a
0211"209"208, We have also investigated the gamma rays of

R
P
Cm243, 242’ Am243, Pu238, U234, Th228 and Elel.

Decay schemes have been proposed for many of the nuclides
and empirical correlations have been determined for the energies
and intensities of the alpha groups observed in the even-even

nuclei. These correlations have been evaluated with respect

to alpha decay theory and recent developments in the literature.
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THE COMPLEX ALPHA S'PECTRA--OF THE HEAVY ELEMENTS
Francesco Asaro
. Department of Chemistry and Radiation Laboratory

University of Ca11forn1a Berkeley, California

Ju_ne, _.195:3

I 'jINTROD'UC‘T::iON
A study of complex a.lpha energy épectra was undertaken .
in the hope that a co_rrelation with 'alp'ha sy’s_tematics might promote
a better understanding of nuclear states and their influence on the

alpha decay process.

II. EXPERIMENTAL APPARATUS AND TECHNIQUES

A. ‘Alpha Particle Spve.c"‘trograph

The alpha part1cle spectrograph used in the present measure -
ments is a converted N1er type mass spectrograph It employs a
60° symmetrical magnetm'analyzer and;the -normal trajectory has -
a radius of curvature of 75 cm. F1g 1 is a schemat1c d1agram
of the optics of the 1hstrument and shows the magnet source, slit
system and detector. The m’a‘.gne’hc- .f1'e‘1d-1s produced by an electro-
magnet with a 1 in, gap between the pole p1eces and at maximum
intensity is capable of bendlng a 14 Mev alpha particle. The entire
system of source, magnetm_ gap and photographm plate is evacuated
to a pressure of 1074 tollo-'e mmHg prior .to. operation.

A detailed description of the instrument, its power sopply
and operating characteristics has been‘ puhlished elsewhere. (1)
A brief summary of the characte‘riStic_s'is' givenv here. The magnet
power supply is capable of m'aihtaihing the current constant to one

part in 10, 000 over at least a 24-hour "p‘efriod. The current



MAGNETIC SECTOR

| 4 CENTER OF CURVATURE \~SOURCE
PHOTOGRAPHIC OF THE MAGNETIC
PLATE SECTOR DEFINING,
: | - S SLIT
MU 3273

Fig. 1. Schematic diagram of optics of spectrograph.



-12-

fluctuations are monitored constantly with a Speedomax vr'ecorder.,
The vacuum in the spectrograph is maintained by two 260 liter/sec
oil diffusion pumps each backed by' Duo Seal mechanical pump.
The source and detector portions of the spectrograph, which may
be sealed off from'the main vacuurﬁ tank for the purpose of changing
samples o:ci photographic plates, have separate mechanical roughing
pumps. The photographic piate holder or receiver is shown in Fig. 2.
It holds two 9 in. x 2 in. photographic plates which may be exposed
successively without letting the receiver down to air. It has a
light-tight camera door which may be operated outside the spectro-
graph aftef the receiver has been evacuated.

The source and slit holder with two 0. 018 1n slits and a
1 1n spacer is ShOV;In in Fig. 3. Various combinations of 1/8 in.,

e

MO,_'OIS in., 0.010 in., and 0.005 in. slits separated by 1/4 in, or

1 in. bspacers in conjunction with a baffle system close to the magnet

gap permitted variations in solid angle from 107 t0 1077 of 4.

1. Sample preparation. -- In order to take advantage of the

inherent high resolution of an alpha particle spectrograph, it is
imperative that the sources be extremely thin, Poor samples with
respect to self -absorption are manifested by a tail on the low
energy side of the distribution curve, whereas the form for a thin
preparation approaches a symmetrical peak. Among the natural
radioactivities good samples have been prepared when applicable
by collecting the active deposits from the emanation decay series.
In general, poor samples are obtained when prepared from

solutions by simple evaporation of the solvents. Even when the






Fig. 3, Photograph of source,




=15~

weight of the sample corresponds:_-only.'to‘“the..order of a few micro-
grams per square centimeter on»theiplate,s the formation of
microcrystals with high surface density effectively produces a

thick sample. Impurities in the solution otten produce the same:
results. In certain cases electrodeposition may be employed to:
advantage but in general this method requires careful control

of conditions which may be different for each substance. It is
difficult to obtain satisfactory plates, particularly for electro -
positive.elements such as the actinide elements in which reduction
1o the metal is not possible. The most generally a.cce-ptable”method
employed in th1s laboratory for a wide variety of substances
con51sts of vacuum sub11mat1on. In the presently con51dered
instances, solutions of r.adioactive chlorides, nitrates, or c1tr.ates
are 'evaporated to dryness’ :on a tungsten filament ' Upon raising
vthe ternperature to white heat for a few seconds by passmg current
through the £11ament the sar.nple.1s vapor1zed onto a 2 mil plat1num
plate masked by another plate havmg a rectangular s11t lin. x 1/8 in.
which defines the sample shape, The mask and collect1ng plate are
placed about 1/8 in. above the filament. The whole system is |
-‘ma1nta1ned at a few microns pressure to reduce formation of tungsten
oxide which, when formed, vappears as a dark film on the collectlng
plate. Under optimum c‘ondi‘tions, the yaporized _sample. can
contain up to 50 p,g/cm2 of active atoms and still give adequate
resolutlon with very little low energy ta1l1ng .For. high resolution

the 11m1t is generally under 10 p.g/cmz, By shaping the tungsten

tieo oo

f11ament into a trough, subhmatmn y1e1ds of 50 percent are

N L . - o .-” 1».(—..5

generally obtained on the collect1ng plate.

e va an wam L

e g



.16 -

2. Sample exposure and track detection. --By reference to

Fig. 1, it may be seen that the alpha particle beam is defined by
the slit and baffle system as indicated. With a uniform magnetic
field, the width (s) of the image on the photographic plate of a

homogeneous beam of alpha particles is:
- 2 A
= 2(AS + roat ... o) (1)

where AS is the def‘ining slit w1dth, Ty the radius of the normal
trajectory, and a the half angle of emergence of the beam from
the magnetic field. This formula applies to a 60° sector magnet
with plane surfaces for the pole pieces and the factor "2'" arises
because the photographic plate is placed at an angle of 30° with the
trajectory of the alphs. particles rather than normal to it.-

By proper shaping of the source side of the magnet, the
second term of equation (1) can be made negligible with respect to
the slit width, Vrand this feature- is indicated on the diagram by the
rounded surface of the magnet. Since the magnetic field is not
uniform throughout, but falls off near the edges, of the magnet,
baffles are used as a means of conﬁ'nin.g the'bepm to the center.

If a single slit opening'of 0.018 in. and a 3 in. opening between the
_ :zbaffles areused, the alpha bearp half —'widthvon the pho;cographic
plate for a 6“Mev} 'alpha particle is 2 mm which corresponds to
8 kev -

_-éample strengths are in general selected to permit |
exposures of one fo two days. Howeverl exposures as short as
6 m1nutes and as long as 16 days have been employed The

lengthy exposures were requlred to examlne the alpha groups

SN fo
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present in low abundance in complex Spectr‘a. A single field of
view in the microscope encompasses 1/4 x 1/4 mm of the
photographic plate, and a scan of one field width across the
entire height of the plate (2 inches) gave as background two
alpha tracks for each day's exposure. This background,
however, wquld'vary éiézri»siderably' depending on th_e. amoﬁht of
vallpha contaﬁ;ination in the instrument. On the low 'enérgy side

| of an alpl;a i)e.ak-, the apparent background could be coxisf.idera.bly
o hig'}1er than stated above, presumably because of the low energy
tailing due to absorption in the sample or scattering 1nthe
spectrograph.

As already mentioned, the alpha particles are dé‘t‘i’ermined'
photographically. The detecting plates used were 9 in, x 2 in.
Eastman NTA plates with 25 or 30 micron thick emulsior;;s'and these
wére examined under a 450 power microscope with brig—}'{t field
illumination. The track length of a 6 Mev alpha particlel_:i's'
approximately 25 microns, and because of the positionfq‘fl_v,th,e
plate as shown in Fig. 1, the track makes an angle of 30° with the
plane of the emulsion. Because of the small angle of acceptance
parallel to the magnetic fiéld permitted by the gap between the pole
pieces, '.ch'e‘:»tf'racks should be nearly parallel and only these are
recorded. A }Shotograp}i of one field of view. is shown in Fig,. 4 in
which there are seen six acceptable alpha tracks and two tracks
which are rejected.

In the measurements made iﬁ the early part of this work, the

particular microscope stage could not hold a 9 in. plate so each
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ZNI93

Fig. 4. Photograph of one microscope field of view
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plate was cut into three parts. _ Befo;-e it was sectioned, an axial
line was ruled with al“rvazor blade é.long the center of the plate
Iv)‘a.ralltei' to the lorig dimension. Cross lines perpendicular to the
axial line were also ruled in each of the proposed sections. The
distances between the intersections of the lines were measured, and
after sectioning these served as indices to relate distances on the
three sectigns, _11‘1.)the' later portions of this work, a stage capable
of holding a 9 in. plate was obtained. Again an axial line was
ruled val_ong the center of th¢ plate parallel to the long dimension,
One cr'osfs line w#s drawn perpendicular to the axial ‘line and the
resulting intersection s,e.r\.red as a reference point so that the plate
c;jguld .b_e r:t;,move_d ;ﬁd then replaced in exactly the same position. ._
o CIn couﬁting the tracks the microscope stage was moved
pe1’-l.pend_icular to the axial line giving a scan 1/4 mm wide across
the width of the plate‘. The stage was~ then moved one field of view
parallel to the axial line and another scan made. The count from .
eé::}; ,.s-c;.vin wés-plot_ted on a count versus distance graph as shown in
Fig. 7.

3. Dispersion, -- The energy dispersion on the plate for

a normal trajectory, o and energy, Eo’ is

dispersion = EO/ZrO, ' (2)

The relation of the magnétic field to Eo and T is given by eguation

(3) in which B is in gauss, T, in centimeters and E0 in electron volts.

p-i44 g l/2 (3)
ro o :

Since the position of the normal trajectory cannot be determined



-20-

prec1se1y, it is not poss1b1e to determlne the value of B necessary
to focus a partlcular alpha partlcle at that point and E is best
e11m1nated between equations (2) and (3). The resulting equation (4)

for the dlspers:Lon is then:

dispersion = roBz/Z x (144)2 . ' (4)

In addvition r; cannot be expected to ‘be precisely eﬁuai to the
nominal radius of curvature of the magnet (75 cm) because of lack
of precision in construction and a11gnment of source and detector

If the magnetic field is known accurately, dee\rer, an effective
radius can be determined by measuring drstances betvreen alpha
groups of known energy. In other words, rthe‘ dispersion is o‘btained
experirnentally for the particular energy range of interest. For this
purpose, measurements were made of the separatlon between the

two alpha groups of Ra226, the separation be,tween Em222 and Po218

and the separation between Po210 and vEmZZZ as shown in Flg. 5a.

The energies taken for EmZZZ_ and Po218 ’alpha particles were those

226

»

given by Briggs (5, 486 and 5. 998 Mev)(z) and fcr .th.etWO Ra
groups the separation given by Rosenblum(3) as 188 kev. The energy
taken for Po’'0 was 5.298 Mev. (473} Within the limits of
experimental error (about 2 percent of the energy differences) the
radius so determined was constant and indicated the nominal 75 cm
radius must be 1ncreased by 5.9 percent that is, energy differences

alculated by tne use of equatlon (4) using 75 cm radius were, low by
thls amount,

' In the beginning stagies of thi’s .‘_study, the magnetic field was

measured as a function of the magnet current. The magnetic field

A
O I S R R
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was determined on subsequent runs by accurately measuring the
magnet current and reading the field from the field-current
relation.' In the later stages of this research, however, a Varian
Associates proton fluxmeter, Model F6, was used to measure the
field before‘évery exposure.

In order to measure the separation between peaks, the high
energy sides of the peaks were extrapolated to the backgfound. The
separation used was the difference between the background inter-
sections. Since ,thé'half-width-of the alpha peaks increases
appreciably toward the ends of the photographic plate and since the
high energy side is particularly distorted at the plate ends, the
above method of determining separations was subject to some
error. In order to check the effect of the distortion on the energy
‘measure.ment, six sets of Crn242 peaks were spaced at intervals

42 set consisted of two

along a single photographic plate. Each _sz
alpha groups separated by a constant energy. With the use of the
above method of détermining peak separations, very erratic
differences in energy separation were observed for the various sets.
With the thought that this apparent erratic energy deviation
might be affected to some extent by changes in the dispersion
along the piate, the 'dispersion was calculated as a function of
’position on the“-éhotographic plate and the calculated variations were
small compa;red to the experimental errors involved.
It was found that the separation determined by the difference
between the tips of the peaks of each set, olr the intersection of

extrapolations of the high and low energy sides of the peals gave

constant energy differences for the various sets of peaks within
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experimental error, as shown in Fig. 5b. Therefore, this latter
method of determining energy separations has been used for all
of the later work.

In most of the early cases studied, the alpha peaks were in
the center of the photographic plate and no appreciable error would
be introduced by determining energy differences from extrapolations
of the high energy edge. In the determination of the alpha particle

energy of AmZH against Po?!0 and EmZZZ, the Po?10 peak in the

former case and the Em222 and Am24l peaks in the latter case were
very close to the end of the plate and the high energy tailing is
visible in Fig. 18 and 19.

Small changes in the alignment of the source and detector
would shift the high energy tailing to various portions of the photo-
graphic plate; for example, Fig. 7 and 8b are graph.s of spectra
taken while the instrument alignment was rather poor. Fig. 8a, 8c

and 8d are graphs of spectra taken after a better alignment had been

made,

B. The Alpha-Gamma Coincidence Counter

A block diagram of the electronics circuit involved in the
alpha-gamma coincidence counter is shown in Fig. 6. A.ffer '
amplification and shaping, the pulses from the gamma detector are
fed into a one-channel Schmidt type differential discriminator. This
discriminator contains variable lower and upper biases which
eliminate all pulses except those in a definite pulse height region.

In normal operation the voltage separation between the lower and

upper biases remains constant while their absolute voltage is being
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- ALPHA GAMMA _
PRE-AMPLIFIER COUNTER COUNTER PRE-AMPLIFIER
AMPLIFIER AMPLIFIER
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DISCRIM{NATOR DISCRIMINATOR
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MIXER
SCALER

counter circuits.

MU-5382

Fig. 6. Block diagram of the alpha~gamma coincidence
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v.chang,ed. The output of the differential discriminator is fed into the
cé)inéidence mixer and'also into a scaler. The pulses from the
“.alph;a detéc.tor are 'fed into a Schmidt type discriminator after
‘é',mplification and shaping. This discriminator consists of a single
‘variablel bias to eliminate.p_uls'es of very low energy-. The output
of this discrifninator feeds into the coincidence mixer and into the
' .s'c‘e_11;e.r.. _IT.he output of the cvoincic_lence mixer feeds into the scaler
atso. |

1. The gamma detector. --The gamma detector consists of

a Tl activated Nal crystal mounted Borkowski fashion onto an

RCA 5819 Photorﬁultiplier tube. The crystal is a solid cylinder
lin. in diameter and about 5/8 in. thick. One of the plane faces
was whittled to fit onto the end of the photomultiplier tube. The

- crystal was attached to the tube with white vas,eline'and then placed
in a c_ylindrical copper can 2 1/4 in. in diameter and about 4 in.
loxll'g,.. One end of the cé.n was closed with a 0,002 in. copper
v.window; B,efofe pushing the crygtal and photomultiplier tube into the
can it héd beenz partially filled with MgO powder so that the crystal
would be entirely surrounded b’y the powder except for the face
atta_éhed to the tube. The MgO cuts down the light loss from the
cr?stal aﬁH thus permits higher pulses from thel photomultiplier
t.u_l.;e‘. _'I_‘he can was then sealed with vacuum putty and wrapped with
- black scotch tape.

2. The alpha detector. -- The alpha detector consisted

simply of a ZnS screen sprayed onto a lucite light pipe which was

mounted in front of an RCA 5819 photomultiplier tube.
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3. Operatihg technique. <~ The alpha-gamma coincidence

counter could be used as a one-channel gamma analyzer, or
coincidences could be determined between gamma rays in a given
channel and the entire alpha spectrum.

When ﬁsed simply as a gammma analyzer, the gamma counting
rate is determined for various voltage settings of the biases of the
differential dis-criminatof, The counting rates are then plotted as
a function of the discriminator reading as shown in Fig. 9. In
order to evaluate the energies of the gamma peaks, the spectra

235 184 kev

are compared with the Arnzl]t1 60 kev gamma and the U
gamma. The energy dispersion is obtained by extrapolating the
sides of the peaks to their intersections, determining the'éeparation
be,tweeﬁ the 60 kev and 184 kev peak intersections in discriminator
volts, and dividing the energy separation (184 - 60 = 124 kev) By the
separation in volts. The energies of any other gammas are then
determined by {l) extrapolating the sides to their intersection;

(2) finding the separation in volts betwéen their intersection and the

241 60 kev gamma ray or the y?3>

' int'ersec-tion,re?'f either the Am
184 kev gamma ray, (3) multiplying the voltage separation By the
dispersion. and adaing to or subtracting from the energy of the '
standard as is applicable,

When used as an alpha-gamma coincidence counter, the
operating technique was much the same as ‘above, with the following
exceptions. The alpha active sample on a platinum or aluminum
plate usually would be placed on a cardboard baci(iﬁg about 1/8 in.
from the ZnS screen, the whole assembly beingilight-tight. The

gamma detector would then be placed directly behind and touching
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the cardboard baéking.

At each discriminator setting, the alpha, gamma, and
coincidence counting mtés were determined. This was necéssary
to determine the chance coincidence ra_te.,' This chance coincidénce

rate obeys Poisson's Law, but a rather simple approximation is:
Chance . _ {Resolving time (Gamma Count- (Alpha Count-
. 'Coincidences = of Instrument) ing Rate) ing Rate)

The resolving time of the instrument was determined to be
2.5 microseconds by counting chance coincidences resulting from

independent alpha and gamma sources.

4. Geometry. -- The geometry of the unit was determined
for each gamma or coincidence experiment with the Am241 60 kev
gamma ray. The abundance of this gamma ray was taken as - ‘

0.40 gammas per alpha, ()

each gamma being in coincidence with an
alpha particle.

5. Linearity and stabiiity, -- With the 60 kev gamma ray of
' 35

Am241, the 184 kev gamma of UZ

and the L x-rays of th_é heavy
elements used as standards, it was found that the pulse height from
the gamma detector was linear with energy in the region studied.
Over a period of a week, the peak position of a gamma ray

would drift by about two volts.  But even over. short periods of
time shifts of 1 or 2 volts took'place, so f?)rl very accurate energy
rpeasurgmen?s more than one v‘calibr‘a,t.iqu‘ was necessary.

I C .Conauple:{Alpha Spectra pf C.m.242" 243, 244

The isotopes C!m242, Cm243, and Crnz‘lt4 can be produced

in quantities adequate for the spectrograph by pile bombardment of

Am 241'
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The reactions would be:

Crn?42 (n,v) CmZ43(n, y) Cm2%t
-/ \ BT e

Am 241(n-, Y) ArnZ42m and AmZ"‘2 (n,y) Am;43(n, v) Am244
Electron T B~ T B~

Pu242 Capture (e.c) in’ v Pu243 (n, y) Pu244

In this case, most of the alpha activity would be due to C‘m242.

-The isotopes ,Cm242 and C’m244 were prepared without

242

243 by bombardment of plutonium enriched in Pu . The

Cm
reactions would be:
Cm244
2 T 244

B
Pu 42 (n; vy) Pu243 (n, y) Pu

Cm242
B '\s'
AmZ4l y) A 2d2m ., 242

In the short period of time which the plutonium spent in the pile,

~comparable quahtities of sz‘{l2 and Cm‘M:4 would be formed with

 very little cm?43,
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The curium fractions were purified chemically from all
heavy element alpha emitters except traces of Amzljﬂ'1 and some

u238 which grows in from the decay of C‘m242. Th._e‘A.le]t1

P

. 238 . : ' . :
and Pu alpha spectra have been studied separately, as will be
mentioned in a later section, so their contribution may be subtracted
from the curium alpha spectra.

The alpha spectrum of Cm242 has been mentioned pr-e&iously

(7)
- as co’nsis,ting of two alpha groups; the most energetic having an
~abundance of 73 percent and fhe other having an abundan1:e of .‘

27t percent. These groupé were separated by 46. 5.‘1' 1.0 kev

" in de_cfaylr energy. o

a (0

In the previous measurement cite the ener-gy's'epé.ra_tion

242 had been determined by

Bétw,een the two alpha groups of Cm

" extrapolating the high energy sides of the peaks to the ba_ckg.:f'o,und.

- .S;i.n‘ce‘ that time, the sﬁectrograph has been disaséethb;léci;: réé;.és,embled
" and realigned, and the proton resonance fluxmeter‘héé.been .ill;stalled.
After the above improvements were made, a éampié of szé]"2
" was run in the spectrograph at six different ‘m.a‘gneti.c ‘fi.éld settings

 ‘on the same photographic plate, thus giving six sets .of.[Cm?A”.Z‘ peaks.
" In Eig. : 5Ab,l th:e‘ energy separation between the two alﬁha groups of
each set is plbttéd agains‘f the position on the photographic pléte of
the midpoint of the peaks.

It is seen that within the limits of determining the peak

position, about one field of view in the microscope, or 1 kev, the

energy sepaiation is constant over most of the photographic plate.
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The energy separation between these alpha groups of.Cm2'42
,is‘_taken as the aver'age of the 13 values shovrn in Fig. 5b,
43i 6t .Ok.‘6 kev, with the limits of error in determining the peak
pos_ition including all values. The errors in calibration as seen on
Fig 5a are all less than 2 percent, so 2 percent will be taken as the
l1m1t of calibration error, thus giving a part1c1e energy separation
of 43.6 T 1.4 kev.

With the correctlon for the dlfference in recoil energy
assoc1ated with the two alpha groups, the alpha decay separation
be.comes 44,3 t1.4 kev. According to the'.nomenclature mentioned

(7) we will designate the alpha group leading to -

the daughter ground state as a, of,CmZ'42 and the alpha group leading

in an earlier paper,

to the state 44.3 kev above the daughter ground state as Gy of,

vC‘m242. F'urther r.elative abundance measurements have been made

on this spectrum and show that the abundance of azy of Cm2421s

‘26 3 t O 5 percent This value is the average of our: 'six best‘,.rnea.sure-

b‘ments and the 11m1ts of error include all the measurements

(7)

In the f1rst report made on this alpha spectrum,» the energy

of Cm 242 °‘o was reported as 6 110 t 0. 003 Mev from comparison with
| the alpha group of Po% 8.A The partlcle energy of the latter nuclide

| has been measured by.G H. Br1ggs( )as 5 998 Mev.

| | In order to verify this determlnatlon, the energy of a, of
-sz‘l‘2 was compared with the: main group of Amzfu.v The value

used for the energy of the Am2~41 main group was 5.476 Mev from

data presented in a fOIIOW1ng sect1on. Based on the Am241 comparison,

the energy of Cm 242 a, was 6.112 t 0. 010 Mev. With the limits of
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error as _givén, the close agreement was fortuitous and the value
selected was that o_f_the more accurate measuzv'emenyt‘,h 6. 110 t 0.002
Mev. ,Sﬂi~rvlce',thisu- gl:ko.up is pro\bé.vl'o.ly that of the ground state transition,
the decay energy olf 'Cm242 is accordingl’y. 6. 211 Mev. Our results
‘are in moderate agreement with those of other workers who, using

ion chambers, have reported particle energies of 6.,118(8) and

6. 08(9) Mev for .‘C~m242.

Since our first publication, {7) improved techniques in

sample preparation have resulted in less tailing on the low energy

side of intense alpha groups, thus permitting a detailed investigation

of low intensity alpha groups of Cm242, Cﬁm’zf]‘t3 and Cm?>%%,

A sample of curium was obtained which had been prepared

by bombardment in a pile of a mixture of Pu2'38’ 239, %_40’ 241, 242

enriche‘{d in Pu242.

A sample of curvium suitable for the 'spedt‘rbg‘ra.tph was
prepared by sublimation and the alpha activity of about 106 dis/min
covéred an area 1l in. x 1/8 in. The sample, marked by a 1in. x 0.018 in.
stainless s'teél slit, was run in the spectrograph for 42 hours and its
alpha spectrum is shown in Fig. 7. The two highest energy peaks
are due to Cm242, since their energy separation, relative abur.ldance,
and position on the photo-gi'aphic plate all correspond to the.known‘

Cm242

alpha bspectrum.

"~ The particle energies of all alpha groups on ]:"'ig° 7, 8a,
8b, 8c, and 8d were determined using 6.110 Mev as the e'ne:rgy of
o, ofC’m242, or 6.066 Mev as the energ'y of ay . Table 1 is a

list of the energies of all the alpha groups observed in Fig. 7 and
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Table 1

242, 244 Alpha Spectra

Energy of alpha group

in Fig. 7 (Mev)

Abundance of alpha group
with respect to the total
Cm?242 alpha activity (%)

5.73 > 5,74
5,755

5.775 - 5. 785
5,797

5.98 - 5,99

6.00 ~ 6. 01

" 6.025 — 6. 035

<1.4%

n
<22
35
<1.4%
<1.4%
<2

100

6,066
6.110

2Determined by comparing peak heights,
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Cmtstg,
6.110

cmteta,

Cmitq,,
6.066

Cmdtiq,
8.755

" ALPHA PARTICLE ENERGY (MEV}

" Mu-8336

.

. 242, 24
Fig. 7. Cm » 244 alpha spectra,
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242 . The maximum

and their abundance with respect to Cm
abundances of any unresolved peaks at energies corresponding to
observed, :;Llpha groups on subsequent plates are also included.

Another quantity of curium was obtained which had been
prepared by bombarding Am241 in a pile. A sample was prepared
for the spe‘c-tr’ograph by sublimation and the alpha spectra are
shown in Fig. 8a. The alpha activity .of the sample was 1.5 x ,109
dis/min and the length of the spectrograph run was 14 hours 19 minutes.
A lin, x 0,018 in. stainless steel slit was used to mask the sample
in the spectrograph. Table 2 shows the energies and abundances of
the various alpha 'g,roups. observed in Fig. 8a.

A third quantity of curium was obtéined which had been
prepared by bombarding in a pile the curium stock from which the
sp.ec-trograph sample whose spectra are shown‘:.'m Fig. 8a was.r-nade.

A s“pe.ctrograph sample of 6 x ].08 dis/min was( prepfa._lr.ged by '
subiimation and the alpha spectra are shown in Fig.: 8b The,
‘1"e>nhgth éf thé exposure was 16 hours 18 minutes, and the sample was
masked in the spectrograph by a 1 in. x 0,018 in. staihless steel
slit. Table 3 shows the energies and abundances of the various -
alpha 4g,r’o.up'.s'".obser-véd in Fig. 8b. -

The sample whose alpha spectra are shown in Fig. 8b was
rerun in the spectrograph for 61 hours 15 minutes starting the next
day. These spec-fr‘a are not shown. Table 4 shows the energies |
and abundances of the v;rious alpha groups observed in this

exposure and the maximum abundances of any groups which appear

in other figures..
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Table 2

’ Seen in Fig. 8a

242,243, 244

Alpha Spectra

" Energy of the Alpha

Abundance of the Alpha

Groups in Fig. 8a (Mev) Groups with Respect to the
. . Total Cm242 Alpha Activity (%)
5.734 | 0. 065
5.757 | 0.091
5.778 0.43
5.800 0.31
5.965 0.033

5.986 0.029
6.006 0.005
6.029 0. 006
6.066 100
6.110
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242, 243, 244
Seen in Fig. 8b

Alpha Spectra

Energy of the Alpha
Groups in Fig. 8b (Mev)

Activity (%)

Abundance of the Alpha
Groups with ]igipe.ct to
the Total Cm

Alpha

5.
5.

5.

728

(o T« * A - A T ¥ |

'751 0.
774 | 0.
. 795 . 0.
.964 0.
. 985 0,
.006 0.
. 030 | 0.
. 066
. 110

0.

020

053
12
17
035
Oli
007

004

100 -
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Table 4
“ Energies and Abundances of Cm242’ 243, 244 Alpha Spectra
Not Shown

Energy ofbthe alpha : Abundance of the alpha
groups in spectra not groups with respect to the
shown (Mev) total Cm?242 alpha activity (%)

5.729 0.021

5,755 0.067

5. 7765» 0.11

5.797 : 0.18

5.963 . 0.035

5.983 0.0064

6.00 - 6. 01 <0.004

6.025 = 6.035 <0. 003

6.066 v

RS . 100 -

6.110 :

_ 2Determined by comparing peak heights.
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After a period of 90 days, the sample whose spectraare shown
in Fig. 8b was exposed again. The length of the exposure was
63 hours 42 minutes and its alphé speétrum is shown in Fig. 8c.
The sample was.masked in the spectrograph by a 1 in. by 0. 005 in.
stainlessl s‘te,e‘l_-;sflit. , TaI;ie 5 shows the "energies- a;lldv abundances of
vt‘he-variou‘é alpzha groups observed in Fig. 8c and ’the.méximum
abundance of any gi-oups which appear in other figur.e.s.

A fourth é_uantity of curium was obtained which had been
prepared from an Am241 pile bombardment. A éublimed sample
of 3 x 108 dis/min was prepared and exposed in fhe spectrograph
for 44 hours,  Its spectraare shown in Fig. 8d. T;‘t;lé 6 shows the
energies and abundances of the various alpha groﬁvps observed in
Fig. 8d and the maximum abundance of any lgroup:s‘wlvqich appear in
other figures. -

1. Principal groups of Cm244. -- From the bombardméht

- conditions under which the curium whose alpha spectra are shown in

Fig. 7 was made, only Cm242 and Crnz'4-4 would be prepared. Hence

the alpha groups at 5.797 and 5. 755 Mev must belong to Cm24'2 or

’Cm244. These alpha groups were also seen on Figs. 8a, 8b, 8¢

and 8d. The average particle energies were 5. 798 and 5. 755 Mev.
Table 7 shows the abundances of these groups for the various

exposures. Sincé the abundance of the 5. 798 Mev group relative

to the Cm242 activity varies by over two orders of magnitude in

the various exposures shown in Table 7, this alpha group obviously

belongs to Cm244 and will be designated Cm244 a- This result is

in excellent agreement with the previous ion chamber measurement

of 5.79 Mev made by Thompson, Ghiorso and Reynolds. (10)
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Table 5

Energies and Abundances of G242, 243, 244

Alpha Spectra
Shown in Fig. 8¢ '

, EAeré_‘y of t}}e a_lpha ' AP'undaﬁce Of't.he.alpha groﬁgzz
groups in Fig. 8c (Mev) with respect to the total Cm
‘ _alpha activity (%)
5.735 0.028
5.758 : 0.084
5.779 | 0. 20
5. 800 0.26
5,966 - 0.036
5.986 | 0.017
6.00 = 6. 01 <0. 00'5?
a

6.025 ~ 6.035 <0.007%

 6.066) :
' : 100
. :6.110) B

#Determined by comparing peak heights,
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Table 6

Shown in F1g -8d

242, 243, 244

Alpha Spectra

Energy of the alpha
~ groups in Fig. 8d ((Mev)

Abundance of the a.lpha groug
with respect to the total Cm?4
alpha activity (%)

5.
5.

5,

6.

6
6

‘725}4'5.735
756

776

. 797

964
.98}»5.99
.00 = 6. 01

025 -+ 6.035

. 066
. 110

<0.
0.
0.
0.
0.
<0.

<0.

<0

100

007%
0205
035

050

037
006®

009>

012

?Petermitied by cdfhpa’i-in‘g peak h'ei‘g’hté.



Table 7
Abundances of the Curium 5. 798 and 5. 753
" Mev Groups with Respect to Other Groups

Spectra not

Fig., 7 Fig. 8a Fig. 8b Fig. 8c Fig. 8d shown

Abundance (%) of the

2. 198 Mev group. 35 0.31 0.17 0.26 0.05 0.18
relative to the sum of o o .
the Cm?242 groups

Abundance (%) of the

5.755 Mev group

relative to the sum of 24.0 22.7 23.7 24.9 28.5 27.6
the intensities of the

5.798 Mev group and

the 5,755 Mev group

—'[f—
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Since the abundance of the 5. 755 Mev group relative to the sum of
the abundance of the 5.798 and 5. 755 Mev groups is nearly constant
for the various exposures {25 t 39), the 5.755 Mev group also
belongs to C'm244. The average separation between Cm244 a,

and the 5. 755 Mev group is 42.5 * 1.7 kev with limits of error
including all values. ﬁpon the addition of a 2 pefcent possible
calibration error, we obtain 42.5 t 2.5 kev. Adding the

difference in recoil energy between the two groups, we find the
alpha decay separation to be 42.5 + 0.7 kev = 43. 2 kev. Therefore

the 5. 755 Mev group is designated ay3 of Cm244.
' 42

2. Low energy alpha groups of sz_ . --In the eéfi'y portion

of this r.esearch(7=) it was found that at energies lower thaﬁ; the two
principal groups (6.110 and 6. 066 Mev) there was no alpha-gro:up in
abundance greater than about 0.1 percent. With the imp'ro'vements

made in experimental technique, a group has app_éared'at 5.964 Mev

and is assigned to Cm242. This group appearé in all of th_é spectra

of Fig. 8. The experimental proof that it arises from _Cm-24t2 decay

lies in the invariance of its abundance relative to the _prinéipal

groups of Cm242. The data are summarized in Ta.l'ale_ 8 where this

fixed ratio is apparent, whereas thevr‘atio of this group at 5.964 Mev

to groups ascribed to Cm'243 and Cm2_44 undergoes considerable

variation.
Two other possible groups have shown:up (Fig. 8a and 8b)

at 6.006 and 6. 029 Mev and appear to remain invariant to the

abundance of the prinéipal groups of Cm24'2 rather than szq{3

or -C’m244. It cannot be definitely concluded, however, that they



Table 8

‘Abundances of the Curium 5. 964 Mev Group
With Respect to Other Groups

- Spectra not

Fig. 7 = Fig. 8a Fig. 8b Fig. 8c Fig. 8d Shown

Abundance (%) of the : ‘ ‘
5.964 Mev grou S <1, 4 0.033 0. 035 0.036 0.037 0.035
relative to . Cm242 :

Abundance (%) of the ,
5.964 Mev group relative <3 8.2 16 1 53 14
to Cm?244 ‘

Abundance (%) of the
5.964 Mev group relative. 7.7 29.5 18 107 32
to the 5. 777 Mev group :
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are emitted at those energies by the Cm‘242 nucleus since their

low intensity does not permit ruling out instrumental effects.

3. Alpha groups of C'm243. -- It remains now to assign

groups at 5.985, 5.777 and 5. 732 Mev which appear in Fi_g. 8a,
8b, 8c and ',8d.. | The pertinent numerical data of Fig. 7, 8a, 8b,
-8c and 8d are summa.rized in Table 9 in th’e form of ratio_é of
abundances for the various groups. The group at 5 777 Mev is the
most prominent and is used as the reference. Within thevlimits of
error in the measurements, the ‘ra_tio of the three groups among
themselves .:are constant. |

On the contrary, the ratio in abundance of the 5.777 Mev
group to the sz‘j’2 activity varies by almost a factor of 1:0 and
varies by an even larger factor with respect to the~Cm24"‘1“activity.
On this basis aloﬂé it is probable that all three groups belong to
cm?*3. The relative abundances of the 5.985, 5.777 and 5. 732
Mev groups are 6, 81 and 13 percernt, respectively. o

Prior to this study, ion chamber mea."sufeme'rits by Thompson,

(11) gave energies of 5.79 Mev (8 percent) and

Ghiorso and Seaborg
5.89 Mev (15 percent). Although the 5.79 Mev value is in good
agreement with oﬁ.r work, the 5.89 Mev energy disagr'e'es‘ by nearly
90 kev with our value.

This anomaly might be explained if one assumes that the

243 alpha groups

conversion electrons in coincidencevwith‘ the Cm
around 5. 79 Mev 'are losing a portion of their energy in the ion
chamber in which the alpha particle energies are being measured.

This could cause a high energy tail of considerable proportions

since the coincident radiations have energies up to 278 kev as will



. Table 9
Abundances of the 5,985, 5,777 and 5. 732 Groups

Spectra not

Fig. ,73 - Fig. 8a- F1g 8b Fig. 8c ‘Fig. 8d shown
'Ratios of the relative : : , _ _ v :
“abundance of the 5,985, 0.068:1:0,15 0.11:1:0.17 0.083:1:0.14 <0,17:1:<0,21 .0,049:1:0.19
'5.777 and 5. 732 Mev ‘ . ‘ -
groups S -

-Abundance (%) of the .
5.777 Mev group <L.7 .  0.43 0.12 0.20 0.035 0.11

relative to Cm242

-9?-

Abundance (%) of the . : : ‘
'5.777 Mev group -  <3.6 - 106 54 59 : 49
_relative to Cm244 : .

45
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be shown in a later section.

From a knowledge of the relative alpha activities and masses

of the various curium isbtopes, the half-life of C’rn243 and Crn‘?""4

can be determined from the half-life of Cm-242. A representative

equation for Cm244 is:

Half -life\ _
Cm?l44 =

The data on the atomic ratios were obtained by F. L. Reynolds

Half -life\ { Ratio of alpha Ratio of atoms of
Cm?%%2| | activity of Cm?42 | | Cm?244 to Cm®*
to Cm 4 _

of,thi.s laboratory with a mass sp‘éctrometer. The atomic and alpha
particle abﬁndancé ratios were determined for the cﬁrium whose
alﬁha s_Pecfra are shown in Fig. 8d. The respective half-lives for
‘C’m243 and Cm244 are 35 and 19 years. The latter number is in
excellent agr.e"e‘ment with the half-life of 19 years f.oiind‘ by Tl{;pmpson,
Hulet a‘nd:Ghiors'o(lz) by decay measurements.

D. Gamma Spectra of Cm242 and ,Cm243

The gamma spectra of the sample.s whose a,lpfxa (spectra are
shown in Fig. 8a and 8d were studied with the one —chafmn}él gamma
arlalyzer described in an earlier section. The gamma spectra of
these é'é.mp].es aré shown in Fig. 9 and 10.

In addition, a sample of szl]ﬁ2 of very high isofopic purity was
obtained from G. H. Higgins and E. K, Hulet, This curium gamma
spectrum was measured with the-analyzer described previously.

This larttef spectrum was also studied with a 4,0 ;éixannel gamma
analyzer and one of the consequent spectra is 'showr; in Fig. 11.

l.." Assignment of gamma rays to Cm243'. -- Table 10 shows

the relative abundance per alpha particle of the two highest energy



Table 10

Abundances of the Curium Gamma Rays

Sum of the abundances ~ Sample whose alpha spectra are shown in Fig,."Sa
of the 226 and 278 kev Experiment ’
gamma rays (determined Zxperimen
by calculated geometry ~ . . ‘
factor_s Yrelative to: I II 111 Iv Average
cm?*2 alpha activity 1.7x107% 3.3x100% 2.6x10% 3.8x10% 3x107%
Crn243 alpha activity 2.9 x 10-2 5.4 x 10-2 4.2 x 10-2 6.2 x 10_2 5x 10-2 ::
’ i
cm?? alpha activity 3.8 x 1072 7.0 x 1072 5.5x107% ..8.1.x107%.  6x107°
Sample whose alpha spectrum is shown in Fig. 8d
] Experiment
| 1 11 Average
cm?*? alpha activity 3.1x107° 2.5 x107° 3x107°
Cm243 alpha activity 4.2 x 1072 3.2 x 10”2 4x107%
cm?t4 alpha activity 2.6 x 1072 2.0 x 1072 2 x 1072
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gamma rays which wére observed, The abundances o‘f these gaimmma
rays were determined by multiplying the gamma counting rate by
a calculated geometry factor. _This factor was dependent on the
distance between the sample and cfystal, the diameter of the
crystal, the shape of the sample, énd the fraction of the gammas
-striking the crystal which are régis'tered on the scaler. Although
the absolute magnitude of the'numbers may be in error, their
relative values "éhbuld be reliable,

_For the sampvles whose alpha spectra are shown in Fig. 8a and
' 8d, the abundances of the 226 and 278 kev gamma rays vary by

. factors of 10 and 2.7 relative to Cm»242 and Cm244; fespectively.

243

¢ Since the abundances relative to Cm , however, remain nearly

invariant, the gamma rays are assigned to Cfn243. |

The energies of these gamma fays were deter'm‘ined‘ accuré.tely
by calibrating tjh_eﬁga'rnma analyzer with U235 (164 kev) and Am241
- (6Q'kev) gamma .stahdards, ~analyzing the high energy g,am;mas,
recalibrating, reanaly:z‘ing {the curium gammas, and recal:'ibr‘ating.

. . By averaging the calisz;tions ad'jace_;'fc to a curium sample

ruﬁ _énd the curiur\n‘ sample runs ~éajacent to a _caiibration,- we
ccV)r.r.uvvpern-sa_ted for drift in the analyzer. In Table 1l are given the
energies of the high energy gammas as a function of the calibration
used.

There was a distinct change in the peak position of the
standards between the first and sec‘o,nd calibration runs and little

change between the second and third. The average is taken of

columns I and II, II and III, and III and IV, giving respectively



- T able 11
243 Gamma Rays

Energies of Cm
Calibration 3 and

Calibration 1 and Calibration ZI'Anand Calib'rfétioén'z and
Gamma analysis 1 Gamma analysis 1 Gamma analysis 2 Gamma analysis 2
219 232 - 223.5 . 225.6

1 276.6 - 279. 6

Energy of gamma
. 281

rays (kev) .
' 271.

~€G-
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226.5 and 276, 227.7 and 278.8, and 225 and 278 kev. It is seen

that after compensating for drift in the analyzer, a’féas.onably

constant enér'gy is obtained for th e gamma rays. The energies

.are taken as the average of the .thfee final ya.lu-es, 22:46 and 278 kev.
The abundance of the 104 kexlr radiatioh relative to the sum of

the abundances of the 226 and 278 kev gamma rayé was measured as

3.7 and 4.3 for the samples whose alpha spectra are shown in

Fig. 8a and 8d, respectively. Therefore, this riadi'ation belongs in

the Crn'243 decay scheme also, since its abﬁhdanc_e 1n the two

samples varies by factors of 9, 1.1 and 2.3 relafive to Cm242,

Cm243 and Cm‘24'4, respectively,

The average of four energy measurements of fhis gamma ray
is 104 kev with the values ranging from 99 to 106 kev.

In order to establish a decay scheme for Cm243 it w_aé désirable
to determine with which alpha group the 226 and 228 kév ga}mmA rays
were in coincidence.

To effect this, the photographic camera on the receiver of the
spectrograph was replaced with a zinc sulfide phosphor fnounted on
a lucite light pipe. This phosphor was masked except for a 1/8 in,

x 2 in. slit. Behind the light pipe was a 5819 RCA photomultiplier
tube. v'II‘he sodium iodide detector was mounted directly behind the
spectrograph source, the vacuum being maintained in the spectrograph
by means of a 10 n‘ﬁl aluminum window between the source and
detector.

The energy of alpha particles arriving at the slit would be

proportional to the square of the field. This is determined from

equatibn (3) at constant radius. The sample whose alpha spectra
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‘are shown in Fig. 8a and whose gamma spectra are shown in Fig. 9
was mounted in the spectrograph and coincidences were determined
between radiation in the K x-ray region and various values of the
magnetic field corresponding to various alpha particle energies.

The alpha particle energies for the various magnetic field settings
were determined by taking the energy of a, of the 'Cm242 peak as

6.110 Mev. A graph of the coincidences is shown in Fig. 12.

Me;rked on the graph are the positions of the Cm243 and Cm244

peaks. It is seen that at least the bulk of the radiation is in
coincidence with the 5. 777 Mev alpha giroup of Cm'24f3. Setting the
magnetic field so that the alpha particles striking the receiver slit
corresponded to the maximum of the alpha —garn'ma coincidences curve
éhown in Fig. 12, coinc‘i.dences were run between these alpha
particles and the gamma spectrum around 226 and 278 kev with the
single channel gamma analyzer. The results are shown in Fig. 13.
The runs varied in length of time from 1 to 16 hours. From abundance
measurements one would not expect these garr;ma rays to be in
coincidence with a tail from the 5. 732 Me'v C'm"?'43 alpha group. There-
fore, these gamma rays are in coincidence with the 5; 777 Mev group.

2. Abundances of the .Cm243 gamma rays. -- As stated

previously, the absolute magnitude of the abundance of the 226 and
278 kev gamma rays may be in error. In order to check the
geometric calculations, a sample of Amz'41 was gamma analyzed and
the abundance of the 60 kev gamma ray, calculated with the '
appropriate geometry factor, was found to be a factor of 4 lower than
the value of 0.40 gamma ray per alpha disintegration given by

Beling, Newton and Rose. (6) Therefore, all the abundances measured
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before must be multipliéd by a factor of 4. Thus from Table 10,

the abundance of the 226 plus and 278 kev gamma is 4 x 4.2 x 10-2,

243 alpha disintegrations.

or approximately 17 pefcent of the Cm
In order to obtain more accurate absolute abundance measutre--
ments, the Nal crystal was repacked witﬂ MgO in its copper case.
Upon analyzing a sample of Am‘?'41 again, the abundance of the
60 kev gamma ray, calculated with the apioropria_te geometry factér,
was found to be about 40 percent tdo high. The reason for the large
‘_'appwaré‘rhl‘t increase in geometry upon r'e‘packinvg the crystal was due to
"’;the removal of MgO from between the crystal and photofmultiplier
"':'face‘s. R
| More consistent results were obtained by determ'i:riing the \
: -:effective geometry experimentafly. This was done by placing an '
Am241 sample Vof"know'n alpha activity in éXactly the same position‘;
.\'occupied pr-e:vic-)usly by the curium sample. vThen by using the
. Qalue 0.40 gammé ray per alpha di/si'ntegv,l;ation, We detérmined the
éffecfiv;e geometry of t‘“he a1"ra.ng'e1-r1;1ent. Abﬁﬁdances of the. 104 kév
a §r..a.diatiOn ?"btlained before ahd after repacking the crystal wére 64 ;
| 243

‘a..nvd‘~5"‘6.ge,1_'cqnt,i respectively, relative to the Cm alpha activity.

The average of these two values, 60 percent, ’i’sv taken as the bést’
value.
The sum of the abundances of the 226 a‘nd 278 kev gamma rays
is about 1/4 the abundance of the 104 kev gamma rays, as was
,mentio_n"’é'&i" in a previous ‘section.: Therefore, their.intensity would
' 243

comprise about 15 percent of the Cm alpha transitions in fair

agreement with the value of 17 percent obtained in the previous se¢tion.
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before must be multipliéd by a factor of 4. Thus from Table 10,

the abundance of the 226 plus and 278 kev gamma is 4 x 4.2 x 10-2,

or approximatelyi? percent of the Cm243

alpha disintegrations.
In order to obtain more accurate absolute abundance measutre--
- ments, the Nal crystal was repacked witﬁ MgO in its copper case!
Upon analyzing a sample of Amz‘q‘1 again, the abundance of the
60 kev gamma ray, calculated with the appropriate geometry factor,
was found to be about 40 percent too high. The reason for the la.r‘ge '
. apparent increase in geometry upon repacking the crystal was due to
‘%che removal of MgO from between the crystal.and photo@ultiplier
: ’::Tfa,ces. | D
| More consistent results were obtained by de,terrni'n?ing the
effective geometry experiment'aily. This was done by pila.c’iﬁg an ’
Am241 sample of known élpha activity in éxactly the same prosition,‘
~é)ccupied pre’viéusly by the curium sample. Then by using the
.- value 0.46 gammé ray per alpha disintegré.tion, Qve determined the
veffec{:iv‘f: ge.o‘rr‘;etriy of the arra_'.ng;'err'le‘nt. Ab\.;nd'anées of ’t’he: 104 kev
fé.dié_tion '?bt;ained before and after repacking the crystal were 64 1
and 56 per"cent, respectively, relétive ;‘.o,'chea,Crn'Z‘"Lv3 alpha activitj.
The avér-aée of these tv;'d values, 60 percent, is‘taken as the best
Val;.lie;{.ﬂ
The sum of the abundances of the 226 a.nd 278 kev gamma rays

is about 1/4 the abundance of the 104 kev gamma rays, as was
mentioned in a previous section. Therefore, their intensity would
comprise about 15 percent of the Cm'243 alpha transitions in fair

agreement with the value of 17 percent obtained in the previous section.
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before must be m‘ultipliéd'by a factor of 4, Thus from T.ablenlo,
the abundance of the 226 pius and 278 kev gamma is 4 x 4.2 x 10‘-2‘, _
or approximately 17 percent of the Cm'243 alpha disintegrations.

In order to obtain more accurate absolute. abundance measute- -
ments, the Nal crystal was repacked witﬁ MgO in its copper case!
Upo‘n analyzing a sample of Am241 again, the abundance of the )

60 kev g_a.mmai ray, calculated with the appropriate geometry factor,
was found to be‘about 40 percent too high. The reason for the large
va.ppgr'er_lt’i“r;c_rgas'ev in geometry upon repacking the ‘crysta'l was due. to
- fhe removal of MgO from between tf;;e crystal and ‘photofmultiplier
:-%acesf o

“ More consistent results were obtained by determ%fﬁng the
éffective geometry experimentaiiiy, 'i‘h‘is was done by placing an

jArnz‘I[1 sample of <known élpha activity in éxactly the same position

!

'Ug".)ccupied previously by the curium sample-. Then by using the

value 0. 40 gamma ray per alpha disintegratioﬁ, we determined the
! . L : R A : -
:effectivé geometry of the arrangement. Abundances of the 104 kev

after repacking the crystal were 64 i

243 alpha activity.

fr.adiatior_l ébfgihed b:éfore and
and 56 percent, r'eséec,tively, Arelative'to the Cm~
The averﬁagé of these tWo values, 60 percent, is :‘taken as the best
vaiﬁ; .

| The sum of the abundances of the 226 a‘nd 278 kev gamma rays
is about 1/4 the abundance of the 104 kev gamma rays, as was
mentiored in aipreviousisection:; ‘Therefore, their intensity would =

~comprise about 15 percent of the Cm243 alpha transitions in fair

agreement with the value of 17 percent obtained in the previous section.
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V_There have be.en -no cor.r-ectiens, however, for_ the 'change in
‘counti'ng efficieney of the Nal crystal with energy. A rough-
calculatmn w1th the exper1mentally dete,rm1ned counting eff101ency
of the Cs 662 kev( 3) gamma ray indicated that the average count-
ing efficiency of the 226 .and 278 kev gamma rays would vbe about
50 percent, while the eOunting efficiency of the gamma rays below
150 kev would be above 98 percent. Therefore, the best value tor
the sum ‘of the abundances of the 226 and 278 kev gamma rays is
2 x 15 percent 30 percent of the Cm243 alpha disintegrations

The relative abundance of the 226 to the 278 kev gamma ray
cannot be determined very accurately because of the difficulties in

resolution. The best value for the ratio'appears to be 55:45.

3. Assignment of gamma rays to Cm242. --Since a 44 kev

gamma ray appears in the sample whose alpha spectra are shown in
| 242

Fig. 8d and is not seen in Fig. .8a it is readily assignable to Cm
This ass1gnment is verified by the appearance of the 44 kev gamma ray
in the sample of Crn?'42 with. h1gh 1sotop1c pur1ty (Fig. 11). The energy
' of this gamma ray is the average of seven measurements w1th the
values ranging from 40 to 49 kev. |

‘Other workers in this laboratory have found evidence of a‘44 kev
trans1t1on in the decay of Cm242. Ghiorso(g) has observed the gamma
ray v&uth a proport1onal counter coupled to a pulse helght analyzer

(1

an_d Martin 4) has measured it with a sc1nt1llat1on counter spectro- :

meter, O’Kelley( 5) has measured a series of conversion lines
corresponding to a gamma ray of about 43 kev and Dunlavey and

(16

Seaborg ) have observed L and M electrons corresponding to a -

45 kev gamma ray in coincidence with 23 percent of the alpha particles.
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The 100 kev gamma observed in Fig. 1l is too intense to be
due to Cm243. From Fig. 9 the maximum,_intensitypf the Cm243
104 kev radiation expected from the maximum intensity of the

~Cm,243 high energy gamma rays would be about 1/6 of the observed
abundance. Therefore, this gamma ray is assigned to Cm24_2. The

Ve

energy of this was taken as the average of four values ranging from
:99 to 102 kev | o

. The 157 kev gamma observed in F1g 11 is not seen in F1g 9
or v.vF1g.‘ 10 and_ls therefore assigned to Cm242. The energy of this
gamma ray wae taken 'as the average of four va?lue_‘s _which varied

| from 155 'to 159 kev. ) |

- 4. Abundance-s ,of the sz42 gamma rays. -- The abundance of

the 44 kev gamma ray is 0. 041 percent of the Cm’ 242 alpha activity.

The geometry of the system was determlned with the Am 60 kev

(6)

gamma ray assumlng 0. 40 gamma ray per alpha particle.

The abundance of the 100 kev gamma ray was measured as

18 percent of the 44 kev gamma ray, or 0.0073 percent of the Cm242

a.lpha act1v1ty ThlS value must be corrected for the shght amount

of Cm 243 in the sample. From Fig. 9 and 10 it is seen that the

R 243

(ratlo of the peak he1ghts of the Cm~ 104 kev rad1at1on to the 226

kev gamma ray is about 10: 1. Applying this rat10 to low intensity

Cm243 gamma rays wh1ch were detected in the Cm242 sample, we

f1nd the Cm 243. 104 kev contribution is 19 percent of the qbseryed
100 kev radlatlo‘n._ Therefore, the corrected abundance of the 100

kev gamma ray is 0. 006 percent of the Cm242 alpha activity.

The abundance of the 157 kev gamma ray was measured as
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6.6 percent of the 44 kev gamma ray, or 0.0027 percent of the
.Cm242 alpha activity. This value has not been corrected for the
change of counting efficiency of the Nal crystal with energyn. The

counting efficiency at 157 kev is expected to be substantially the

same as at lower energies.

5. Miscellaneous gamma rays. -- The 60 kev gamma ray

observed in Fig. 9 is probably due to Amzl}r1 since a mass spectro-~
graphic analysis showed a considerable amount of Am241, The 70
kev gamma rays observed in Fig. 10 and 11 are probably the escape
peaks of the 104 and 100 kev radiations. The escape peak is caused
by the escape of iodine K electrons from the Nal crystal, thus
causing a sattelite gamma ray lower in energy than the principal
gamma: ray. This energy separation is equivalent to the K binding
energy of the iodine K electron (33 kev).

6. Decay scheme of Cm244. -~ The decay scheme consists

‘'only of the alpha spectrograph data as shown in Fig. 14a.

243 243

7. Decay scheme of Cm . -=-The 104 kev radiation in Cm

alpha decay could be due to a gamma ray, K x-rays, or both. If
one takes the energies and abundances of the K x-rays observed by

(17)

Jaffe, Browne and Perlman, and calculates a weighted average,
the resulting plutonium K x-ray energy is 103. 8 kev in excellent,

but probably fortuitous, agreement with our value. The decay scheme,
deduced from only the alpha and gamma data on Cm’243, is shown in
Fig. 14b. It is ,inj:eresting to .exan.nine the data on the beta spectra of

Np239 investigated by other workers. Beta particles of 0.718, 0.655,

0.441, 0.380 and 0.329 Mev''®) have been observed. Conversion
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9_'

b .
Fig. 714.' a) Cm244 decay scheme.
' 243 |

b) Cm decay scheme,
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lines corresponding to gamma rays with energies of 0:(513, 0. 019,

0. 044, 0.049, 0.057, 0,061, 0.067, 0.077, 0.105, 0.209, 0.228, -
0.254, 0.277, 0.285, 0.316, 0.334 Mev!® have also been observed.
Conversion lines of gamma ray’s‘wi_th energies of 0..210, 0.227, and -~
0.276 Mev were found to bé in coincidence :with a 0.435 Mev beta
particle. (19) The 0. 210 Mevy gamma ray is in coincidence with the

0.067 Mev g?.mma ray, but not with the 0.276 kev gamma ray. 19)

239

Using our knowledge of the levels in Pu
243 .
m

deduced from the

239

C alpha dé,cay, we obtain the energy level scheme for Pu

shown'in Fig. 15,

It is inferevsjting to investigate the multipole order of the 226 and

243

278 kev gamma r"ays observed in Cm alpha decay. These gamma

rays are emitted by the Pu239 excited state 277 kev above the ground

state. The values of th-éiénef'gy levels given in Fig. 15 are those

determined by beta d.e'ca:y,.u 'Ac.gord'ing to Bell and Graham, (19) this

9

state is metastable with a half -life of 1,1 x 10~7 seconds. From the

decay scheme shown in Fig. 15 it is evident that over 80% of the cm?43

{

disintegrations must pass th‘r‘ou"i‘gh the 277 kev level. Since the 226 and
278 kev gamma rays comprise 30 percent of the .sz43 disintegrations,
the half-life for gamma emission will be

9

_9 ‘
.leloLséc % 4 x10 7 sec.

% 0.3

For each gamma ray then, the half-life will be about 1078 seconds.

U.éing the form of Weisskopf's lifetime relations given by

(20)

G‘o,ldhab.ef and .Suny.ar, we would expect lifetimes of the order of

104 and 106 seconds, respectively, for electric and magnetic 24 pole
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radiation. Since these values differ by at least a factor of 1012 from
the eﬁcperimen?:al value,f it is"safe to conclude that }:h_e_ 226 and 278 kev
gamma transifions are either ‘electr'ic‘ or magnetic dipole, electric
or magnetic quadrupole, or electric or\ mag_netié oétopo.lé.

This difficulty could be _r_e.solvedi if the c.onversi"on:t:oefﬁcients
of thé.ga.mma rays were known. . These conversion cyo:‘efficients can
be ca;.lcurla,ted' if fhe fela,tive abunda,ng:es of the convers:ipnlines' are
known. lThese relative abundances were obtained* a'nd the conversion
coeff:i;cien_ts are shown in Table 12. F;‘Om the. data in this table, both
the 226 and the 278 kev ti;'!a,nsitions appear to be magneti; dipole
radiaj‘cion. |
| 242

. -- The 44 kev gamma ray very
. 15238

8. Decay scheme of Cm

probably corresponds to the transition between the levels in Pu

populated by Qyq and a, of Cm242.

The conversion céef-‘fici—entg,l;.)f |

this gamma ray, assuming no other transitions take piaég between ‘

the two levels, would be 26.3%/0.041% # 640. The multipole order of
the transition can be determined providing the L conyér-sibn coefficients

(16)

can be found; Dunlavey and Seaborg, in thpir s,tu'dy of zilpha
electron coincidences in pho,tog‘r'a:.,phic plates, found thalt' 83 percent
of th;e. coincidences were from L, conversion electrbns._ .T.her-efore,
the L ,converéion co‘éfficientlfor the 44 ~kev gamma ray Wbuld be

640 x 0.83 = 5; 3x 102. From Gellman's tables, (22) we would expect *

theoretical L conversion coefficients of 1.5, 6 x 10 and 6. x 102 for

sk ; ' '
I would like to express my appreciation to M. S. Freedman
for s-ending td me the results communicated to him by Harry

Fulbright,
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Table

Multlpole Order of Cm

12'

243

Gamma Rays

Experimental Theorefical L conversion

Energy of | Experimental

Theoretical K conversmn .

coeff1C1ents from Rose's

cocefficients from Gellman"s

gamma ray Qrr |
(kev) K tables (21 o1 _tables, (22 .
o h B MM, e M
226" 1.8 3.6 0.06 0.14 4.1 8.7 0.4-0.8  0.015 0.35  0.72
-278: 1.8 > 3.5 0.-04 0.1 2.3~ 4.6 0.3-0.7- -0.007 0:15 0.36
Energy of Expenmental Ezni)iriéal K/L ratios Experimental Theoretical L, :L L3 ratios frorn(2 )
gamima ray " from Goldhaber and L,:L_:L, con- Gellman's tablles ‘
K/L ratlo i 2°7°3 "
(kev) Sunyar. wversion'ratio. : ‘ .
[ . r .
) E,'Ey M M, (23) | B, E, oM ;:
226 4.3 0.6 0.3 7 6 5. A-l:-O-.O9::Q'.-009 1:0.39:0,28  1:3.9:1.6 1:0.1:0.001
278 - 5.3 0.8 0.4 7.7 5.7 -1:7:0.006 1:0.32:0.2 1:3.3:1.5 1:0.11:0.001
Energy of Experimerifal ‘ Mean life calculated from Weisskopf's. formula
gamma ray half-life (sec) : (seconds) (2 L ~ i
(kev) = E N B3 M, M M
226 10°8 0% ex107? 5x107> 1072 107° 1
278 1078 10714 2x107? 1073 10712 5 x 10 1
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El’ M1 and E2 rad1at1on, respect1vely Therefore, the 44 kev
i
rad1at10n is electr1c quadrupole and hence the first exc1ted state of

P ,238 has a spin of 2 even panty This result is in agreement with

the general pr1nc1ple stated by Goldhaber and Sunyar that the sp1n of
the f1rst exc1ted state of an even-even nucleus 1s 2 even par1ty.

The 100 kev rad1at1on could be a gamma ray correspond1ng to

the trans1t1on between the levels in Pu2 38 populated by %948 and 44

Y

or it could be a K x- ray

' One can choose betv/een the gammavray and the Kx ray

_ “ asslgnment by cons1der1ng select1on rules which apply to alpha decay
theory. These rules are developed in Append1x l These alpha decay
select1on rules 1nd1cate that all 1evels in an even-even nucleus which

T

are populated by alpha decay have odd spin and odd parlty or even spin
and even par1ty, In add1t10n, all transitions to the ground state w1ll

have an electr1c mult1pole order
If the 100 kev rad1at10n was a K X~ ray of a trans1t1on between
the levels in Pu23 populated by %148 and a, of Cm24'2, the tranS1t1on

i

i would have to be electr1cq Since the max1mum abundance of any
gamma ray in Cm24t2 above 100 kev and below 300 kev is 1/2 7 times

the abundance of the 100 kev rad1at1on, the m1n1mum K conver sion

coeff1c1ent would be 2. 7 From Rose s tables(zu of theor'etlcal

K convers1on coeff1C1ents, the rnult1pole order of the tran51t1on

would be E5 From Welsskopf' (( ) formula, the expected half -life

would be some 10 000 years. Since the 100 kev rad1at1on is seen

soon after the curium is pur1f1ed, th1s rad1at10n is not a K x—ray of

any trans1t1on to the ground sta_te of Pu238.
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I the lOO kev rad1at1on were a K x-—ray of the 157 kev
trans1t1on between two exc1ted levels of Pu23‘8, the mu1t1pole order
would have to be magnet1c in order to have a reasonable l1fet1me
for the gammavemlssion. vFro-m Rose's tables, SZ ) the theoretical
K conversmn coeff1c1ent for rnagnet1c trans1t10ns 1s at.least 8 1n
contrast to the exper1menta1 value of 2 7 Therefore, _the bulk of
the 100 kev radiation is not a K x-ray of the 157 kev tranS1t1on but is
probably a gamma ray. If this gamma ray corresponds to the
transition from the levels in Puz':‘}8 populated by 148 2 and Qyq of
ém242 and the 148 level is not de -.exc1ted by any other tran51t1on,
the conversion coeff1c1ent of thls gamma ray ; is (0 035 - 0. 006)/0 006 =
| The ratio of M to L conversion is usually small for gamma energles
of 50 kev or higher. So the total conversmn coeff1c1ent is equal to
.the L conversion coefficient w1th1n the expenmental error 1nvolved

(22)

in the calculat1ons.' From Gellman s tables, one would expect
theoretical conversion coefficients of 0.1, 4, and 7, r'espectwely, for

and E ., multipole orders. Therefore, th1s 100 kev gamma ray

-1 2
would correspond to an M or an E2 trans1t1on The spin of the 148 kev
238

level in Pu would then be 4 even parity, 2 even parity, or 0 even
| par1ty. ‘
- o 242, .. |
The decay scheme for .Cm is given in Fig. 16a. '_I‘he 157
kev gamma ray is not 1ncluded as there is no exper1menta1 ev1dence
' show1ng where it belongs. A p0531b1e place in the decay_ scheme will
be ment1oned in the sect1on on emp1r1cal correlat1ons. ‘
Some of the Pu 238 levels populated by alpha decay of sz‘lz2

are also populated by Np 238 decay‘. Beta particles of 1. 272 Mev
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. (47 percent) and 0.258 Mev (53 perceht) as well as conversion lines

of 20.8, 24.7, 37.4, 41.9, 80.2, 97.9, 859 and 913 kev have been
(25

seen. ) Coincidences were observed between L x-rays and soft
and hard beta particles, L x~rays and L x-rays, soft beta particles

and hard gamma rays, L x-rays and hard gamma rays, and hard

(25)

beta particles and 100 kev gamma rays.
The conversion lines of 20.8, 24.7, 37.4 and 41.9 correspond

to the expected energies "for L L conversion

S TIIr I
of a 43.3 kev gamma ray and the 80.2 and 97.9 kev electrons

MI’ and N

correspond to the expected energies for L. and M conversion of a

(26)

103 kev gamma.
A decay scheme which we postulated in private communication(z”
is shown in. Fig. 16b,

‘The intensity of the electrons of,_:th'e' highly converted 100 kev
gamma ray, however, is a factor. of 20! less than the intensity of
the electrons -.corre'sponding to the 44 kev gamma ray. So this decay
scheme is unlikely,

A decay scheme Wthh satisfies all the known experimental
data is shown in Fig. 17, T.his decay scheme assumes a 1.168 Mev
beta part.ic1e in 3 percent abundance, in order to account for the
coincidences observed between the hard beta partieles and the 100 kev
gamma rays. The 0.258 Mev beta particle has an allowed shape
and a log (ft) value of 6.2. According to Nordheim's(?®). selection
rules, the spin and parity change should be 1 No or 0 Yes. The
1. 272 Mev beta partlcle has an allowed shape and a log (ft) value of

8.5. .Therefore, accord1ng to Nordhe1m s selection rules, the spin

change should also be 1 No or 0 Yes. From simple considerations
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Fig, 17. Crn‘242--Np238 decay scheme.
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of shell theory, the parity of the ground state of Np238 should be
négative_. Since there must be a parity change then in the 1. 272 Mev
beta emission, the spin change is 0 Yes. So the spin of NpZ:_)’8 is
2 minus. |

Since the 1030 kev level decays to the states with spins of
0 and 2, its spin must be 1 or 2. .Therefore, takihg into acc;)unt '
the selection rules affecting the 0.258 Mev beta particle, the spin
of the 1030 kev level is 2 even parity or 1 odd parity. The K-conversion
coefficients of both hard gamma rays are about 1 percent, which
(21)

l. transitions., Therefore, the

spin of the 1030 kev level is 1 odd parity.

from Rose's tables correspond'tdE
If the 148 kev level had a spin of 0 even parity, one might
expect to see a gamma ray correspohding to the transition from the
1030 kev level., "Goldhaber and Sunyar, (20) however,v state that no
quantitative prediétion can be made as to the relative intensities of

competing electric transitions.

241

E. Complex Alpha Spectrum of Am
Before discussing 'tii_ec_om_plex structure of Am241, the
energy de,terminatio'n,’ will be: ménfio,ned. so that the groups may be . . _ .

referred to according to energy. The nuclide Am241 was that by

(29)

which the element was first identified,

isotopically pure form from Pu241 decay. (30) The half-life is

(31) (32)

‘and it is prepared in

given as 470 years and 475 yeafs which corresponds to a
 specific alpha activity of 6.95 x 10_6 disintegrations per minute per
m.icrog‘ré."m. Previous to the present studies the measurement of

alpha-energy has been made with an ionization chamber coupled to
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a pulse-height discriminator.from which the value 5.48 Mev
was r'eported.,'(33)) Althou-gbh one could observe from the pulse-height
analysis that the spectrum was not simple, it was not possible to
resolve it into its components. The measurement therefore gives
the energy of the principal group distorted to an unknown extent by
one or more other groups.

'The energy for Am241 wa,‘s determined with the spectrograph

* by comparing that of the principal group with two standards, P‘o210

and Em‘?'zz° The other groups of Am241 were assigned 'enér-gies by

comparison with the main group.

‘The comparison between Am241 and E‘m'222 is .shoxwir‘i:i.ir; Fig. 18.

The plate was made by placing sources of Amz'41 and radix:im :

simultaneously in‘the spectrograph for an exposure of 27 vho,u'r;o.., That
the higher energy group is that of Emz‘22 could be proved By compar -
ing the observed number of tracks with that expected from the""
observed P0218 tracks caught on another part of the plat‘é.j'“:If 1t was

18

assumed that half of P‘o'2 formed from Ern222 left the source by the

r_egoil_mcchagism, the observed nufnber of tracks in the high energy
component was in }ag,reemenvt:wi,th the expected amount from EmZZZ.
' The resolution of the curve in Fig. 18 was aided by a separate exposure
with the radium source alone in which the width of the Em'222 peak
at half -maximum was determined. The distance between the peaks
was 2.7 10,3 mm which corresponds to an energy difference of
11 £ 2 kev. Taking the energy of Em?2? as 5.486 Mev, ‘2’) the energy
of the princ‘ipal group of Am’241 becomes 5.475 1 0.002 Mev. |

i | 210

Similar exposures were made ‘with Po“"", the results of

which are shown in Fig, 19. The distance 'betvéleen the peaks was
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45. 8 mm which corr-esfonds to an energy difference of 179 t 2 kev.
From this measurement the main group of Am241 has an energy
of 5.477 '_'_' 0.002 Mev. The energy which we shall use is
5.476 T 0.002 Mev. As will be described, the most energetic
alpha group is higher in energy than this group by. 70 kev, therefore
it'stenergy is 5,546 Mev. The decay energy of Amzzjtl 1s accordingly
5.640 Mev.

There are now known to be six measurable alpha groups of

AmZ4L (34)

three of which are of greater energy than the I:nost
' prominent group.

The complete alpha-spectrum is shown in Fig. 20. For these
particular data, the source consisted of 2.9 micrograms of Am241
(2.0 x 107 disintegrations/minute) and the exposure was for 94 hours.
Because of the disparity in abundance of the different groups,

- colmplete peaks cannot be shown to the same scale., In exposing the
plate long enough to register a statistically significant number of
tracks of the ‘rare groups, too many tracks for counting were |
 registered at the .positions of the principal groups. Partial scans
across the plate were made for these peaks and the results are also
s.hown in Fig. 20. The peak widths at half;mgﬁirﬁuﬁl aré es.sentiallyl
the same for all peaks.

The relative abundances of the groups were obtained by
cIOunting the tracks of the two most prominent groups on a plate
exposed for a shorter period of time and comparing with the rarer

peaks from the long exposure. The abundances were virtually the

same whether integrated numbers of tracks under the peaks or the
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peak heights were compared. A summary of the abundances and the
corresponding partial half-lives which will be referred to later are
given in Table 13, The :values in each case represent at least two
independent measur-erh_ents., The sum in abundance of the two
highest energy groups is known with better precision than each
group separately because of.'th_e uncertainty in resolution. For this
reason they are listed both ways in Table 13.

The. energy range of the observed peaks was 5.38 to 5.55 Mev.
Counting the plate outside of this range revealed that there can be no
peak between 5. 21 and 5. 38 Mev of greater abundance than 0.17
percent, and from 5.55 to 5. 64 Mev none in more than 0. 07 percent
abundance. These limits were based on the respective background
counts in the regions.

" Determinations of energies of the several groups were made
relative to the principal alpha group, Qo which was standardized

222 and Po210

agairist Em as already described. The actual
comparisons were made by extrapolating the high energy side of each
peak to the intercept after subtraction of the estimated background
count and tailing from other groups. The method for obtaining the

disperéion in order to translate pos;t:i.ons on the plg."ce to “ener'g}‘f N
differences has already been described.

The results of several measurements of alpha particle energies
are summarized in Table 14. The measured alpha energy differences
with their estimated limits of error are as indicated. Also shown
are the selected best values and the corresponding energies of the

alpha groups based on 5.476 Mev for the most prominent group. In

the last column are shown the energy levels above the ground state
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Table 13

Abundances of Am Alpha Groups

‘. Alphua.v Groupa o " Percentage o L ;Partial
~Abundance ‘Half -life P (yr)
| . + Iy 0.57 1'0. 06 , . :' s B
SO P97 120 88) o
Tagy 0.23 (*0. 06) LT 2ax10”
PR ' g - 5
f“‘-('ll)) | q-...34, (t0. 06) : ‘1. 4 x10
e 21 (£ - . 5
Eu_(‘;::i) ; 0 21-(%0; 0;) | ;2' 3x10
, ¥ . |
@ (71) 84,2 (*1.5) o | 56.4 “
- Sy 13.6:(F.4) - " S 35007
e(170) 1 42 (’.‘_HO. 1?) o _ 33 x 10

2The highest energy group;, .desighated' ,u(oj, is taken:.to
represent the ground-state trans1t1on. The parenthes1s enclosed
f1gures used for the other groups indicate the energy levels 1n

kilovolts a.h_ove ,the ground state with whmhthe alpha_agroups e;e

associated. T : .
bBa.sed on 475-year measured half-life.



‘Table 14. Energies of AmzAl‘Alpha;Groups.

o Alpha
: Experiment number . particle ' Energy levels
Alpha : ~ Best energies above the
group | 33 48 592 59p 6la 6lb | values (Mby) _ground state
a(0) T —ill— _T_ T 7 5.546 0
10.3 9.3 10.8 12.4 10.5 10.6 .
2.0 1.1 0.8 116 .5 | 2.4 7 .
a(11) —JL— - | ‘%%““f‘——7*‘ 3 5;535“ - 10.8
3244 : 30.8 : 317 | 32.0 ,
20.8 s | 20.7 | %0.7 . @
a(43) ,L ) 28.6 ‘;_l;_ 595, —— _JL_., _AL_.,wmg910“;.. 5.503 | :43.4
| T £1.4 1.3 ’[‘ =l.3 : A
26.5 26.2
*0.8 %0.5
a(71) T B ‘+ X 0 ;J: % i(S).éZ)g :'?0;8
42.6 4204 42.1 432 42.7
1.1 %0.8 j2‘-0.8 1.7 - S 1
e | L Be AL; 3 L B e 5433 - 141
“a(170) b sl ol - 5.379 169.6

®Series 2 and b refer to independent counts of the alpha tracks on the same plate.
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of N‘p237 with .which each alpha group is as s,o,ciated., These level.s
-~ are obtamed by correctlng the dlfferences of alpha group energ1es
for the correspondmg d1fferences in alpha decay recoil energy It
is differences between these . numbers which should cor're-spond to
| -g-amma r'ay energies. | o

- 241

l. Decay scheme of Am~ . --The complexity of the decay

scheme of Am241 may be visualized readily from the number of

observed levels. The presence of a 60 kev gamma ray in Amz_‘%l

~decay has been abundantly confirmed by measurements with

(6, (16, 35)

proportional counter spectrometers, 35) beta ray spectrometers,

. a bent crystal spectrometer, (36) and Nal (Tl activated crystal

spectrometers, (!14F, 35) Those values with reported limits of error

(36, 37).

were 59.78 '!_' 0. 04 kev and 59.7 i' 0.3 kev. (6) The .

, abundance of the gamma quantum has been reported as 40 11,5 per-

cent,( ) (38 (16) report, .

and 32 percent, ) ‘Dunlavey and Seaborg

44 percent of the Am?'41 alpha particles have no visible electrons in
_ c01nc:1dence

‘That the 60 kev gamma ray belongs in the Np 237 4o verified

(3 8,_39) 241

by alpha-gamma c01nc1dence measurements on Am and by

237 (40, 41, 36)

its presence in the beta decayof U nd the electron

capture of Pu237 (42) i
The multlpole order of the 60 kev gamma ray has been

reported as .El( 9) from,the experimental conversion ,ccefficient and

as an MI-E2(36).' mixture from the ratios of L vacancies and th.e L1

conversion coefficient.

Another abundantly confirmed gamma ray has been reported
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as 26.43 1 0.03 kev,(36)26 3to.2 kev,(é)and 26.4 kev. (35)

The respect1ve abundances relat1ve to the 60 kev gamma ray were

31 percent .5%o.8 percent, and 25 percent The multipole order
39y e

of th1s trans1t1on has been reported as E

A gamma ray of 33.36 1 0,03 kev (7 36) was observed with a
. (41, 43) h

bent crystal spectrometer but two laboratories using

proportional‘counter's did not observe any gamma rays around 33 kev.

A source of at least a portion of the observed 33 kev radiation is

thcught to be a lanthanum impurity. (43, 44)

Conversion electrons corresponding to an Ly conversion of

35).

a 41. 4 kev gamma ray of Am'241 have been obser%)ed( and conversion

electrons correspondmg to Ly Lpp M "and N. conversion of a 43 kev

I I
(41)

gamma in U 37 decay were ascribed to the same transition in

Np237 as the 41 kev gamma ray in Am?'41 decay.

(14)

A gamma ray of about 100 kev was found by Martin in an

intensity of 10 -4 per alpha particle.

A'possible decay scheme for Am’z‘ll is shown in Fig. Zla The
lifetime of the 71 kev state has been reported as 6, 3 '.',' 0.5 x 1>0'-'8 sec

and .the maximum l_if'etime of the 43 'and 114 kev states as less than

(39)

0.3 and 1 Lsec, r-espe.ctively; From the latter values it was

’ deddéed‘th‘at a.il transitions from the 114 and 43 kev sta"_tes were MI’

2, or E2 transitions In the case of the decay of 43 to the 11 kev

level the tran51t1on would be either M1 or E

{(39)

‘2 since according to

Behng, et al these states would ‘haveth.e same parity.
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- F. Complex Alpha Spectrum of Am243

"-Am2f’43'~'fcain be prepared by neutron bombardrient of ':Amn241

T

" from the reaction:

¥

w,p/\,

Am 241 (n, y) Am 242m 0 oA “(n, v A 243
€.C. B
42(11, ¥) :.P*u24fo’-

1'PréVious to the present work, the measurement of alpha enef'gy had
been made‘with an ionization chamber coupled to a pulse height |
"discriminator for ‘which the value 5.27 Mev was reported.

-* A’ bpectrograph sample of 2 x 107 alpha disintegrations per
SRS e 241 o 243
minute was‘prepared from a mixture of Am and ‘Am activities
" by ‘sublirhatich and exposed in the spvectfogﬁr‘aph'for"%.? hours. 'Two
new alpha groups were cbserved which had not beén s&én on'an’

Ll . . ECEC B i

‘"The energy for the principal group of Am%*3 was détermined

241

by comparison with the main group of Am~ . ' If 5,476 Mev is

' taken as "the'énerg‘§' of appof'Am™ ", then the main group of Am

has an €énergy of 5,267 Mev,
A ;é.cbﬁd'alphé group of Am243'was found ‘41 kev 1owér in
"' alpha particle energy than the rost abundant a;lphé group and
"'czorl‘npris‘é':.d*'abdut 10 percent of the total alpha particles emitted by
A 243 |
“. The ratic of Am> alpha activity to Am> > alpha activity

was measured as 52. A mass analysis of the sample by F. L. Reynolds
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showed that the relative masses of Am241. Amz‘lt'2 and .Am'z""l3 were

" 74.15, 0.615, and 25.22 percent. Thus by taking the half -life of
Am?A_1 as 470 years, we find a half-life of 8.3 x ‘103 years for Am'243.
.Our result is in good agree.ment.v‘vith the m/lO4 year value reported by

Street, Ghiorso and Seaborg from mass analysis of Amzlt!‘3 and the

chemical yield of milked .Np239. (45)

G. Gamma Rays of Am'z"43

‘Previous to the present s_tudy; Martin(m) had reported a
75 kev gamma ray in Arn243 with an abundance equal to 90 percent
‘of the alpha transitions. In order to verify these results, alpha-
gamma coincidences were run on a sample containing 700 c/m of

- mixed Am2-41' and Am243 activity. An alpha pulse analysis of the

243 activity and 30 percent Am'?'41

-sample showed 70 percent Am
~-activity., The coincidences were run between alpha particles and
differential portions of the gamma spectrum. In order to

calibrate the system energywise simultaneously with the coincidence

. 2 .
‘measurements, a sample of Am 4 in a closed cardboard container

was placed near the gamma counter, Since none of the alpha

particles in this separate Am241 sample could strike the ZnS screen,

no true coincidences could be caused by this sample. Because of the
A _ . ‘ - . 241 243

. low alpha counting rate of the mixed Am and Am sample, the
chance coincidence counting rate would be quite small. From this
work, :after subtracting those coincidences due to Am.2'4l, a 75.kev
gamma ray was found to be in coincidence with 8 x 10 percé'n!: of the

- alpha particles. This is in excellent agreement with the previous

work,
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1, Decay scheme of Am243. -=- A decay scheme for Am243 is

shown in Fig. 2lb.

.The conversion coefficient for this 75 kev gamma from the
above data must be equal to or smaller than 2/8. Fiom Gellman's
,tables(zz.) one would expect conversion coefficients of at least 5 and

15, respectively, for MI or E_ radiation, while for E1 radiation the

2

conversion coefficient is expected to lie between 0. 09 and 0. 4,
That the 75 kev gamma b_elong,s in the level scheme of

Np239 is verified by the presence of a 73. 6 kev gamma ray in the

decay of U239. (46)

of Am?*> i 5.267 + 0.088 + 0. 075 Mev = 5.430 Mev. Using our

43

From this decay scheme; the total decay energy

and 0, 718

Mev for the beta decay energy of Np239, we find that C‘m243 is

4

ener‘gyv of 6.151 Mev for the total decay ehergy of sz

unstable with respect to Amz 3 by 0.003 Mev. This is in good

agreement with the experimentally observed beta stability of

243(45) 243 (47)

Am and Cm

H. Complex Alpha Spectrum of Pu239

Soon after the availability 6f Pu239 in supratracer quantities,
‘tbe alpha activity was found ‘to'. be accompanied by gamma radiation
in low abundance, (48, 49) These and later measurements will be
discussed below when the decay scheme is considered. The complex
alpha spectrum pfe-sumed from these data was first observed directly '

(50) who employed a large

by Rosenblum, Valadares ._and Goldschmidt
permanent magnet spectrograph. They found the highest energy
group in highest abundance and a prominent group at 50 kev lower

energy. The present study amplifies these results and attempts to
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>Fig.V211. a) Décay scheme of Am241.

b) Decay scheme of An‘1243.
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explain the gamma ray spectrum which has been reported by
several sources,

Fig. 22 shows the alpha spectrum of isotopically pure

Pu239., 239

(51) The source consisted of 2.5 micrograms of Pu and
was exposed for 110 hours. All three of the observed peaks have the
same width at half -maximum (~» 8 kev) and the aburidances as
indicated were found both by comparing peak heights and by
integrating the ‘total alpha tracks.

In another exposure for 90 hours the slit system was changed
to give higher transmigsion in order to look for rare alpha groﬁps.
The peak widths went up to 21 kev and a, and 93 were no longe_r
clearly resclved. The abundance of Ogy Was found to be 11.;'7_ pei'cent
~which agreés with the other measurements cited. A careful search
was made for other alpha groups and the data are recorded in Fig. 23,
The energy range covered was 4,82 - 5.57 Mev which extends from
330 kev below the main group to 430 kev above it. No alpha g,r:oup was
found and the limits can be set as follows: from 25 kev above a, té
430 kev there is no group greater tﬁaﬁ 0. 15 percent abundance; and from
70 kev below.qo {20 kev below @) 10 330 kev there is-no group in
greater than 0.3 ‘percenﬁ: abundance. The plate from which Fig. 22
was derived was also counted over an extended range and the results
were substantially the same although the limits of detection were not
so low because of the fewer total tracks recorded. In addition, as is
seen in 'Fig. 24 an upper limit of 0.1 perzcént can be set on the

abundance of any alpha group from 90 kev below oy (40 kev below

taSl)) to 190 kev below a . The source from which Fig., 24 was derived
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consisted of 4 x 107 alpha disintegrations per minute. A mass
analysis of the plutonium from which the sample was made is shown

in Table 15, ;
The energy for Puz?’9

Po?10 for which the alpha particle energy was taken as 5,298 Mev. (4, 5)

The energy for a, of Pu239

a was determined by comparison with

was found to be 5.150 T 0. 002 Mev as
compared with the other spectrograph value, (50) 5.147, obtained
using ThC as a standard.

These spectrograph values are in good agreement with
reported values =obtained using ionization ch‘a‘mber:s: and range ‘{heasure-
ments C'rafl;éhaiw aJ:ndea.r'v.e_y, <52) using al:lblionivzatixc.ﬁ_l .clllamber with
a pulse height ahalyé.er, reported 5.159 (I 0, 005) Mev.and Jesse and
For'stat(53) obtained 5.140 (* 0.005) Mev by measuring total
ionization current.  An air range determination by Chamberlain, (54)
et al. gave 5.15 Mev.

The energies of the two shorter range groups were obtained
from their displacements from the main group using the dispersion
of the instrument as described in an earlier section. The differences
in energy from the main group, 0’:0’ were 12, 8 + 0.7 kev and
49.7 by 0.7 kev. Rosenblum, Valadares and Goldschmid’t(slo) resolved
%5 and found its energy to be 50 kev lower than the main group and
our result is in excellent agreement for this group. Upon addition of
a correction of 1 7 percent to these alpha particle energy differences
to obtain the spacing between energy levels and rounding off to the
nearest kilovolt, the level differences become '13 and 51 kev, hence

a; and a5 These energies would correspond to gamma ray energies

between the appropriate levels.
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Table 15

a :
" Mass Analysis of Plutonium Spectrograph Samples

Isotope Fig. 24  Fig. 26 Fig. 27
238 . - 1.5
239 80.0 57.8 .- -30.39
240 o 4.2 34,2 ' 749,39
241 - 0.5 6.7 ' 13,46
242 - 13,7 - L1 ; 6.75

®These data were kindly supplied by F. L. Reynolds.
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239

1. Decay schemeof Pu ~’. -- It will be pointed out that the

239

‘Pu alpha spectrum as observed here cannot explain-all features

of the gamma ray and conversion electron spectra which have been
reported. First we shall examine the area of agreement which
is indicated in Fig. 25.

(48)

A gamma ray of 50. kev was reported early by Ghiorso,

- and this has been abundantly confirmed. Freedman, 3-31. (‘3‘5) found
conversion electrons of a 53 kev gamma besides observing.the

‘garmma ray with a proportional counter-and a scintillation spectrometer.

(55, 56)

West and Dawson, using a proportional counter spectrometer,

found a 52.0 ¥ 0.3 kev photon in an abundance of 7 x 10_'5"’p’er alpha
particle. | Martin(M) in this laboratory has measured this gamma
ray as 53 1t 2 kev with a scintilla.ti'on spectrormeter, while two.
laboratories have found conversion electrons cor'respbfndingato a 50

239

kev.gamma ray in coincidence with alpha tracks in Pu-~ “rimpregnated

;emulsions. Albouy and Teillac(57) found the electrons to be present

. to the extent of 16 per 100 total alpha particles while Dunlavey-and

(

Se':abor-gv, 16) found 12. 5 electrons per 100 alpha particles. It seems

almost certain that this gamma ray represents the transition between

. the levels reached by a_, and a, because of the agreement in energy

(50)

51

and moderate agreement in abundance,. Rosenblum and co-workers
_reported a much higher abundance than ours for agy but their

resolution would have been nore difficult.

(56)

West and Dawson also found a gamma ray of 38.5 i' 0.5

kev-in an abundance of 2/7 of their 52.0 kev gamma. Freedman,
et al, (.3‘5)

‘similarly reported a 39 kev gamma ray in an abundance
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iof 2/7 of their 53 kev gamma. In addition, some of the conversion
lines attributed by F:f.eedman, et a_l}35) to 'LI and LII conversion
of a 53 kev gamma could be due, at least in Apart,’ to M conversion
-of -tileir 39 kev gamma. I
The preceding discussion shows that there need be no sharp
disagreement between our alpha spectrum and the.gamma ray
transitions so far considered. However, there is harder gamma
radiation which is more difficult to explain. There have been
’r'ep'orted‘--g‘amma rays of 384 kev, (35) 300 kev, (48) and 420 kev(49)
-~. in very low abundance andi;thes,e could well correspond to low
; energy alpha groups in quantity below our level of detection. . In
addition, Freedman, _e_t; &(35) found gammé rays of 100 and 124 kev,
and another gamma ray can Be deduced from the work by Albouy

(57) (16, 58) 16 both

and by Dunlavey and Seaborg
measured electron tracks stemming from alpha tracks in nuclear
"emulsions. Albouy and Teillac reported theirs as the "K conversion
electrons from a 200 kev gamma ray' which would mean that the
electron line was 100 kev and the abundance as 0.1-1 percent of the
“-alpha particles. It is doubtful that these electrons are K shell
ccsnv-érted beca.us.é the cbrresbonding K x.=-wrv‘a“ys have not ioe.en seen 1n
"the requisite abundance. West, e_,t‘a_tl:wg) report 101 and 115 kev

K x=rays in an intensity of 2 x 10":5 per alpha particle., Dunlavey and
.Seabqrg found similar electrons in the energy range 100 T 20 kev in
0.5 pPercent abundance.

It seems likely that these electrons are L conversion lines

- of ~120 kev gamma rays corresponding to the 124 kev gamma found



-93-

by Freedman, et il.: (35) ,‘If the abundance of the electron is correct,
fhe corresponding alpha group should have been seen, According to
the data of Fig. 23, an alpha group of lower energy than o,fp by 70 kev
or more would be detected if present in 0. 3 percent abundance or
greater. A still lower limit was obtained according to the data in
Fig. 24. From 90 kev below a, to 190 kev there is no alpha group
greater than 0.1 percent. The discrepancy between the abundance of
‘the 120 kev transition and the abéence of a cofr;espondjing alpha group

is large enough to cause some doubt as to the ground state transition

of Pu?®?,
g SN N 235
A possible decay scheme is shown in Fig. 25.. The U
level populated by the most abundant avlpha group of Puzz'9 :'y')ould be

a metastable state. A search is being made for any long -lived
radiation Which might occur from this level,

1. Complex Alpha Spectra of Pu?%0 ang Pt

This 1sotope of plutonium is an alpha emitter of 6600—year

239 -

half 11fe(6 ) and is best prepared by neutron capture by Pu Its

valpha energy is known to be very close to that for Pu2‘3‘9 and had

not been previously resolved for sure.

A sample containing 5 x 105 disintegrations per minute of
mixed Pu23‘9 and P‘u240 activities was exposed for 46 hou’r's, and the
spectrum shown in Fig. 26 was registered. The peaks were readily
assigned to their respective isotopes because the mass spectrographic
. ‘analysis shown in Table 15 indicated that Pu240 was in abundance
such that its alpha activity should predominate and the energy
differences and relative abundances of the three peaks assigned to

239

Pu were in close agreement with those for 'P;u.Z?{9 (see Fig. 22).
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The energy of the main group of Pu240 is 12 f 2 kev greater
than that for Pu239. Using our value, 5.150 Mev for the energy of
239

the a_ group of Pu > the energy for Pu24'0 ‘ao group is 5.162 Mev,
Since we are fairly certain that the most abundant group of an even-
even alpha emitter represents the ground state transition, we may
then calculate the decay'. energy for Pu:240 as 5.250 Mev.

The second alpha group of Pu240 is 43.5 t 2 kev lower in
energy than the main group; hence it is designated Gy signifying
that it leads to a state 44 kev above thle‘ ground state,- Its |
abundance is 24 percent, therefore the partial alpha half—lives for
the two groups, based on the 6600 year measured half-life 'are’:z.
8700 years and 27, 000 years.

The isotope Pu24;l is generally made by neutron ir‘l;adiétion

9

" of Pu23 by the reaction:

Pp239(n;'$y)13:u2v40((n, Y)Puzg. |
Itisa betale:mitter with a 14 -year half-life. (6'i1) Work aone

prévidué to this study indicated‘a' partial alpha"ﬁha'tlf":‘iifei.of'; about

4x 105 yeafs aﬁd‘an al‘p'ha ?afticlélyeher'gy of 4.91 Mev as

' (61)

measured with an ion chamber..
A sample of ].07 alpha disintegrations per minute of mixed

Pu239, 240, 241, 242

was expos:ed for 88 hours and the spectrum
shown in Fig. 27 was registered. The mass analysis is given in
Table 15. The peaks all have a h:a;if ~thickness of about 7 mm or

24 kev. This comparatively large half-thickness is due to the large

slit opening used at the source, 1/8 in. x 1 in.
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The two intense alpha groups shown in Fig. 27 are

separated by 45 kev and are due to Pu24'0 with a small contribution

239

from Pu as deduced from the mass analysis. The particle

energies of all groups shown in Fig. 27 were determined using

5.162 Mev as the energy of pu?40 a.

.The three remaining alpha:groups could be due to Pu240 or

'Pu24'l. Pu242 is ruled out because of half-life considerations. In

order to establish a definite assignment to either Puz'4'0 or Pu241

another exposure will be made with a very active sample with
isotopic composition as shown in Fig. 26. Until this experiment is
completed, the alpha groups at 4. 893 and 4. 848 Me‘ir are tentatively

assigned to Pu'?'41 and the alpha group at 5. 014 Mev is assigned to

' Pu240. .This assignment to Pu'?'40 is based on the similarity of the

| Pu240 alpha spectrum to the Cm'?'42 alpha spectrum. By a comparison

of peak heights the alpha group at 5. 014 Mev is 0;1 fjercent of the

total Pu240 alpha particles. Since this group is 151 kev lower in

.decéy energy than the main group of Pu240, it is idesigna_’ced 0151
The two alpha groups as signed to Pu‘241 aré s:lepara,ted by

46 kev in decay energy. The group at 4. 848 Mev comprises about

25 percent of the groups assigned to Pu241,

The'Pu241 alpha branching ratio may be determined from the

ratio of the Pu24'0 and Pu241 masses, their alpha abundances and

their half-lives. From this data an alpha half-life of 3 x 105 years

is in excellent agreement with the previously reported value of

4 x 105 years. (61)
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1. Decay schemes of Pn240 and Pu24l. —-»Freedman, et al (35)

reported conversion lines of a 49. 6 kev g.amrna ray and measured

the energy of the gamma quantum with a Nal f‘rystal spectrometer

(59)

and a proportional counter as 47 and 48 kev. West reported a

45. OAf 0. 2 kev gamma ray present in the alpha decay of either Pu24'0

or 'Pu23'8, These transn:lons may correspond to the transition

.from the exc1ted state in U236 populated by Pu240 Q44 to the ground

istate of Uz 36 as shown in F1g 28a. From the ratio of L X-rays to
'-gamma guanta determlned by Freedman, et al., a lower 11m1t of 35

| can be set on th.e conversion coefficient of th;s trans1t10n_, Ihe

a-ctual value of the ‘coniver‘s,ion coefficient wonld dep.'end:_on the L Auger
. ;<co’efficient and the extenﬁ of .the absorption of L x-‘ray‘s_: b’-ef_q;r'e they
enter the actnve body of the Nal cryqtal No rad1at1on has been

| observed from the level populated by Pu 240 G157

5)

. Freedman, et a]i_(( report 100 kev and 145 k'er gamrna rays
in Puz'41 with abundances, respectively, of 0.35 and 0 07 per alpha
partlcle Because of its high abundance, the 100 kev radlatlon is
i'probably in conncntdence with the alpha group at 4. 893 Mev. Freedman
| h.reported that the half -width of the 100 kev radiation appeared to be
| too lalr‘g;e for a s:mg}le gamma ray, and that this width was very
v;‘nearly equal to that expected for uranium x-rays, If the.l(‘)b kev
traneitions are K x,—raye due to K conversiocn of the 145_.kev ‘gamma
ray., the K conversion coefficient Wonlld be about 35/7 = 5 {the K Auger
| coeff1c1ent is assumed to be small). This value.of‘ the conversion
(21) R

coeff1c1ent ‘may be 1nterpreted from Rose's tables as corresponding

to an M3 transu::mn

A possible decay scheme is shown in Fig. 28b.
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J. Complex Alpha Spectrum of Pu2'4'2

Pu242 is bgenerally made by the electron capture decay of

'Am242 by the reaction:

242 (16 hr) Am?*% (100 y)

€. C.

Pu242

Am 241(n, y) Am

It is a beta stable alpha emitter with a particle energy of
4.88 Mev(él) as determined with an ion chamber. previbus to fhis study.
A sample of 3.7 x 107 plutonium alpha dis/min was ¢xposed for 37
hours. This is the éample Whose alpha spectrum is shown iln f‘ig. 24
and whose mass ané.lysis is shown in Table 15, |

The energy of the alpha group at 4. 898' Mev was det’ern.:ined by

239 a, peak on the same plate. The Pu239 a

239

comparison with the Pu o

peak would be affected by the pyu 240 a, peak and the Pu peak.

%13

These effects, however, tend to cancel each other out, so the energy

239

of thé Pu a, was taken as 5.150 Mev. The 4, 898 Mev alpha group

239

could not be due to Pu as it would have been seen in Fig. 23. Like-

wise it could not be due to Pu240 as it would have been seen in Fig. 27
"in‘about_four times the abundance of any group in that region. If the

group were due to Pu24l‘it should have been seen in Fig, 27 in about

ten times the abundance of any group observed in that region. The

alpha group shown at 4. 898 Mev, therefore, must belong to Pu242.

A second alpha group 44 kev lower in particle energy than

Pu242 a, was found with an abundance of about 20 percent of all the

242. By similar reasoning to that used above,

this 'al'pha group cannot belong to either Pu240 or Pu241. It could,

239 242

however, be a low energy alpha group of Pu '~ " or Pu . Pending

grdups assigned to Pu
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further experiments on pure Pu239, the alpha group at 4. 854 Mev

242 242

is tentatively assigned to Pu . This assignment to Pu is.

-made because of the similarity to the alpha decay characteristics
of other even-even nuclides as discussed in a later section.
The half -1ife of Puzl}t2 can be determined from the relative

239

‘and Pu’%?in the sample.

239

atomic masses and alpha activity of Pu

Using a half-life of 24, 360 years for Pu , we find the half-life

42 to be 9 x 105 years. This compares with the value of

{

of Pu2

5 x 105 years 61) found by Thompson, et al.

A decay scheme for P‘uZ42 is shown in Fig. 28c.

K. Complex Alpha Spectrum of Pu238

Pu238 is most easily prepared BY milking its parent, Cm242.

It has a half-life of 89,6 years. (62) Previous to this study the alpha

particle energy had been determined by the range of the particles in

air giving values of 5.47(63) and 5. 51 Mev. (54)

A sample of 7 x 107 alpha disintegrations pef minute of Pu23'8
was exposed in the spectrograph for 114 hours. Its spectrum is not

shown. "The sample mentioned before in connection with Pu242 (see

Fig. 24) contained a large amount of Pu23'8 alpha activity. The
spectrum of Pu238 shown in Fig. 24 was in good agreement with
respect to energy separation and relative abundances with the Pu238

spectrum which is not shown.

Since the masses of Pu239, Pu24’0, and Pu242 varied by over

238

an order of magnitude in the two samples relative to Pu the

assignment of the groups to Pu23'8 is positive.
The most energetic alpha gi"oup has an abundance of 76 percent

of the total Pu238 alpha emission and will be designated a, of Pu238.
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The"alpha particle energy of a was determined by comparison with
the main alpha group of Puz'39 as shown’in Fig. 24. The energy of

the Pu239 group was taken as 5.150 Mev giving an energy of

5.497 Mev for Pu2>0,

Another energy determination was made by exposing an old

242

sample of 108 alpha disintegrations per minute of Cm The two

intense Pﬂuza8 peaks were easily detectable, and the energy of the

Pu23;8 o was measured as 5. 492 Mev. The energy of Cm242 a,

was taken as 6.110 Mev. With an averaged particle energy of
5.495 Mev, the resulting decay energy of P1-123'8 is 5. 589 Mev.

A second alpha group 42 kev lower in particle energy than

238

238 alpha

Pu a has an abundance of 24 percent of the total Pu
emission. Adding a correction of 0.7 kev to the particle energy
separation and rounding off to the nearest kilovolt, ;. we find an energy

of 43 kev for the corresponding state in the residual nucleus. This

alpha group is designated a 43 ©f Pu23’8,

The third alpha group is 144 kev lower in particle energy

than the main group and has an abundance of 0.15 percent of the total
Pu23'8 alpha emission from peak height comparisons. Adding a
correction for nuclear recoil, the decay ehergy separation becomes

146 kev and the alpha group is designated P’u23’8 % 46°

L. Gamma Rays of Piu.2'3'8

The sample of Pu23'8 whose alpha spectrum is not shown was
gamma analyzed, and gamma rays of 17, 44, 101 and 149 kev were
observed as shown in Fig. 29. The respective relative gamma

intensities for the 44, 101 and 149 kev radiations were 100, 27 and 3. 3.
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No correction was made for changes in crystal counting efficiency
“with energy. The effect is expected to be small; The abundance of
the 44 kev gamma quarnta was measured as 3.8 x‘J‘LO_4 per alpha
particle.” The gedme,tfy of the alpha analyzing system was determined
with AmZ# by assuming the 60 kev gamma ray had an'abundance of
40 percent(‘é» per Am241 alpha particle.
The energy of the 44 kev gamma was the average of two
- values, 42 and 45 kev,and the abundance per alpha pax;tic.le was the
resuit:of one mea,s‘u:r’.emem:° o
The energir of the 101 .kev gamma veas the a'v‘era,ge  0£ five
values which.ranged from 96 to 108 kev. The abunda.nce of thlS
'.gamma ray with respect to the 44 kev gamma was the average of two
meas.urr-ements, 24 percent and 30 perce.nto o
The energy of the 149 kev ga,-mmva was the 'av'eragi'e; of four
| mea.,s?e‘r'emenfs ranging from 145 to 157 kev. ‘Th_eA abundance with

re'epect to the 101 kev gamma (12 p’er.c'ent) was the‘!avellaége of three

1 »:
14 { PR oy

vmeasuremenits WhlLCh ranged from 12 to 13 percent

- The 17 kev radla.non is probably due to L x-raysav Radlatmn
ef this energy is so strongly absorbed in the countmg system that
no accurate intensity can be determined.

238

1. Decay sehem'e of Pu . == Prior to this study, Re,e.d(64))

, ;found L x=ray's, a42.6 kev gamma, and a possm.ble 166 kev gamma
by absorpt1on measurements, O”Keﬂey( 5) found electrons B
correspondmg to a 45 kev gamma ray and a poslsazble 48 kev gamma
ray Coxnmdent with this study, Dunlavey and Seaborg( ) found

conversion ele@trons corresponding to a 40 kev gamma ray in
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coincidence with 23 + 3 percent of the alpha particles.
The 44 kev gamma ray observed in this study and by other

workers probably corresponds to the transition between the

excited state in UZ'34 populated by au3 of Pu238 and the ground state.

The conversion coefficient of this transition from our data

. would be:

0.24 - 0. 09238 = 6.4 x 10°.
3.8x 10"

If the same M/L ratio is taken as that used for 'Cm'242, (16)

the L conversion coe¢fficient would be 5.3 x 1_02. From Gellman's
,tab,les(zz)'one would expect conversion coefficients of 1, 6 x10,

and 6 x 102, respectively, for El’ M1 and E2 transitions. Because

of the excellent agreement with the E_ transition, a likely spin

2

assignment for the first excited state is 2 even parity.
The observed 101 kev gamma is in good agreement with the
transition from the level in U234 populated by 844 tO the level

populated by a Assuming that all of this gamma ray is caused

43°

by the transition between these two levels, and that no other decay
takes place fr‘o'm the 146 kev level, we find a conversion coefficient of:

_ g
(L5 -0.1)x107" _

1.0 x l.()_4

The ratio of M to L conversion is not known, but it should not be

242

larger than for the C'fn 44 kev transition. (16) Therefore, the L

conversion coefficient of the 101 kev gamma would be at least 11.

(22)

From Gellman's tables, the theoretical conversion coefficients

for El’ ,Mi and E2 radiation are 0.1, 4 ~ 9, and 6 — 26, respectively.
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The exact shape of the theoretical curve is not‘known since
Gellman's data includes only three points, and this accounts for the
spread in the theoretical values. The 101 kev gamma ray could
correspond to either an M1 or an Ez,transition.

If the 101 kev radiations were K x-rays of the 149 kev gamma

ray, the K conversion coefficient would be 27/3.3 = 8. From
(21)

Rose's table .of theoretical K conversion coefficients, this '
would correspond to an M1 transition or an electric transition >5.
The latter case is §bvious1y an impossibility frqm lifetime
considerations. V‘T_':'he"Ml.trans,ition could not represent a transition
from the level in. U234 populated by G146 of Puz'?"8 since, as stated
previously, all transitions in even-even nuclei to the ground state
from levels pop'ula,té.'dfby alpha decay must be electric transitions.

There is nc;t sufficient .expe‘rim‘e'ntal evidence to determine
with certainty the place of the 101 kev radiation {or the 149 kev
radiation) in the Puz'?"8 decay scheme. Because of empirical
cdrrelations to be discussed in a later section, we prefer the
assignment of the bulk of the 101 kev radiation to the transition
from the second excited state to the first excited state of Uz'34 as
shown in Fig. 30.

M. Complex Alpha Spectrum of U'234

_U234 can be obtained from natural uranium ores. Before a

sample suitable for the spectrograph can be obtained, the .U234 must
be separated from the relatively large amount of U2'3'8 mass. After

a quantity of‘U234 free from U23"8 was obtained, a sample of about

8 pg was prepared for the spectrograph by vacuum sublimation and
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. . 238
Fig. 30. Decay scheme of Pu .
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and was exposed in the spectrograph for 19 hours.

Two al"pha groups were found separated by 49 kev in
particle energy.  An earlier measurement of this separation,
determined by extrapolating high energy edges, gave a value of 46 kev.

The most energetic group, designated s comprised

74 percent of the observed U234 alpha emission. The second group,

- designated a 0" comprised 26 percent of the observed U234, alpha

5

emission.

'N. Gamma Rays of U234

.bThe“-’gamma‘ spectrum of a 1ar‘g,e‘. .san;plé of U234 was measured
" with the single-channel gar;lrﬁa analyzer and radiations of 18, 53, 90
~and 120 kev were observed. The uncofr'ectea re:lat!iv-e: inténSit{es of

" the 53, 90 and 120 kev radiations were 4. 5:1:2.1, re’spe‘(:t‘ivv‘eiy..;

' The escape peak of the 120 kev radiation v§c¥u1d be at 87 kev
and would cémprise a pé.rt or all of the 90 1£ev radiatié.ﬂ;'°,rff';]‘a»e‘"ratio
of the intensities of the 120 kev gax'rlx;na' and its escapé peak was

241 60 kev g,afnrné. i'ay and its

asshr:i'léd to be the same as for the Am

' esvc'tape peak. The resulting relative intensities after v"sub"tr‘action of

'ééCapé peaks for the 53, 90 and 120 kev radiéﬁons \&ere 7135
Unfortunately, there was a considerébie é.mduht of.z;.bsorber

234 ahd thé Nal deteétor.' I.f one as'sﬁmes that the

between the U
~relatively small arrioqht of plutonium L x-rays observed (18 percent
" of 53 kev gamma ray) is due to'é.bs-brption of the L x-rays before
s,triking the Nal crystal, the absorber is equivalent to héérly 2 gof
aluminum. ’Upon correction of all the intensities on the Bé.sis of this

quantity of aluminum absorber, the relative intensities of the 53, 90

and 120 kéV_ radiations become 15:1:3. 4.
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Macklin and Knigh_t(bs) observed with a Geiger counter L x-rays

of thorium in the alpha decay of U234

(66)

. .Scharff-Goldhaber and

McKeoun verified these results with a proportional counter.

(

Using a more intense source, Scharff-G‘oldhaber 67) found gamma
rays of 50 and 117 kev with a NaI scintilla_tion counter. Bell, _e_aia_._}_: (68)
found.gammav'rays of 17 + 2, 53 t 2, 93 t 2.5, and 118.1 2 kev with

a écintillation counter. The relati.w}e intensities of the 53, 93 and

118 kev r‘éd‘ia_tion were 1.0, 0.11-0.31 and 0.42.

The gamma rays observed by other workers are in excellent
agreement energywise with those of this study. The relative intensities
 do not agree vefy well, but this ,merasur'ement is fnore difficult than
the energy determinétions. If.the 90 kev radiation représeﬁt; the
K,éonve.rsion of the 120 kev gamma ray, thé K conversidn coefficient
would be 0.3 from this study and 0. 26 - 0.74 from the work. of
(21) '

Bell, gt_a;l_. From Rose's tables of theoretical K conversion

coefficients, the values .fér El’ EZ’ _E3 and E4 multipole or:ders are

0.2, 0.4, 0.7 and 2, respectively. For an M1 transition the K
conversion coefficient would be nearly 10. Therefore, the 120 kev

gamma must represent an El’ EZ or E3 transition regardless of the

‘source of the 90 kev radiation.
L conversion of the 120 kev gamiha should give electrons of

“about 100 kev energ\y. The possibility exists that these electrons
| (68)

and repoi'ted as about

Vthe order of 75 kev," in an intensity of ~1 percent of the U'Z'34 alpha

fnay correspohd to those found by Teillac

emission.
Because of empirical correlations discussed in a later

section, the 120 kev gamma ray is assumed to be in cascade with the
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gamma rays of about 50 kev, Teillac(68) found electrons of 36 and
50 kev corresponding to L. and M conversion of a 55 kev gamma ray
in coincidence with 32 percent of the alpha particles.

(16)

Dunlavey and Seaborg reported electrons of 30 and 45 kev
corresponding to L and M conversion of a 50 kev gamma ray in
coincidence with 25 percent of the alpha particles., Prohaskaﬁs):
found 40 kev electrons in coincidence with 17 percent of the alpha

: pafticles.

1. Decay scheme of U234. -=The gamma rays of about 50 kev

probably correspond to the transition between the two levels in.

Th230 populated by alpha decay. A possible decay scheme is

shown in Fig. 32a.

0. Cbmplex Alpha Spectrum of U233

U233 can be obtained from neutron bombardment of Th

33

232

followed by two successive beta decays. A sarhple of U2 .a'dequate
for the spectrograph was prepared by sublimation and exposec.;l for
94 héurs'. The spectrum is shown in Fig. 3l. Three alpha Eg_roups
‘were observed with abundances .if 83, 15 and 2 percent. The éroup
coxn'nprising 83 percent waé the most energetvic and 1s &ésigﬁated a,.
'i‘l;e group of 15 percent abundance is 42 kev lower in decay energy
than a, and is designated Qyse The group of 2 percent is 96 ke}v

lower in decay energy than a and is designated ag4°

33

1. Decay scheme of U2 . == West, et al, (59) report L x-rays

of thorium and gamma rays of 42.8 ¥ 0,3 and 56.1 t 0.4 kev in
intensities of (4 1) x 102, 5 x10™%, and 1 x 10™% per alpha particle,

and Bisggrd(ég) found conversion electrons corresponding to
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233

gamma rays of about 43 and 56 kev in coincidence with U alpha

(

particles. Dunlavey 58) found electrons corresponding to a 40 kev

gamma in coincidence with 9 percent of the alpha particles and

SfudierMO) observed a gamma ray of 40 kev and conversion electrons ’

(14)

corresponding to this gamma ray. Martin observed a 39 kev

gamma ray in an intensity of 1 percent of the L x-rays. Prohaska'(BS)
found a gamma ray of 39 kev in coincidéncg with 0, 2 percent of the
alpha particles. AThe- 43 kev transition probably takes plac.e between
the level populated by ayo and a, and thg 56 kev transition probably
takes place betwgen the levels populatéd by,a96 and CYPY

Studier('?.o) found gamma rays .of 80 kev and corresponding

(

conversion electrons., Martin 14) found an 85 kev radiation in an

(

- intensity of 1 percent of the L‘x-rays.‘ Dunlavey 58) found electrons
corresponding to a 90 kev gamma in coincidence with 0.4 percent of'

the alpha particles ahd Bisggrd(69) found electrons corresponding

to a 99 kev gamma in c;)inf:idence with the alpha particles, Prohask'a“s»
found a gammav ray of 88 kev, This 80-100 kev radiation may

correspond to the transition between the levels populated by g4 and

a_.
(o)

In addition, Studier! °) found a 0.31 Mev gamma ray in an
abundance of 0.1 percent. The decay scheme is shown in Fig. 32b,

P, Complex Alpha Spectrum of U232

232 230

U can be prepared by neutron bombardment of Th

by the reaction:
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MU-5393

Fig, 32, a) U234 decay scheme,

33

b) U2 decay scheme.
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230, 231
(n, y)) Th™"

A sample of 105 alpha dxsmtegratmns per minute of, U 32

was prepared by vacuum sub11mat1on and exposed for 46 hours.
Two alpha groups separated by 57 kev in alpha part1c1e energy were
obse‘rved The most energetic group had an abundance of

69 percent of the total U 232 alpha part1c1es and was de81gnated a,-

The other alpha group was 58 kev lower in decay energy and was

des1gnated agg- It qonst1tuted 31 percent of the UZZ"2

232

alph-a emission,
" Another sample of 3 x .108 c/mof U yv.as prepar’ed by

vacuum sub11mat1on and exposed in the spectrograph for 14 hOurs.
‘An additional alpha group was observed 189 kev lower in

decay energy than a’o ‘and in an abundance of 0 3 percent of the total
U23'2 alpha emission, It is designated 9189°
The alpha partitle ene‘vr'g‘y of U%3% was determmed by

| comparison with its Th228 daughter. The energy of o, of U 232 was

' '5.318 Mev. Only one alpha group of Th??8 was observed. We

"assumed this group was a_ of Th22'8.
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Q. Complex Alpha Spectra of U230, Thzz'6 and Ra222

UZ'30 can be prepared by the reaction:

Tﬁ

(P, 3n) Pa

2

Thzz'6 and Raz'22 are formed by succeeding alpha decay processes of

-1‘1230.
. : o e 230 S o
A sublimed sample of U was exposed in the spectrograph
for 111 hours and the resulting ‘spectrum' is shown in Fig. 33. The
-~ most intense alpha groups in nearly equivalent abundance were

1dent1f1ed by comparing their energy separatmns w1th those

n determlned by other workers from ion chamber measurements. The

»

smaller 1ntens1ty groups were assumed to belong to the 1sotope whose

main group was nearest in energy on the h1gh energy side.

U230 has two alpha groups separated by 71 kev in decay

” energy. The most energetlc group comprises 77 percent of the
230 alpha emission and is des1gnated a of U 30_. The lower
energy group compr1s1ng 23 percent of the U 230 alpha emission is

total U

designated 0‘71 ‘An earher measurement was made by compar1ng the
d1fferences between the extrapolated edges, and the resultlng alpha

decay separation between the U 230 groups was g1ven as 70 kev.

Later results indicate this value may be ~35 percent. The

listed measurement was made with U230 a, at the extreme edge

and partially off of the photographic plate.
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The main group of Thz26 was 456 kev higher in particle

energy than a, of U230 and comprises 78 percent of the total

h226 226

T alpha emission. This group is designated a, of Th™ .

A second group 110 kev lower in decay energy than a comprises

22 percent of the total alpha emission and is designated %10 of

Th226. An earlier measurement using the difference in

extrapolated high energy edges resulted in a difference of 117 kev

between the decay energies of the Thzz6 alpha groups.

The only observed alpha group of Raz'22 was found 681 kev

30

higher in energy than al of U2 From correlations made in a

later section, the second alpha group of Ra.‘222 is expected to be at

about the same energy as 9410 of Th226 but in much lower intensity.

The energies of UZSO, Th226 and Ra224 were measuted by

anothervworker('n) with an ion chamber as 5. 85, 6. 30 and 6. 51 Mev,
26

respectively. The energy separations of Th2 and Ra222 from

U230 are 0.45 and 0.66 Mev, in excellent agreement with our

results.

228 24

R. Complex Alpha Spectra of Th and Ra2

fThZZ‘8 (RdTh) is an alpha emitter of 1.9 year “half=1ife.‘(72)

It can be obtained as a daughter product of Raz'28

beta emissions. The source of Razz'8 (MsThl) is natural thorium ores.

Raz‘24 {(ThX) is formed by the alpha decay of Th228

(72)

by two successive

and has a

3. 64 day half-life.

228 was obtained from the Rare Mineré,ls

A 67 mc source of Ra
and Metals Company, Inc., dissolved in 0.6 N HNO3 and placed on

a Dowex 50 ion exchange column. Radium and thorium would both
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adhere to the column un&éll these conditions. Then 4 N HNO3 was
pas'sed through the column and most of the radium and actinium
would have passed through the column leaving the thorium stuck
on the resin., About 1 mic of the thorium was removed from the
resin with 1 ml of 16 N HNO3, evaporated to a few microliters and
vaporized from a tungsten filament onto a platinum plate. The sample |
was exposed for 19 hours in the spe'ctrog,r‘aph and the alpha spectrum is
shqwn in Fig. 34.

The main group of RéZZA was chosen as an energy standard

because it had been measured very accurately by Briggs. (2) If the

energy of a of Raz'24 is taken as 5.681 Mev, the main group of Th228

has an energy of 5.421 Mev. This group is designated a, of Th?%8

28

and has an abundance of 71 percent of the total Th2 alpha emission.

(73)

This is in excellent agreement with the value reported by Rosenblum,

5.423 Mév. The second alpha group of ThZZ'8

228

is 84.3 kfevglower in

alpha decay energy than a of Th and is therefore designated agy.

Its particle energy was measured as 5.338 Mev in exact agreement

with the value r;eported' by Rosenblum, (73) The abundance of Qg4 of

Thzzg was measured as 28 percent of the total Thz'28 alpha emission

in exact agreément.with the value reported by Rosenblum. {73)

The group at 5.445 Mev is in good agreerent with a group at

5.448 Mev, which Ros‘enblum(74) has attributed to Ra224.v We have

not determined the intens,ity of this group accurately as yet, but it

(74)

appears to be in r‘eaéonabl_e agreement with Rosenblum's value

of 4.6 percent. Since this group is separated by 240 kev in decay

energy from a, of Ra.224 it is designated 9540 of Ra224,
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The groups at 52 08 and 5.173 Mev could have belonged to

either 'Thzz'8 or Ra'224. In order to decide between these nuclides,

.another sample of mixed T.h22_8 and Razz4 activities was prepared.

This sample contained 5 x 107 alpha disintegrations per minute and
was exposed in the spectrograph for 64 hours. The peak height of

2540 ¢ of.Ra'2'24 was the same on this exposure as on the run shown in

228

F1g 34 The peak height of a,, of Th was one -fifth its peak

84

helght in the run shown in Flg. 34 and the maxnnunq peak he1ght of

any peaks in the r'eg1on of 5.208 and 5.173 Mev were one «fou-rth and

.one -=th1rd, respect1ve1y, of the values shown in Fig. 34 Therefore,

we have concluded that at least the bulk of these alpha groups are

| :vem1tted by Th2 8

The alpha group at 5.208 Mev is separated by 217 kev in decay
228

e-nergy from o of Th and is des1gnated 0,217, It comprlses

0.45 percent of the 'I"hv2 8 alpha ern'issio’n The 5.173 Mev group is
228

- 253 kev in decay energy from a, of Th and is demgnated a253
'It compr1ses 0 22 percent of the Th 228 alpha emission,
(74) ) L. 224

Rosenblum reported an alpha group of Ra at 5 194 Mev

v'and 0.4 percent abundance In Fig. 34 there is no alpha group seen

| at 5 194 Mev greater than 0.1 percent of the Raz 24 alpha emission.,
Another exposure was made with the sample whose spectrum

is shown in Flg. 34 at a d1fferent magnetlc field settmg, and no alpha

gr'oup was observed from 5.145 Mev to 4. 797 Mev greater than

0 04 percent of the Th’zz'8 alpha emission and 0 708 percent of the RaZ?‘,4

alpha emission, We have attributed a group ‘at 4. 776 Mev in about

4 percent abundance relat1ve to Thzz'8 to Ra (energy = 4. 777 Mev),(?s')

: ‘ . 6 :
since MsThl always contains some Razz and the Th-Ra chemical
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purification was not very s'uc:'cessful. a

A group at 5.297 Mev was also observed in the 'sémfle whose
spectrum is shown in Fig. 34, but péhdi'ﬁg‘ further experiments, this
group is assumed to be P‘o?'10 (énergy = 5,298 Mev). (4)

S. Gamma Rays of Thz'28

In order to make a positive identification of the gamma rays

of Th"ZZ"S, a quick and quantitative procedure was needed for the

separation of Thz'28 from its daughter pro'ducts. The thorium was

placed on a Dowex 50 resin column, he-a,ted‘to 870 C with trichloro -
ethylene, in dilute nitric acid, and the radium removed with
4N HNOs. The thorium was stripped off the column rapidly with

a one to one volume ratio of lactic acid at a pPH of 3. The stripped

-

solution was evaporated down, alpha counted, and pulse analyzed
on a 50-channel gamma scintillation counter. The alpha activity of

the sample was 3 x 106 alpha dis/min.

The gamma analysis showed four gamma rays due to Th228.

241 235

60 kev and U 184 kev

The energies determined with Am

standard were 89, 137, 169 and 212 kev. Since the standards were not

228

run concurrently with the Th , the energies were éusceptible to

slight shifts in photomultiplier voltage., In practice it has been found
t-hatuvt.hese shifts amount to less. than one é'hannel or 8 kev in this case.

Assuming that one 60 kev Arn241 gamma ray is associated with

241

40 pé'rcent of the Am alpha emission, we found the uncorrected

respéctive abundances of the 89, 137, 169 .ax'id 212 kév gamrﬁa rays to

228

be 1.6, 0.27, 0.12 and 0. 22 percent of the Th““® alpha emission.

After corrections for count'ing efficiency were applied, the respective
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-intepsities were'1, 6, 0.27, 0.14 and 0. 32 percent.

T_‘he escape peak of the 212 kev radiation was counted as part
of the 169 kev"radiat‘ion, and the escape peak of the 1(;9 kev .
radiation was counted as part of th_é 137 kev radiation. The escape
A pelak of the .89 kev radiation.comprises 16 percent of the abundance
of the peaks. .Assuming this ratio applies to all of the peaks, the
fipal intensities for the 89, 137, 169 énd 212 kev radiations were:
1. 6,‘ 0 25, 0,.09 and 0,32 percent,

The assignment of these gamma rays, to ThZZ-S seems.certain
_ :‘sin‘c‘g the rate at which the 238. 6 kev gamma ray of Pb'zﬁ_12 grew in
' ggrr.e.s_;ponded to a’ complete é,eparatidn of ‘thprium.f‘rjon'rl radium .and
lead on the ion excharige columns, .'Since thé gamma rays of B1212
were also ‘obs,erve‘d‘ growing in at their prescribed energies, the
' Is.?é;ra,tiqn of thorium from bismuth was also effectiv;e.t ‘
__Although it had been supposed for some time that Th_z-zg
’ S:qntained two gamma rays between 80 and 90 kev, recent

1

_.experiments justify the gohclusion that only one 83 or 84 kev gamma

(

. 76 . . .
ray exists. Rosenblum ) has reported six conversion lines - .

~ corresponding to an 84,3 kev gamma ray, -and Riou“?» has found
tha.-tho'nly a gamma ray of 83.3 kev belongs to Th22’8, the other gamma
ray of 86.8 key belonging to one of the daughter ‘pr'_o_ducts-..

The abundance of the 83 kev gamma ,ra.y‘ has been "~ .
determined as 2. l_.ype'r'cent by abéorptiqn measurements. (78) Our
gamma ray of .89 kev undoubtedly corresponds to the gafnm.a rays

mentioned above, the difference in energy being within our experimental

error.
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228. --The gamma ray listed by

l. .Decay scheme of Th
the workers mentioned above as 83 and 84 kev and measured by us
as 89 kev very probably corresponds to the transition from the

228 to the ground state.

levels in Ra2%4 populated by ag, of Th
. The conversion coefficient determined from our work is 17 1 2, Other
‘workers by absorption methods have found values of 12{79) and

.':.'10‘. (78) The theoretical L conversion ‘c'oefficients for 'El,' E2 and

Ml radiation aré 0.07 - 0.25, 9 = 35, and 5 =+ 12, fespectively.

.From our data the multipole order of the transition wo}ild be E2 in

{

agreement with the conclusions by Rosenblum 76) from compér-isons
of the conversions in the various L 'éhellé. The spin of the 84 kev
level would therefore be 2 even pafify. |

The 212 gamma ray must drop from the state in Ra224'p0pu1ated
by a,, of Th22,8’ ‘since that is the only state populated by sufficient
alpha particles to accouht for the 0.32 pevrceﬁt abundance of the gamma
ray. Within experimental error in measuring the gamma energies, the
212 kev radiation agrees with the transition from the 217 level to the
gfound stéte. | If no other radiation took place from this state and if it

8

were popﬁlated by only ay17 of Thz'2 s the conversion coefficient would

"be 0.29. The sum of the theoretical K«ZI) aner(zz) conversion

coefficients for E,, E_ and M radiation would be 0.08, 0.5, and 2. 8,

r T2 2

respectively. The closest agreement would be with the E‘2 radiation.
The 137 kev gamma ray, however, probably also descends from the
217 kev level. From its energy and abundance it could descénd

only from the 253 or 217 kev leVe,ls. Since an apgreci'ablé

portion of the population'of the 253 kev level probably
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cascades -down by the 169 kev radiation, it is deduced that the 137 kev
gamma may come from the 217 kev level., The transition would take
place between the 217 and 84 kev levels. The total intensity of the
137 and 212 kev radiations is 0.57 percent, Since the alpha
population to the 217 kev level is 0. 45 percent, the conversion -
coefficient is ‘very_‘srr'léll-o The difference bétween 0.45 percent
and 0.57 pe,rct;.nt may .‘be due to experimental error. The 212 and
137 kev transitions :ére ther't_efo_,r‘e E1 and ‘,t‘h.e 217 kev level has a spin
of 1 odd parity.

The energy of the 169 kev gamma ray agrees_exacfly' to the
separation between the levels in Ra224 populated by 9553 and agy-
The conversion coefficient for this radiation would be 1.4. The sum
of K(Zl) and L(ZZ) theoretical conversion coefficients for El’ E2 and
M2 radiation would be 0, 1? 1.1, and 4.7. The r'adiation; ‘therefore,
is E2 and the spin of the 253 kev level is 0, 'Z or 4 even parity.

A decay _-ééheme is shown in Fig. 35a.

2. Decay scheme of Ra224. =--Rosenbluzrne-so) has measured

K and L conversion lines of a 241 kev gamma ray and assigned it to

the transition between the Em?‘z‘0 224

"level lp‘ppula,ted by %540 of Ra
and the ground state. A decay scheme is shown in Fig. 35b.

23

‘T',f. Complex Alpha Spectrum of Ra2

Ra’2'23 can be .;)btaine,d from natural uranium by r_émoving and

purifying the actinium and then removing the radium daughter that is
formed by consecutive beta and alpha decay.

In this study, the radium was removed from the actinium and .

thorium by first piacing the activity on a cold Dowex 50 ion exchange
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Fig, 35, a) Thzz8 decay schet’ne._

k) Réiaz& decay scheme,
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column and then eluting with 2 N HNO The Raz26 comes’ off the

3.
column before-the actinium.

A sample of about 2 x 1_08-. alpha dis/min of Ra?23 was '

© -exposed in the spe;ctfogr'aph. ‘Because the half-life of the emanation

gas is too short to be pumped out-of the spectrograph before - -.

. decaying and too long to decay before leaving the area of the spectro-
. .graph source, the photographic plates had a tremendous-number of
. random tracks, By a tedious job of alpha track counting a number of

- alpha groups were resolved. Five groups were observed whose

. respective particle energy separationsfromm the highest energy group

» ‘are 0 kev (11 percent), 31 kev (53 percent),-140 kev (25 pércent),

207 kev. (9 percent), 315 kev (2 percent. . These results compare

(81)

favorably with the work of Rosenblum who found 0‘kev (9 percent),

.. 26 kev (53 percent); 134 kev (24 percent),. 202 kev (9 percent),

.. 243 kev.(2 percent), and 311 kev (3 percent). In addition, Rosenblum

early méasurement of a» 188-kev gamma ray of Hahn and Meitner.

reported an alpha group at 5.860 Mev in weak i'ntens,ity; "

'~ No attempt was made to measure the alpha particle energies.
In an earlier report the energies were listed using an accepted
value of 5,719 Mev(sz') for the most intense alpha group. Since that

time, the published energy of the most intense alpha group has been

changed to 5. 704 Mev. (81)
U. Complex Alpha Spectrum of Ra
' Réz'z’é can be obtained in large 'qua‘ntities‘ from natural uranium
(83)

ores. It is an alpha emitter with a 1622 year half-life.
226 has coinplex'strbuct‘ﬁiré could be inferred from the
(84)

That Ra
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This.gamma ray was shown to be:partially >converted(8-5) and the
gamma ray energy determined as 186 kev by sp.ectrogr'aphic"
measurement of the conversion electrons. (86)
The alpha particle group for the transition to this excited
state was observed with an alpha ray spectrograph by Rosenblum and
co-workers, (87) who reporte‘d its abundance as ~6.5 percent. The
abundance was.confirmed as 6.5 percent in another measurement by

(

88) Using an ionization chamber coupled to a pulse-

(89)

Bastin-Scoffier.
height analyzer, members of this laboratory reported a lower
value (4. 8 percent) for the abundance of the low energy group. In
addition to this well-defined group, Rosenblum and co -'workers(87’ 88)
found some evidence for .a weak group of 600 kev lower energy than
the main group.

The "sou,rce‘ employed in the present measurement consisted
of 14 micrograms of-Ra226 as radium chlor‘idé sublimed in vacuum
onto a 1/8'x 1 in. band on a platinum plate.

The solid curve of Fig. 36 shows the results of a 2l-hour
exposure for the alpha particle spectrum in the »rénge'~4.'5-4. 8 Mev
with the ordinate showing the number of alpha tracks in each 1/4 mm
wiae (one field of view of the microscope) scan across the receiver
photograph’icl plate. Because of the disparity in track counts for the
two peaks, the ordinate sca&‘es have been made tenfold different.
Because of source thickﬁess,,the half_-\x.lidth of the peaks are about
28 kev, as compared with 5-8 kev obtained with other sources in this

instrument under best conditions. Nevertheless, the resolution of

the two peaks in Fig. 36 is complete, and the abundancesv of-the alpha
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groups (5.5 percent T 0. 2 for the low energy group) should be
reliable within the indicated limits of error.
The abundances (Fig. 36) were determined by countihg all of
the tracks in the low energy peak (almost 26, 000) and those in every
fourth 1/4 mm scan for the principal peak (109, 000). The measured
abundance of the low energy was 5.6 percent, but this was revised
downward to 5.5 percent because of the different geometry factor
" applicable to the two groups. This difference is a consequence of

the longer path followed by the high energy particles becauée the
photographic plate is not normal to the trajectory of the alpha particles
but is 60° to the normal. Abundance measurements were also made
on three other ‘s;ampies for all of which fewer tracks were registered.
The values obtained were 6.0, 5.8 and 5.5 percent for the '

abundance of the low energy group. The value that we .shalll\ adopt is

5,71

0.3 percent, which is the average of the four measurements
and the limit of error encompasses all of them.

In order to illustrate the resolution attainable with thinner
sources, an anal‘ysis of the main peak was made with a ‘source
~ consisting of only 0.3 ;microgr‘am'=Ra2‘2'6., The peak is shown with
a br;)lclen line in Fig. 36 and the wid_th at half =maximﬁm is only 6 kev
as compared with 26 kev for the thicker source. In this particulaf
measurement the magnetic field was such that the low energy group
did not regis,ter on the photographic plate.
"As mentioned, a weak group of about 600 kev lower energy

than the ground state transition has been reported, andits abundance

was given in the second publication at 0.17 percent. This group would
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placed at 4. 20 Mev, and in the present experiments the region from
4.0 to 4.5 Mev was examined. The results are shown in Fig. 37,
from which it is deduced that no peak of greater than 0.1 percent
abundance could be pr-eseﬁt.

As seen in Fig. 37, the inability to distinguish groups in
lower abundance than 0.1 percent so distant from the main gfoups
is due to an extensive and nearly constant tailing ‘on the low energy
s'id‘e of thé peaks, This phenomenon i§ as yef unexplained.
Incidentally, the integrated number of alpha-tracks over this wide
range is considerable, but by the same token fhey must come
proportionally from both alpha groups so that tﬂe ratio of abundances
of the two groups is not affected. Since the limitation of discrimination
of an alpha group in this region is not a great deal lower than the
reported intensity Qf the peak 8¢00° 2 definit‘:e; d.isagre,ement ca.ﬁnof
be suggested. However, A. Ghiorso in .this ;lal:;or'atory has made a

226 with an alpha particle pulse analyzer

careful examination of R.:—i
over the energy range 3.6-4,4 Mev and set a limit of 0. 02 percent
for the abundance of any group in this interval.

The energy of a of Razz‘é was measured as 4, 775 Mev,
using ,Po‘?'10 (5.298 Mev) as a standard. This and the 4.776 Mev
value obtained in the experiments on ThZZ,S are in excellent
(75) as

agreement with the energy given by Bastin-Scoffier

4,777 Mev.
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V. Complex Alpha Spectrum of Fr‘212

Francium 212 can be prepared as a thorium spallation

product. It has a half-life of 19.3 minutes(go) and 56 percent

of the decay goes by electron capture to Emz'12 and 44 percent by

(90)

alpha emission.
| 212

A sample of Fr adequate for the spectrograph was
prepared by vacuum sublimation from a tungsten filament, The

sample was exposed in the specfrograph for 3 hours, and a graph

of the }F"r.212 and Em212 alpha spectra is shown in Fig. 38.

. The energy determinations were made using the Ele2

(6. 262 Mev) group as a standard. The group picked as Em?12
was chosen on the basis of its intensity. Further measu.remehts»
have been made on the decay rate of the various peaks but the
results have not been evaluated.

The most energetic group of Fr2'? is at 6.408 Mev. Its

abundance is about 37 percent of the Frz'l‘2 alpha emission, This
group is designated o,
o vrA's,e,cond. alpha group is 22 kev lower in particle energy
than o, aﬁd is designated ey Its alpha particle energy is 6.386 Mev
and its abundance is 39 percent.

A third group is found 70 kev lower iﬁ particle energy than

oy and is designated-a Its alpha particle energy is 6,339 Mev

71

and its abundance is 24 percent.
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W. Complex Alpha Spectra of Em 208, 210, 211, 212

. The 11ght emanation isotopes can be prepared by bombarding

(91) EmZQS’ ,EljnZl_(,), En*xz11 and

(93)

thorium with 340 Mev protons.

EmZL2 have half-lives of 23 minutes, (9, ) 2.7 hours,

(93)

16 hours, (93) and 23 minutes, respectively. -
-A sample 5 x‘1.07,a1pha c/m was prepared on a 0.0125 in,
chromel wire by a glow discharge me,thod._((gl))

Five separate exposures of 15 minutes each were made from

the sample in order to observe the decay of the various alpha groups.

s

.. The energies of the groups were determined using as a standard

(5p 862 MeV). ) The a.lpha particle energy Of Em208 was

6.138 Mev. This compares with the ion chamber value of

6.14 £_.0.02 Mev, (91)

" The alpha particle energy of Em?0 was 6. 036 Mev. This
Cthe | - vala (93)

compares with the ion chamber value of 6,02 T 0.02 Mev.

The most energetic alpha group of Em211 had a particle

energy of 5.847 Mev and an abundance of 33 percent. A second alpha

.gr'oup of Em211 had an energy of 5.778 Mev and is designated TR

>

Its abundance is 67 percent.

The alpha particle energy of Em?'? was 6.262 Mev. This
(93)

cornpares w1th ion chamber measurements of 6.23 T 0.02 Mev.
All of the above measurements were made by determmmg
peak separations from extrapolation of the high energy edges down

L

to the background.
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211

X. Alpha-Gamma Coincidences of Em

Alpha-gamfna coincidence measurements were made on
Em " with the single-channel analyzer described in an earlier’
section. A gamma ray of 72 kev was found to be in coincidence with

alpha particles in the Em'?'11 sample. By observing the decay of the

211

~coincidence peak it was determined that the At and Po211 could

not be causing the coincidences. Since the coincidences decayed with

a 16 -hour half-life, the 72 kev gamma was assigned to Em?l,

'The conversion coefficient of the 72 kev gamma assuming it
belongs to Em211 was about 60. This radiation probably represents

the transition between the levels in Po207 populated by a0 a,nd'uo of

Em 211.

Y. Complex Alpha Spectra of Atzu, Po?‘ll and Atzm

| 'Atz'lo and At211 can be prepared by bombarding bismuth with

11

alpha particles, At'2 has a half-life of 7.5 hours(94.) and decays

(95)

59.1 percent by electron capture and 40.9 ‘pef-cent by alpha émis_s.iorx.

211 211

Po .is formed by the electron capture decay of At and decays by

alpha emission with a 0.52 second half -life. (96) 4210 12 a half-life
of 8.3 .hours(97) and decays mainly by electron ﬂca'pture with sbr.ne |
| slight alpha branching. (98)

| A number of samples of Atz'11 and mixed astafine iébtopes were
p..repar-e.d by subliming the astatine directly frornv the bismuth target
onto a platihum plafe. Only one alpha group of At'z‘u ';nas observed.

- Its energy, determined against Amz'41 and Po‘ZI8 standards, was

5,862 Mev. From ion chamber measurements values of 5. 85(91)

and 5. 89 Mev(gg) have been reported.,
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A graph of the spectrum of a sample containing mixed
astatine isotopes is shown in Fig., 39. Three positive alpha groups
of At’ZIO were found at 5.519 (32 percent), 5.437 (31 percent), and
5.355 (37 percent) Mev. These energies were determined using

‘,P‘o"?'10 (5.298 Mev) as an internal standard. Using the P’o210 as a

criterion of the amount of Atz‘lo\' electron capture, we found

0.17 percent of the At210 decay is by alpha emission. The Po

210
peak was identified as such since it did not decay noticeably in one
day.

Besides the main group, the PoZH spectrum showed two alpha
groups at 6,88 (0.50 percent) and 6.56 (0.53 percent) Mev, in
éxcellent agreement with the previous results of 6.90 (0.6 percent)
and 6.57 (0.5 percent) Mev. (96) A group reported at 6.34 Mev in
0 1 percent abundance was not observed. Its maximum ir;tensity would
have been 0. 02 percent, The limits of error for the energy of the
6.34 Mev group, however, wére given as 60 kev, and our measure-

ments did not encompass the entire range of the limits of error.

208

'Z, Alpha Spectra of Po 209

and Po

208 209

The alpha particle energies of Po and Po were determined

as 5.108 and 4. 874 Mev, respectively, using P.o210 as a standard. A

graph of these spectra is shown in Fig., 40 to indicate the absence of

any complex structure in Pozos.

04

From electron capture of Biz , the first excited state of

szo4 is deduced as 384 kev. (100) The maximum intensity of any

alpha group of P020.8 corresponding to this energy difference is

0.016 percent. Other values for the particle energy of Pc;z'08 are

(101) (102) 209

5.109 Mev, and 5.10 Mev, while another value for Po is
{102)

4. 86 Mev,
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III. DISCUSSION OF RESULTS

A, Ground State Transitiohs of the Even-Even Nuclei

A number of equations have been presented in.the literature
relating the half -life, charge, energy, mass and radius of even-even
nuclei. The only parameter which cannot be measured explicitly is
the nuclear radius. The validity of the various equations is
determined by the invariance of the calculated parameter, L in the
equation

T, = r/A1/3,
whe‘re r is the nuclear radius calculated from one of the alpha decay
theory equations and A is‘ the mass of the daughter nucleus.

The radii of the various even-even alpha emitters were
calculated from the best data available and are shown in Table 16.
The equation used was the Kaplan<103)) adaptation of the Preston(104)

formula. The data not obtained in this research were taken from

MThe Table of Isotopes' (see reference 27).

_ 2v .p,ztan a - 8822 (a - sin a cos a)
e -a e A e
b +tan a ‘

=
3

_<o.52)1/2 cos g o [mvie) 1/2
E/ | 4e’z

Z = charge of the daughter nucleus

m = r'educed mass
1/2
v = alpha velocity = 2k /
e = the electrostatic unit of charge
h

R = E h = Planck's constant
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The energy, E, ié_ the sum of the alpha:'partic.le energy, the nuclear

recoil energy, and a correction of the type described by Ambrosino

% and Pia't‘ier((lps)‘ ‘which takes into account the orbital_él'ec'trbns in the

nﬁcleué. The values of this correction which wé used are shown in
column 3 of Table 18 and were deduced by Dr. J. O. Ras,mgss.e,n of
_ this laboratory from an a;rticie"by Dickinsoen. (106) .

In Table 1.7 are si;own the values of T for the nuclides with
the best known energy and half-life, It is seen that as Z increases
from emanation to curium, the value of T (i':écre_as,es by about
"4 percent, This is outside the -expérimental error of the fmjeasure=
ments.

A reconsideration of the data in Table 16 shows that for a
given element the value of o is constant to 1 percent except for )

242 238 232 230

Pu , U , Th , and the U series. Measurements with ‘the

alpha particle spectrograph indicate that the energy of U230 o,oi

may be 5. 89 instead of 5.85 Mev, This would bring-the réspe'étive

(230 ... 226 222

values of Ty for U s Th™ 7, and Ra into close agreemént' with

the other isotopes. The energies of UZ?"8 and Th232 are not known
~ with any accuracy since ion chamber m_easu;eménts in this region
ére unreliable. One mi.ght pré.di_ct thét the listed energy x.zalues are
low by about 30 kev. The half-life of Pu242 is not known with

accuracy and this might account for the rather large deviation of its

*_1:0.‘fr.om the other plu_tbnium isotopes.



Table 16

" Radii of Even-Even Nuclei

Alpha parti- Ambrosino- Experimental Experimental

Parent Radius ° Radius Calculated
nucleus cle energy Piatier half -life partial half- 10-13 c 163/310 13 partial
(Mev) used in correction life of highest m half -life
calculations ' energy alpha ¥o
group ,
244 o _ . . o
Cmj,>  5.798 0. 040 19y - 25.3y 9.32 1.500 25.3 y
Cm 6.110 - 0.040 162.5 d 220.5d 9.32 1.504 222 d
Pu ;:g 4,898 0.039 9 x10%y 1 x 100y 9.22 1.488 1.05 x 102
Puje 5. 162 0.039 6580 y 8.66 x 103 9.41 1.522 8.67x10° y
Pull, 5,492 0.039 89.6 vy 18 y 9.33 1. 514 19 y
Pu 5,75 0.039 2.7y 3,37y 9.39 1.528 3.3y
-Uggg 4,18 0.037 4.49x100y  5.76x 10y 9.55 1.550 5.75 x 107 y
4,499 0.037 2.39x10'y 3.27x10'y  9.36 1. 524 3,20 x107 y
U234 4,767 0.037 2.48 x 10y 3,35 x.105y 9,37 1.529°  3.34 x 105 y
y232 5.31 0.037 70 y - 100 y 9.35 1.531 10ty
y230 5. 85 0.037 20.8 d 27.04d 9,48 1.557 26.64d
ThZ32 3,98 0.036 1.39x100y 1.83x100y 9.54 1562 . 1.84 x.10‘15°;Y
Th3Sg 4,682 0.036 8.0x1loty 1,07x 105y 9.35 1.535 1,06 x10° y
Thy5, 5.423 0.036 .90 y 2.64y 9,32 1.535 2.63 y
Th 6.30 0.036 30.9 m 39,6 m 9,42 1.556 40,0 m
226 3 o 3
Raj5, 4,777 0.035 1622 y 1,72x10”y  9.35 1.545 1.74 x 10 y
Ra}5, 5,681 0..035 3,64 d 3,83 d 9.33 1,546 3.89 d
Ra 6.51 0.035 38 s ——- 9.42 1.566 38 s
Em ggg 5.486 0.034 3.8254d --- 9.34 1.552 - 3.80 d.
Emj5gy  6.282 0,034 54,5 s e 9.36 1,561 54,2 s
Em 7.12 0.034 0.019 s- - 1.591 0.019 s

9.52

- Wtf :
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Table 16 (Cont'd)
Radii of Even-Even Nuclei

Alp\ha parti- Ambrosino- Experimental Experimental ' Radius

Calculated

Parent } Radius
nucleus cle energy Piatier half -life artial half - =13 173, .-13 artial
{Mev)usedin correction : fife of highest 10 cm A/ 10 cm ialf-life
calculations energy alpha TS
group
218 ~ - o .
Pov216 5.998 0.033 3.05m —e=- 9.:.23: I.543 3.04 m
P°214 6.774 0.033 0.158 s -4 --- 9.20 1.543 0.152 s -4
Po212 7.680 -0, 033 1,637 x10 s === 9.18 1. 545 1,64 x10 " s
Po, o 8.776 0.033 3.04 x10-7s  --- 9.05 1,527 3.02 x10-7s
P-"o208 5.298 0.033 138.3 d -—— 8.40 1,423 138.1d
P°206 5. 108 0,033 2.93 y - 8.49 1.442 ,2.93y
Po™ 0.033 9d 90 d 1. 495 90.0d

5.21

8.77

- G¥1-
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Table 17

Radii of Even-even Nuclei for Which’ Precision Energles
and Half-lives Are Ava11a.b1e

Parent ‘ o

Nucleus » o
cm®*% 104
Pué;‘g 1.522
Pu 1.514
Thggg 1.535
Th2? 1. 535
RaZ28 0 1sas
Ra ' 1. 546 °
Emggg ' 1.552

; 1.561
Pogiz 1. 543
Po 1,543

Po?* 1545
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B. Alpha Transitions to the First Excited State of

Even-Even Nuclei

In Tbable 18 are seen the energies of the first excited state
as detected by alpha decay megasurements. Included in the t:;tble are
results from beta decay and electron capture in the region of interest.
In Fig. 41 these data are plotted on a graph of energy versus neutron
number. The data in Table 18 for which no referénces are given
were taken from this research or from ''"The Table of Isotopes''

(see reference 27).

The partial half-lives of the alpha transitions to the first
excited state were calculated by the Kaplan formula mentioned earlier
using the nuclear radius -de,terfnined for the ground state transition.
Table 19 shows a list of the ratios of experimental half -life
divided by the theoretical half-life, These ratios are shown in
-Fig. 42. A similar plot has been méde by another worker. (111) These
ratios are about equal to one or larger. The average of the ratios
for a given element seems to reach a minimum in the region of
thorium and then rises at higher and lower atomic numbers. It is

striking that the minimum ratio for the alpha decay of Po208 to sz

is 32, This is especially noticeable since the ratios for P‘0210 and

04

P0206 are quite low,

242 8

In two cases, Cm "and Pu23 alpha decay, the spin of the
first excited state was measured and found equal to 2 even parity in

agreement with expectations.
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Table 18

Energies of First Excited States of Even-Even Nuclei

‘Energy of First Parent of Nuclide

Nuclide

Excited State (Mev) . and Type of Decay Reference
Cm?42 0. 042 426 h) B~ (107)
cf246 (108)
" Pu gig 0. 045 Am?*2(16 h) e. c (107)
Pu238 0.043 Cm244 .
0. 044 Cm?242 4
y238 0. 045 Put? 4
236 : 240
U 0.044 Pu a
234 238
U 0. 043 Pul® 4
232 236
0230 0. 045 Pu53, a
0.047 Pu?3? (108)
Th234 0.045 u23d,
232 | 1236
Th 0. 050 us®a
230 234
ThS>, ©0.050 us3s
Th 0.071 U
Ra228 0.055 Th?3% 4
226 230
Raj) 0.068 Th2>2 a
Rays, 0. 084 Th226 o
Ra 0.110 Th
Em ggg 0. 188 Raggg
Em 0.240 Ra
po2l4 >0.609
212 2 p;214
Po 30.72 B~
210 210
P °208 1. 15 AtS 3 (e.c.) |
0. 66 At (e.c.) (109)
Pbggg 2.6143 11290 B~
Pbo, 0. 800 Po :
Pb5 5 0,374 Blé%%e c.
Pb 0. 163 Po206 4 (110)
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Table 19

Ratio of Experimental to Theoretical Half-life for
Alpha Emission to the First Excited State of Even-even Nuclei

1

Parent alpha sz Eﬁcperimental Energ‘y of first excited .
emitter - : TI/Z Theoretical state used-in -
: , ca;lculatiqn
ce?t® . 5 - 0. 04
Cmiys 1.8 0.043
Cm 1.7 0,044
.Puiig 2.2 0. 045
Pujsg 1.7 0. 044
Pu33e 1.9 0. 043
Pujl, 2.2 0.047
Pu 3.5 ©0.047
’u§§§ 1.5 - 0. 045
U334 1.1 0.050
U3, 1.3 0.047
U%30 1.1 0.058
u 1.5 0.069
Ths3% 1.0 C 0,055
Th3>g 1.0 0.068
Th55, 0.9 . 0.084
Th 1.1 0. 117
Raggg 0.9 0. 188
Ra 1. 25 0.237
P2l L6 - 0.800
Po5 06 >32 0.374
Po“"" - 3,1 - : 0. 163
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C. Alpha Transitions to Higher Excited States of Even-Even Nuclei

In Fig. 43 the ratio of the energy of the various excited states
to the first excited state as a function of neutron number of the
daughter nucleus is plotted. F’rom-gafﬁma ray data on the alpha.' '

decay of C‘mz'42 and Pti23‘8 it was obs,.ei'ved that the second excited -

state decayed to the first excited state. For UZ'34 and Th“?'?’o a‘.lfixal
decay, the energy of the second excited state was taken as ,exiﬁal

to the sum of the gamma ray corresponding to decay of the first
excited state and thé next highest energy gamma. In the case of

230

Th“’Y, gamma rays of 68, 140 and 240 kev were observed by

Cur_ie_;<1112)) 70 t 2, 145 T 3, .and 235 T 5 kev by Rasetti and Booth;(u?,.)

and 69, 146 and 246 kev by ourselves, vRosenblum(IM)

reported e
conversion lines of a 67, 8 kev gamma ray and an electron line
4 corresponding to K conversion of a 228 kev gamma _ré.y. This latter
line could correspond, however, to an L2 conversion of a 141 kev |
gamma ray.

A recent theoretical argument in the literature by
Aage ,Boh'r((us» predicted that the energies of the excited states of a.
given nucleus should be proportional to J(J + 1), where J = the total
angular momentum of the states. The values of J were restricted to
even spins and even parity. The expected ratio of the en-er‘gy of the
second excited state to the first excited state would then be>
[4(4.4-1))] /[2(2 + 11'] = 3.3. It is seen from Fig. 43 that this is in

28

excellent agreeﬁie_n‘c with the experimental results above Thz alpha

decay. The spins of the second excited states of Pu238 and U234 are

probably 0, 2 or 4 even parity, The spin of the second excited state
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of sz'o8 appears to be 4 even parity from analysis of its K conversion
coefficient and the lack of any cross-over transition. If the decay

scheme for ‘U234 alpha decay is correct, the second excited state of
Th230 has a sp1n of 0, 2 or 4 even par1ty

In the case of Th2 8, alpha decay, a state of sp1n 0, 2or 4

even par1ty is found whose energy ratio to the f1rst exc1ted state is
3.0, in good agreement with the examples at higher neutron numbers.
An additional state is found, however, with a spin of one odd parity.

.Recent tentatiye experiments have shown that U2_30_, andv'I‘)hZZ'6 have

two obse--rvable low intensity groups like Th228_., .Since the "'extra'

alpha group appears in Th 28 Thzz'6 and U230 alpha decay, but not

in Th230 ‘or ‘U232 alpha decay, it appears to be a functlon of the

number of neutrons in the nucleus. The daughters of Th 228 and U 30
have 136 neutrons. If the next shell that fills after the closed shell
of 126 nedtrons is. the g 9/2 instead of the i 11/2, then 136 neutrons
represent a closed sub-shell, This may be a reason for the‘ d1st1nct
change in nature of the alpha emission from 136 to 138 neutronsk.’ |
Aage Bohr( 07 ) also stated that as one approaches a closed
shell, i.e., 126 neutrons, the J(J + 1) relation mlght break down.
o ' Some unclassified ‘gamma rays in Cm242; ,Pu23"8 é}id T-h230
remain. - If ‘the energy of these gamma rays ‘is d1v1ded by the energy
of the respectlve first excited states, the result is very nearly a
constant, In add1t10n, if one adds these energies to th_e respectlve |
ene'r‘gies :of the vsecond eicited states, the ratio o.f the resultlng

energ1es to the energy “of the first exc1ted state is nearly equal to

7 as is shown in F1g. 43. Recalllng the J(J + 1) relation, we find the
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expected ratio of the energy of the third excited state.and fiz"‘st R
excited state is [6(6 +_1)] /-[2((2 + 1{|= 7.

- 'The half-lives of the alpha emission to the second excited
state wevre calculated from the Kaplan formula us.ing the radius |
calculated for the ground state transition. The log of the ratio of
the experimental half-life to the calculated half -life is plotted in
Fig. 44. versus atomic number,

The third and fourth alpha groups of Th228 have about the
same ratio of expeérimental half-life to calculated half-life. If the
spins of the second excited states of the nuclei above Ra226 are 4 as
predicted by.Bohr, then there must be sizeable factors cépable of -

hindering the alpha decay process besides spin.

D. Alpha Transitions of Odd Mass Nuclei

These nuclei do not exhibit the safne de‘gree of .regularity as
even-even nﬁclei, The partial half -lives of the ground state
transition cannot be calculated withvany accuracy, and the ré.f;ios of
the intensities of va_riéus' alpha groups appear._to va.fy almost
indisc’rirriinate‘l'y.

' Some fegulgritieé have been observed. Lower in energy than
the most'i'nte.n;se alpha: group by about the separation‘expected for
‘the first excited state of even-even nuclei in that region is anoth‘er
alpha group. The intensity of this alpha group relative to the main
groﬁp'is roughly the’ same as for even-even nuclei in this regidn.

This effec't has been observed for Cm243, ‘ Am243, Am241, Pu241,

239 233 241 239 241

and U . In Am , Pu and Am“™", the state populated

Pu

by the lower energy group of this '""even-even'' pair, decays by a
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highly convéerted transition to the state populated by the higher energy
alpha group. The position of this pair may vary from very close to
several hundred kev above the ground state. ‘A possible explanation
for these '""even-even' characteristics may lie in the concept of .
decay of the even-even core of the parent nucleus with a ‘minimum

rearrangément of the odd nucleon in the nucleus.
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V. APPENDIX I

An even-even nucleus is generally considered to have 0 spin
and everi par'it'y; 'If. this fxucléqs decays by alpha emission, ‘the |
produ‘ct-of»the'intrin.s,ic paritieé of the daughter products and the
parity a.ssocvi‘ated with the nuclear reaction must be even in order to
conserve p;r‘ity.. Since the parity of one of the daughte’_r products,
the alpha partic,le, is even, fhen the product of the parity of the
daughter nu’c:l:.e.vus and tile barity a'ssoci'ated with thé nuclear rea_c.tion_
must be even. |

If the aipha particle leaveé the nucleus with an odd nurhber
-of ﬁ:ﬁits of‘angular momventum‘, the spin éf the dé.ughter nucleus will

be odd since the alpha particle has 0 intrinsic spin. The parity
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associated with a nuclear reaction involving a change of an odd
" number of units of arigular momentum is odd. Therefore the
parity of the daughter nucleus must be odd.

I the alpha particle leaves the nucleus with an even number
of units of angular momentum, the spin of the‘ daughter nucleus will
be even. The parity associated with a nuclear reaction involving
a change of an even number of units of angular momentum is evén,
therefore the parity.of the daughter nucleus is even.,

: ;I‘herefore',': any state of an even-even nucleus populated by -
alpha decay will have even spin and even parity or odd spin and odd
parity_‘.‘?f

From gamma ray selection rules, transitions involving a
change of an even number of units of angular momentum and no'
n'-par'ity change have an él’ectric multipole order. Likewis-’e!,"'v BN
transifidné involving a change of an odd number of units of angular
momentum and parity change have an electric multipole order.
‘Therefore,-all gamma ray transitions from an eventeven nucleus

excited state populated by alpha decay to the ground state are-electric.
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