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-THE COMPLEX ALPHA .SPECTRA OF THE HEAVY ELEMENTS 

Francesco Asaro 
Department of Chemistry and Radiation Laboratory 

University of California, Berkeley, California 

June, 1953 

ABSTRACT 

Using p. 75 em radius of curvature 60° symmetrical 

electromagnetic analyzer, we have investigated the complexity 

Of the 1 h t f C 
244, 243, 242 A 243, 241 a p a spec ra o m , m , 

Pu242,241,240,239,238, 0 234,233,232,230, Th228,226, 

R 226, 224, 223, 222 E 212, 211, 210, 208 At211, 210 d a , m , an 

211 209 208 . . Po ' ' . We have also 1nvest1gated the gamma rays of 

C 243, 242 Am243 p 238 0 234 Th228 d E 211. m , , u , , an m 

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 observ_ed 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 SPECTRA Of THE HEAVY ELEME_NTS 

Francesco Asaro 
Department of. Chemistry and Radiation Laboratory 

University ofCalifornia,. Be:r:keley, California 

June, .1953 

I. INTRObUGTlON 

A study of complex alpha energy spectra was undertaken 

in the hope that a correlation with alpha systematics might promote 

a better understanding of nuclear states and their influence on the 

alpha decay process. 

II. EXPERIMENTAL APPARATUS AND TECHNIQUES 

A. Alpha Particle Spectrograph 

The alpha particle spectrograph used in the present measure-

ments is a converted Nier type mass spectrograph. It employs a 

60° symmetrical magnetic analyzer alld:the normal trajectory _has 

a radius of curvature of 75 em: • _Fig. 1 is a schematic diagram 
. - . .. 

of the optics of the instrument and shows the magnet, source, slit 

system and detector. The magpetic field is produced by an electro

magnet with a 1 in. gap between the pole pieces and at maximum 

intensity is capable of bending a 14 Mev alpha particle. The entire 

system of source, magnetic gap and photographic plate is evacuated 

to a pressure of 10-4 tol0-6 mm Hg prior to operation. 

A detailed description of the instrument, its power supply 

and operating characteristics has been published elsewhere. (l) 

A brief summary of the characteristics is given here. The magnet 

power supply is capable of maintaining the current constant to one 

part in 10, 000 over at least a 24-hour perl.od. The current 
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fluctuations are monitored constantly with a Speedomax recorder. 

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 vacuum tank for the purpose of changing 

samples or photographic plates, have separate mechanical roughing 

pumps. The photographic plate 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 after the receiver has been evacuated. 

The source and slit holder with two 0. 018 in. slits and a 

l in. spacer is shown in Fig. 3. Various combinations of 1/8 in., ... ,.-,, ............ 
·. ,. 

0. 018 in., 0. 010 in., and 0. 005 in. slits separated by 1/4 in. or. 

l in. spacers in conjunction with a baffle system close to the magnet 

-4 -7 gap permitted variations in solid angle from 10 to 10 of 41T. 

l. 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 s~mples 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 



F ig. 2. Photograph of rec eiva . 



Fig. 3.. Pbotogr~ph of tiourc~. 



weight of the sample corresponds -only-to-the. or~er of a few micro

grams per square centimeter on the plate, the formation of 

microcrystals with high surface density effectively produces a 

thick sample. Impurities in the solution often 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 

to the metal is not possible. The most generally acceptable method 

employed in this laboratory for a wide variety of substances 

consists of vacuum sublimation. In the presently cons.idered 

instances, solutions of radioactive chlorides, nitrates, or citrates 

are evaporated to dryness on a tungsten filament. Upon raising 

the temperature to white heat for a few seconds by passing current 

through the filament, the sample is vaporized onto a 2 mil platinum 

plate masked by another plate having a rectangular slit 1 in. x 1/8 in. 

which defines the sample shape. The mask and collecting plate are 

placed about 1/8 in. above the filament. The whole system is 

maintained at a few microns pressure to reduce formation of tungsten 

oxide which, when formed, appears as a dark fihn on the collecting 

plate. Under optimum conditions, the vaporized sample can 

contain up to 50 J.Lg/cm
2 

of active atoms and still give adequate 

resolution with very little low energy tailing. For high resolution 
::·: .:, ·;·: ;,. . . 2 '" :,.,· ... ,., 

the limit is generally under 10 J.Lg/cm . By shaping the tungsten 
.r '.· ' ~ ·-

filament into a trough, sublimation yields of· 50 percent are 
·:.- •:' .:'\• 

generally obtained on the colleCting plate. 

-~-

'-~ ,. 
·' 
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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 ($) of the image on the photographic plate of a 

homogeneous beam of alpha particles is: 

2 S = 2(AS + r a. + .•..• ), _ 
0 

(1) 

where AS is the defining slit width, r
0 

the radius of the normal 

trajectory, and a. the half angle of emergence of the beam from 

the magnetic field. This formula appli~s 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 alpha 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, and 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 rnearis of confining the bep.rn to the center. 

If a single slit opening of 0. 018 in. and a 3 in. opening between the 

baffles are used, the alpha beam half -width on the photographic 

plate for a 6 Mev alpha particle is 2 mm which corresponds to 

8 ~ev. 

Sample strengths are in general selected to permit 

exposures of one to l:vr{o· rlays. However, exposures as short as 

6 minutes and as long as 16 days have been employed. The 

lengthy exposures were required to examine the alpha groups 
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present in low abundance in complex spectra. 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, would vary c6nsiderably depending on the amount of 

alpha contamination in the instrument. On the low energy side 

.of an alpha peak, the apparent background could be considerably 

higher than stated above, presumably because of the ·low energy 

tailing due to absorption in the sample or scatte·ring i~.the 
".(, ... 

spectrograph. 

As already mentioned, the alpha particles are d~termined· 

photographically. The detecting plates used were 9 in. x 2 in. 

Eastman NT A plates with 25 or 30 micron thick emulsions and these 

·' 
were examined under a 450 power microscope with brig~~ field 

illumination. The track length of a 6 Mev alpha particle is 

approximately 25 microns, and because of the position of.the 

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 field permitted by the gap between the pole 

pie.ces, the tracks should be nearly parailel and only these are 

recorded. · A photograph of one field of view is shown in Fig. 4 in 

which there are s.een six ac::ceptable alpha tracks and two tracks 

which are rejected. 

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

particular microscope stage could not hold a 9 in. plate so each 
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plate was cut into three parts. Before it was sectioned, an axial 

line was ruled with a razor blade along the center of the plate 
1' I 

parallel to the long dimension. Cross lines perpendicular to the 

axial line were also ruled in each of the proposed sections. The 

distances between the interse.ctions of the lines were measured, and 

after s.ectioning these served as indices to relate distances on the 

three sections. In the later portions of this work, a stage capable 

of holding a 9 in. plate was obtained. Again an axial line was 

ruled along the center of the plate parallel to the long dimension. 

One cross .line was drawn perpendicular to the axial line and the 

resulting intersection s.erved as a reference point so that the plate 

could be removed and then replaced in exactly the same position~ 

In counting the tracks the microscope stage was moved 

perpendicular to the axial line g~ving a scan 1/4 mm wide across 

the width of the plate. The stag~ was then moved one field. of view 

parallel to the axial line and another scan made. The count from 

each scan was plotted on a count versus distance graph as shown in 

Fig. 7. 

3. Dit?persion. -- The energy dispersion on the plate for 

a normal trajectory, r 
0

, and energy, E
0

, is 

dispersion ;:: E /2r . 
0 0 

{2). 

The relation of the magnetic field to E and r is given by equation 
0 0 

(3) in which B is in gauss, r in centimeters and E in electron volts. 

B = 

0 0 

144 
r 

0 

E 1/2 
0 

{3) 

Since the position of the normal tr~jectory cannot be determined 
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precisely, it is not possible to determine the value of B necessary 
~-·, ~; ;_· I . J 

to focus a particular alpha particle at that point and E is best 
- ·: . . . . . . 0 . 

eliminated between equations (2) and (3 ). The reaulting equation (4) 

for the dispersion is then: 
:-,. 

dispersion = r B
2 
/2 x (144) 2 . 

0 
(4) 

In addition, r 
0 

cannot be expected to be precis.ely equal to the 

nominal radius of curvature of the magnet (75 ern) because of lack 

of precision in construction and alignment of source and detector. 

If the magnetic field is known accurately, however, an effective 

radius can be determined by measuring distances between alpha 

groups of known energy. In other words, the dispersion is obtained 

experimentally for the particular energy range of interest. For this 

purpose, measurements were made of the separation between the 

226 . 222 218 
two alpha groups of Ra , the. separation between Ern and Po 

d th t . b t p 210 d E 222 h . F". 5 an e separa 10n e ween o an rn as s own 1n 1g. a. 

222 218" ... 
The energies taken for Ern and Po alpha particles were those 

given by Briggs (5., 486 and 5. 998 Mev)( 2 ) and for the t~o Ra
226 

groups the separation given by Rosenblurn( 3 ) as 188 kev. The energy 

taken for Po210 was 5. 298 Mev. (4 ,: 5 ) Within the limits of 

experimental error (about 2 percent of the energy differences) the 

radius so determined was constant and indicated the nominal 75 ern 

radius must be increased by 5. 9 percent; that is, energy differen,ces 
' . . ' ' 

calculated by the use of e,q~ation (4) using 75 ern radius were ~o~~ ?"X; 

this amount. 

' '· In the beginning stages of this study. the magnetic field was 

.measured as a function of the magnet current. The rn~gn~ticJield 
: ·. -~- ··_. ~ ~ .:r·: 'It~ .. ~- • ·._ . . . . ' 
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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 .every exposure. 

In order to measure the separation between peaks, the high 

energy sides of the peaks were extrapolated to the background. The 

separation used· was the difference between the background inter-

sections. Since the 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 dete;r.mining separations was subject to some 

error. In order to check the effect of the distortion on the energy 

. f c 242 k d . 1 measurement, s1x sets o m pea s were space at 1nterva s 

along a single photographic plate. Each Cm
242 

set consisted of two 

alpha groups separated by a constant energy. With the use of the 

above method of determining 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 plate, the dispersion was calculated as a function of 

position on the photographic plate and the calculated variations were 

small compared to the experimental errors involved. 

It was found that the separation determined by the difference 

between the tips of the peaks of each set, or the intersection of 

extrapolations of the high and low energy sides of the pea4 gave 

constant energy differences for the various sets of peaks within 
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experimental error, as shown in Fig. Sb. 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 

241 . 210 222 210 . 
energy of Am aga1nst Po and Ern· , the Po peak 1n the 

222 241 former case and the Ern and Am 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 graphs of spectra 

taken while the instrument alignment was rather poor. Fig. 8a, Be 

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. After 

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 thos.e 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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1 

MU-5382 

Fig. 6. ·Block diagram of the alpha-gamma coincidence 
counter circuits. 
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changed. The output of the differential discriminato·r is fed into the 

coincidence mixer and also into a scaler. The pulses from the 

alpha detector are fed into a Schmidt type discriminator after 

amplification and shaping. This discriminator consists of a single 

variable bias to eliminate pulses of very low energy. The output 

of this discriminator feeds into the coincidence mixer and into the 

s~aler. The output of the coincidence mixer feeds into the scaler 

als(). 

l. The gamma detector. ""-The gamma detector consists of 

a Tl activated Nai crystal mounted Borkowski fashion onto an 

RCA .5819 Photomultiplier tube. The crystal is a solid cylinder 

l in. 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 

ina cylindrical copper can 2 1/4 in. in diameter and about 4 in. 

long. One end of the can was closed with a 0. 002 in. copper 

window. Before pushing the crystal and photomultiplier tube into the 

can it had been partially filled with MgO powder so that the crystal 

would be entirely surrounded by the powder ·except for the face 

attached to the tube. The MgO cuts down the light loss from the 

crystal and thus permits higher pulses from the photomultiplier 

tube. The ca~ was then sealed with vacuum putty and wrapped with 

bl~.ck scotch tape. 
tJ :· .. \~ _; ~) :. ·'· ,. '· ;_ . . .. 

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

simply of a ZnS s.creen sprayed onto a lucite light pipe which. was 
.l' .,·· • . . :- -, ! •' 

mount~d in front of an RCA 5819 photomultiplier tube. 
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3. Operating technique . ..:.~ The alpha-gamma coincidence 

counter could be used as a one -channel gamma analyzer, or 

coincidences could be de:te:nnined between gamma rays in a given 

channel and the entire alpha spectrum. 

When used simply as .a gamma analyzer, the gamma counting 

rate is determined for various voltage settings of the biases of the 

differential discriminator. 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 

. 241 . 235 
are compared w1th :the Am 60 kev gamma and the U 184 kev 

gamma. The energy dispersion is obtained hy extrapolating the 

sides of the peaks to their inters:ections, determining the· separation 

between the 60 kev and 184 kev peak intersections in dis.criminator 

volts, and dividing the energy separation (184 - 60 = 124 kev) by the 

separation in volts. The ener~rres of any other gammas are then 

determined by (1) extrapolating the sides to their inters.ection; 

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

· · · 'f · h h A 241 6o k th u235 
1ntersechon,ro e1t er t e m ev gamma ray or e 

184 kev gamma ray, (3) multiplying the voltage s.eparation by the 

dispersion and adding 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 backing about 1/8 in. 

from the ZnS screen. the whole assembly being light-tight. The 

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

At each discriminator setting, the alpha, gamma, and 

coincidence counting :rates were determined. This was necessary 

to determine the chance coincidence rate. This chance coincidence 

rate obeys Poisson's .Law, but a rather simple approximation is: 

\-

Chance 
'Coincidenc.es 

= (Resolving time (Gamma Count- (Alpha Count-
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 th~ unit was determihed 

f h · · d · · h h Am241 
-6·- 0 kev or eac gamma or co1nc1 ence exper1ment w1t- t e 

gamma ray. The abundance of this gamma ray was taken as 

0. 40 gammas ~er alpha, (b) each gamma being in coincidence with an 

alpha partiCle. 

5. Linearity and stability.-- With the 60 kev gamma ray of 

Am
241

, the 184 kev gamma of u235 
and the L x-rays of the 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 for very accurate energy 

measurements more than one calibratic)n was necessary. 
-·1,, ' . " ,. . • 

242 243 244 
C. Complex Alpha Spectl;'a. 9f Cm ' ' -. . 

': 

Th . ·t c·· 242 c 243 d c 244 b d d e 1so opes -m , m , an. m can e pro uce 

in quantities adequate for the spectrograph by pile bombardment of 

Am241. 
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The 'reactions would be: 

243 . 244 
(n, y) Cm · (n, y) Cm 

243 1 ~~ 
(n, y) Am (n; y) Am 

- T f32~3 T ~~4 
(n, y} Pu (n, y) Pu 

In this case, most of the alpha activity would be due to Cm
242 

. The isotopes Cm
242 

and Cm
244 

were prepared without 

Cm 
243 

by bombardment of plutonium enriched in Pu 
242 

The 

reactions would be: 

· .... ' .. ·. 

243 
Am (n, y~ 

242 
Pu (n; y) 

i ~-
Pu2'i3 (n,y) 

Cm242 

Am241 (n, y) 

~L~-
A 242m d A 242 m an m 

T -
Pu2~1 (n,y) 

1 e"c. 
Pu242 

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

. comparable quantities of Cm
242 

and Cm
244 

would be formed with 

1. tl c 243 very 1t e m 
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The curium fractions were purified chemically from all 

241 
heavy element alpha emitters except traces of Am and some 

P 238 h" h . f h f C 242 Th .A 241 u w 1c g_rows 1n rom t e decay o m e m 

and "Pu
238 

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 Cm 242 has been mentioned previously(?-) 

as consis_ting of two alpha groups; the most energetic having an 

abundance of 73 percent and the other having an abundance of 

27 t 2 p.ercent. These groups were separated by 46. S. t 1. 0 kev 

in decay energy. 

In the previous measurement cited, (?) the energy separation 

242 . ' 
between the two alpha groups of Cm had been determined by 

extrapolating the high energy sides of the peaks to the background . 

. Since tha.t time, the spectrograph has been disas~embled, reass.embled 

and realigned, and the proton resonance fluxmeter has been installed. 

. ' .. '·. ·...• 242 
Mter the above improvements were made, f!- sample of Cm · 

was run in the spectrog~aph at six different magnetic field settings 

on the same photographic plate, thus giving .six sets of Cm
242 

peaks . 
. ~ .. 

In Fig.· 5b, the energy separation between the two alpha groups .of 

each set is plotted agp.inst the position on the photographic plate 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 separation is .constant over most of the photographic plate. 
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The energy s.eparation between these alpha groups of Cm 242 

is taken as the average of the 13 value.s shown in Fig. Sb, 

43. 6 ± 0.·6 kev, with the limits of error in determining the peak 

position including all values. The errors in calibration as seen on 

Fig. Sa are all less .than 2 percent, so 2 percent will be taken as the 

limit of calibration error, thus giving .a particle energy separation 

of 43.6 ± 1.4 kev. 

With the correction fo·r the difference in recoil energy 

associated with the two alpha groups, the alpha decay separation 

becomes 44. 3 ± 1. 4 kev. According to the nomenclature mentioned 

in an earlier paper, (7} we will designate the alpha group leadi~g to · 

the daughter ground state as a. of Cm
242 

and the alpha group leading 
0 

to the state 44. 3 kev above the daughter ground state as a.44 .of. 

Cm 
242

. Further relative abundance measurement.s have l;>ee!l,,,made 
'', ''. 

~-- ~ ; 'i ·'. 

'i" i, _ .. : o~ this spectrum and show that the abund~:nce of a.44 of cmZ.4Z.~js 
This value is the average of our six bestmeasure-

- . . ; . ! . : r ~: .~ 

ments and the limits of error include all the measurements. 

In the first report made on this .alpha spectrum, (7 ) ,t;he energy 

. ~f Cm242 a..
0 

was ~eported as 6, 110 ± 0. 003 Mev fr?m co~parison with 

- 218 
the alpha group of Po • The particle energy of the latter nuclide 

.-... 

has been measured by G. H. Briggs(Z) as 5. 998 Mev. 

In order to verify this determination, the energy ~f .a.
0 

of 

C 
242 d . h h ' fA 241 Th 1 - m was compa.re w1t t e ma1n group o m . e va u.e 

us.ed for the energy of the Am~41 
main group was 5. 476 Mev from 

data presented in a fo.llowing section. Based on the Am
241 

c01nparison, 

' .- . 242 
the energy of Cm a. was 6.112 ± 0. 010 Mev. With the limits of 

0 
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error as given, the close agreement was fortuitous and the value 

selected was that of the more accurate measurement, 6.ll0 ± 0. 002 

Mev. Since .this group is probably that of the ground !!tate transition, 

the decay energy of Cm242 is accordingly 6. 2ll Mev. Our results 

are in moderate agreement with those of other workers who, using 

ion chambers, have reported particle energies of 6.ll8(S) and 

~9) . . 242 6. 08 Mev for Gm . 

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, Cmz:B and cm244 . 

A sample of curium was obtained which had been prepared 

by bombardment in a pile of a mixture of Pu238, 239, 24 0, 241, 24 2 

enriched in: Pu
242

• 

A sa_mple of curium suitable for the spec'trograph was 

prepared by sublimation and the alpha activity of about 10
6 

dis/min 

covered an area 1 in. x 1/8 in. The sample, marked by a 1 in. x 0. 018 in. 

stainless steel slit, was run in the spectrograph for 4i hours and its 

alpha spectrum is shown in Fig. 7. The two highest energy peaks 

d t C 24 2 0 h . t 0 1 t. b d are ue o m , s1nce t e1r energy separa 10n, re a 1ve a un ance, 

and position on the photographic plate all correspond to the known 

242 
Cm alpha spectrum. 

The particle energies of all alpha groups on Fig. 7, Sa, 

8b, 8c, and 8d were determined using 6.ll0 Mev as the energy of 

242 . 
a

0 
of Cm , or 6. 066 Mev as the energy of a 44 • 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 . ' 
Energies and Abundances of Cm ' Alpha Spectra 

Enc!rgy of alpha group 
in Fig. 7 (Mev) 

5 • 7 3 ' ._;.· 5 • 74 

5.755 

5. 775 - 5. 785 

5. 797 

5. 98 - 5. 99 

6. 00 - 6. 01 

6. 025 - 6. 035 

6. 066] 
6.110 

Abundance of alpha group 
with respect to the ·total 
cm242 alpha activity (o/o) 

11 

35 

. a 
<1.4 

aDetermined by comparing peak heights. 
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d h . b d . h t c 24 2 an t e1r a un ance w1t respect o m The maximum 

abundances of any unresolved peaks at energies corresponding to 

observed. alpha groups on s.ubsequent plates are also included. 

Another quantity of curium wa.s obtained which had been 

prepared by bombarding Am
241 

in a pile. A sample was prepared 

for the spectr·ograph by subli~ation and the alpha spectra are 

shown in Fig. Sa. The alpha activity .of the sample was 1 .. 5 x 10 9 

dis/min and the length of the spectrograph run was 14 hours 19 'minutes. 

A 1 in. x 0. 01S in. stainless steel slit was used to mask the sample 

in the spectro~raph. Table 2 shows :the energies and abundances of 

the various alpha groups observed in Fig. Sa. 

A third quantity of curium was obtained which had bee.n 

prepC~.red by bombarding in a pile the curium s:tock from which the 

spectrograph sample whose spectra are shown in Fig. Sa was made. 

A Eipectrograph sample of 6 x 10S dis/min was prepared by: 
I., ' ' 

subl~mation and the alpha spectra are shown in 'Fig.·.· Sb. The 

length of the exposure was 16 hours lS minutes, and the sample was 

masked in the spectrograph by a 1 in. x 0. OlS in. stainless steel 

slit. Table 3 shows the energies and abundances of the various 

alpha groups observed in Fig. 81:). 

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 spectra are not s.hown. Table 4 shows the energies 

and abundances of the various alpha groups obs.erved in this 

expos·ure and the maximum abundances of any groups which appear 

in other figures .. 



-35-

Table 2 

. . 242 243 244 
Energ1es and Abundances of Cm ' ' Alpha Spectra 

Seen in Fig. Sa 

Energy of the Alpha 
Groups in Fig. Sa (Mev) 

5. 734 

5.757 

5.77S 

5.SOO 

5.965 

5.9S6 

6.006 

6:029 

6. 066} 

6.110 

Abundance of the Alpha 
Groups with Respect to the 
Total Cm242 Alpha Activity (%) 

0.065 

0. 091 

0.43 

0.31 

0.033 

0.029 

0.005 

0.006 

100 
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. . . 242 243 244 Energ1es .and Abundances of Crn ' ' Alpha Spectra 
Seen in Fig. 8b 

~·~ .. ' Energy of the Alpha Abundance of the Alpha 
Groups in Fig. ~b (Mev) Groups with 12~2pect to 

the Total Grn A,lpha 
Activity (%) 

5.728 0.020 

5.'751 0.053 

5.774 0.12 

5.795 0.17 

5.964 0.035 

5.985 0,. 011 

6.006 0.007 

6.030 0,. 004 

6. 066] 100 

'6.110 
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Table 4 

. 242 243,244 
Energies and Abundances of Cm ' Alpha Spectra 

Energy of the alpha 
groups in spectra not 
shown (Mev) 

5.729 

5.755 

5.7765. 

5.797 

5.963 

5.983 

6. 00 - 6. 01 

6. 025 - 6. 035 

~· 066} 

6. 110 

Not Shown 

Abundance of the alpha 
groups with respect to the 
total Cm242 alpha activity (%) 

0. 021 

0.067 

0. 11 

0. 18 

0.035 

0.0064 

<0.004a 

<0.003a 

100 

aDetermined by comparing peak heights. 
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After a period of 90 days, the sample whose spe~:tra are shown 

in Fig. 8b was exposed again. The l¢rigth of .the exposure was 

63 hours 42 minutes and its alpha spectrum is shown in Fig. 8c. 

The sample was .. masked in the spectrograph by a 1 in. by 0. 005 in. 

stainless steel slit .. Table 5 shows the energies and abundances of 

the various alpha groups observed in Fig. 8c and the maximum 

abundance of any groups which appear in other figures. 

A fourth quantity of curium was obtained which had been 

prepared from an Am
241 

pile bombardment. A sublimed sample 

of 3 x 10
8 

dis/min was prepared and exposed in the spectrograph 

for 44 hours. Its spectra are shown in Fig. 8d. Table 6 shows the 

energies and abundances of the various· alpha groups observed in 

Fig. 8d an:d the maximum abundance of any groups which appear in 

other figures. 

1. 
244 . . 

Principal groups of Cm . -- From the bombardment 

conditions under which the curium whose alpha spectra are shown in 

Fig. 7 was made, only Cm
242 

and Cm
244 

would be prepared. Hence 

242 
the alpha groups at 5. 797 and 5. 755 Mev must belong to Cm or 

Cm
244

. These alpha groups were also seen on Figs. Sa, 8b, 8c 

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. Since the abundance of the 5. 798 Mev group relative 

to the Cm
242 

activity varies by over two orders of magnitude in 

the various exposures shown in Table 7, 

belongs to Cm
244 

and will be designated 

this alpha group obviously 

Cm 
244 

a. . This result is 
0 

in excellent agreement with the previous ion chamber measurement 

of 5. 79 Mev made by Thompson, Ghiorso and Reynolds. (lO) 
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Table 5 

. 242 243 244 Energ1es and Abundances of Cm ' ' Alpha Spectra 
Shown in Fig. 8c 

-Energy of the alpha 
groups in Fig. 8c (Mev) 

5.735 

5~758 

5.779 

5.800 

5~966 

5.986 

6. 00- 6. 01 

6. 025 - 6. 035 

::;l:J 

Abundance of the alpha grou~s 
with r~spect to the total Cm 42 
alpha activity (%) 

0.0~8 

0.084 

0.20 

0.26 

0.036 

0. 017 

<O.OOSa 

<0.007a 

100 

.:\ 

aDetermined by comparing peak heights. 
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Table 6 

E . . d Ab d f C 242; 243, 244 Al. h .. S . t. nerg1es an un ances o m p a pee ra 
· ·· Shown in Fig. 8d 

Energy of-the alpha 
groups H1 Fig. 8tl fMev) 

A~undan~ e ~f. the: .cii~~a. grout? s , 
Wlth respect to the total Ctn242 

s·. 725 - 5. 735 

5.756 
f ,, 

5.776 

5.797 

5.964 

5. 98 - 5. 99 

6. Ob -+ 6. 01 

6. 025 - 6. 035 

6. 0661 

6.noj 

" . . 

alpha cictivity (o/tJ') · · 

0.02b5 

.0. 035 

b.050 

0.037 

<O.oo6a 

<O.b09a 
·, 

100 

'•••vo-••• •Ci.:t- '< • •• ~- • • _. ' ~ 0 0 

Determined by comparing peak heights. 

0 



Abundance (%) of the 
5. 798 Mev group 
relative to the sum of 
the cm242 'groups 

Abundance (% ) of the 
5. 755 Mev group 
relative to the sum of 
the intensities of the 
5. 798 Mev group and 
the 5. 755 Mev group 

Table 7 
Abundances of the Curium 5. 798 and 5. 753 

, Mev Groups with R:es'pect to Other. Groups 

Fig. 7 Fig. 8a Fig. 8b Fig. Be 

35 0. 31 0.17 0.26 

24,0 22.7 23.7 24.9 

Fig. 8d Spectra not 
shown 

0.05 0.18 

I 
~ 
t-' 
I 

28.5 27.6 
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Fig. 8. Cm 242, 243, 244 alpha spectra. 

MU-5333 
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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 .3%), the 5. 755 Mev group also 

244 . 244 
belongs to Cm The average separation between Cm a. 

0 

-and the 5. 755 Mev group is 42. 5 ± 1. 7 kev with limits of error 

including all values. Upon the addition of a .2 percent possible 

calibration error, we obtain 42.5 ± 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 

th 5 755 M . d . d f c 244 
e . . ev group 1s es1gnate a.43 o m . 

2. Low energy alpha groups of Cm 242 . --In the ea~ly portion 

of this research (7 ) it was found that at energie~ lower than_ the two 

principal groups (6.110 and 6. 066 Mev) there was no alpha group in 

abundance greater than about 0.1 percent. With the improvements 

made in experimental technique, a group has appeared at 5. 964. Mev 

and is as signed to Cm 
242 

This group appears in all of the spectra 

of Fig. 8. The experimental proof that it arises from Cm
242 

decay 

lies in the invariance of its abundanc.~ relative to the principal 

242 . 
g:roups of Cm The data are summarized in Table 8 where this 

fixed ratio is apparent, whereas the ratio of this group at 5. 964 Mev 

243 244 
to groups ascribed to Cm and Cm undergoes considerable 

variation. 

Two other possible groups have shown up (Fig. Sa and 8b) 

at 6. 006 and 6. 029 Mev and appear to remain invariant to the 

abundance of the principal groups of Cm242 rather than Cm
243 

244 
or Cm . It cannot be definitely concluded, however, that they 



Abundance (% ) of the 
5. 964 Mev grou£ 
relative to Cm 42 

Abundance (%) of the 
5. 964 Mev group relative 
to cm244 ' 

Abundance (%) of the 
5. 964 Mev group relative, 
to the 5. 777 Mev group 

Table 8 

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

Fig. 7 Fig. 8a Fig. 8b Fig. 8c 

<L4 0.033 0.035 0.036 

<3 8.2 16 11 

7.7 29.5 18 

Fig. 8d 

0.0375 

53 

lOT 

Spectra not 
Shown 

0.035 

14 

32 

I 
~ 
~ 
I 
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are emitted at those energies by the Cm
242 

nucleus since their 

low intensity does not permit ruling out i:p.strumental effects. 

3. Alpha groups of Gm 243 . --It remains now to assign 

groups at 5. 985, 5. 777 and 5. 732 Mev which appear in Fig. Sa, 

8b, Be and 8d. The pertinent numerical data of Fig. 7, Sa, 8b, 

• 
Be and 8d are summarized in Table 9 in the form of ratios of 

abundances for the various groups. The group at 5. 777 Mev is the 

most prominent and is used as the reference. Within the lirnits of 

error in the measurements, the ratio of the three groups among 

themselves are constant. 

On the contrary, the ratio in abundance of the 5. 777 Mev 

group to the Cm 
242 

activity varies by almos.t a facto:~;" of 10 and 

varies by an even larger factor with respect to t:P.e Cm
244

activity. 

On this basis ~lone it is probable that all three g:roups belong to 

Cm
243

. The relative abundances of the 5. 985, 5. 777 and 5. 732 

Mev groups are 6, 81 and 13 percerit, respectively. 

Prior to this study, ion chamber measurements by Thompson, 

Ghiorso and Seaborg(ll) gave energies of 5. 79 Mev (ffi percent) and 

5. 89 Mev (15 percent). Although the 5. 79 Mev value is in good 

agreement with our work, the 5. 89 Mev energy disagrees by nearly 

90 kev with our value. 

This anomaly might be explained if one assumes that the 

conve~sion electrons in coincidence with the cm
243 

alpha groups 

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 t:P.e coincident radiations have energies up to 278 kev as will 
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Table '9 

Abundances of the 5, 985,· 5. 777 and 5. 732 Groups 

Fig. ,7. Fig. Sa 

. Ratios of the relative 
-abundance of the 5. 985, 0. 068:1:0,15 

5. 777 and 5. 732 Mev 
groups 

. Abundance (% ) of the 
5. 777 Mev group 
relative to Cm242 

Abundance (%)of the 
.5. 777 Mev group 
relative· to Cm244 

<J. 7; 0.43 

<3.6 106 

Fig. 8b Fig. Be Fig. 8d 

0.11:1:0. 17 o. 083:1:0.14 <0.17:1:<0. 21 

0.12 0.20 0.035 

54 59 49 

Spectra not 
shown 

0. 049:1:0.19 

o. 11 

45 

I 
,.j:>. 
0' 
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be shown in a later section. 

From a knowledge of the relative alpha activities and masses 

ofthe various curium isotopes, the half-life of Gm
243 

and cm244 

can be determined from the half -life of Cm
242

. A representative 

244 
equation for Cm is: 

Cm244 -
(

Half =life) _ 

(
Half -life' (Ratio of alpha ) 

cm242 activitz, ~f cm242 
to Cm 4 (

Ratio of a.toms of) 
crn244 to cm242 

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

of this laboratory with a mass spectrometer. The atomic and alpha 

particle abundance ratios were determined for the curium whose 

alpha spectra are shown in Fig. 8d. The respective half=lives for 

243 . 244 
Gm and Cm are 35 and 19 years. The latter number is in 

. . 
excellent agreement with the half-life of 19 years fotind by Thompson, 

Hulet and.Ghiorso(l2 ) by decay measurements. 

242 243 
D. Gamma Spectra of Cm and Cm · 

The gamma spectra of the samples whose alpha spectra are 

shown in Fig. 8 a and 8d were studied with the one -channel gamma 

analyzer described in an earlier section. The gamma spectra of 

these samples are shown in Fig. 9 and 10. 

In addition~ a sample of Cm 242 of very high isotopic purity was 

obtained from G. H. Higgins and E. K. Hulet. This curium gamma 

spectrum was measured with the•analyzer described previously. 

This latter spectrum was also studied with a 40=channel gamma 

analyzer and one of the consequent spectra is shown in Fig. 11. 

1.: Assignment of gamma rays to Cm
243

. -- Table 10 shows 

the relative abundance per alpha particle of the two highest energy 



Sum of the abundances 
of the 226 and 278 kev 
gamma rays (determined 
by calculated geometry 
factors ):relative to: 

C 242 1 h t' ; m a p a ac 1v1ty 

Cm 
243 

.alpha activity 

C 244 1 h .. m a p a act1v1ty 

em 
242 

alpha a~tivit)' 

Cm
243 

alpha activity 

C:m 
244 

alpha activity 

Table 10 

Abundances of the Curium Gamma Rays 

Sample whose alpha spectra are shown in Fig. 8a 

Experiment 

I 

.1 -4 ' .•7 X 10 

·2. 9 x 10- 2 

-2 3. 8 X 10 

II 

3 
-4 . 3 X 10 

' -2 
5. 4 X 10 

-2 7. 0 X 10 

III 

6 -4 2. X 10 

-2 4. 2 X 10 

IV 

-4 3, 8 X 10 

6 -2 , 2 X 10 

-2 -2 
5. 5 X 10 . • 8. 1· X 10 ·· 

Sample whose alpha spectrum is shown in Fig. 8d 

Experiment 

I II Average 

3.lx 10 
-5 

2. 5 X 10 -5 3 X 10-5 

4. 2 X 10 -2 
3. 2 X 10 -2 4 x 10-2 

2. 6 X 10-l 2. 0 X 10 -2 2 X 10-2 

_{· 

Average 

3 X 10-4 

5 X 10-2 

6 X 10-2 

I 
~ 
00 
I 
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~ • • I \ 
I \ 

0 , • 

ENERGY (Kev) 

Fig. 9. Gamma spectrum of sample whose alpha 
spectrum is shown in Fig. 8a, 

MU-5256 

-e- Gamma counts per minute are indicated 
by the ordinate scale. 

- -o- - Gamma counts per minute are 10 times 
the value indicated by the ordinate scale. 
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ENERGY (Kev) 
MU-5258 

Fig. 10. Gamma spectrum of sample whose alpha 
spectrum is shown in Fig, 8d, 

i. 

--0- Gamma counts per minute are indicated 
by the ordinate scale, 

- - o- ,.. Gamma counts per minute are 50 times the 
vqlue indicated by the ordinate scale. 
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gamma rays which were observed. The abundances of these gamma 

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 crystal, the diameter of the 

crystal, the shape of the sample, and the fraction of the gammas 

striking the crystal which are registered on the scaler. Although 

the absolute magnitude of the·numbers may be in error, their 

relative values should be reliable . 

. For the samples whose alpha spectra are shown in Fig. Sa and 

8d, the abundances of the 226 and 278 kev gamma rays vary by 

242 '244' . 
factors of 10 and 2. 7 relative to Cm and Cm , respectively. 

Since the abundances relative to Cm
243

, however, remain nearly 

. . t th . d c 243 1nvar1an , e gamma rays are ass1gne to m 

The energies .of these gamma rays were determined accurately 

" . 235 . 241 
by calibrating the· gamma analyzer with U ~184 kev} and Am 

;· (60:kev} gamllla standards, ,analyzing the high energy gammas, 

recalibrating, reanalyzing the curium gammas, ap.d recaiibrating. 

~y av:erag~.ng the calibrations adjacent to a curium sample 

run and the curium sample runs ·adjacent to a calibration, we .. ' 

compensated for drift in the analyzer. In Table 11 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 secopd 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 



Energy of gamma 
rays (kev) 

-·Table 11 

E · f c 243 c· : R nerg1es o m amma ays 

.· 
Calibration 1 and Calibration 2 and Calibr-ation 2 and Calibration 3 and 
·Gamma analysis 1 Gamma analy~is 1 Gamma analysis Z Gamm-a analysis 2 

219 232 223.5 225.6 

271 281 276.6. 279.6 

·-: 

I 
Ul 
(J.) 



-54-

226.5 and 276, 227. 7 and 278. 8, and 225 and 278 k~v. It is seen 

that after compensating for drift in the analyzer, a· reasonably 

constant energy is obtained for the gamma rays. The energies 

are taken as the average of the three final values, 226 and Z 78 kev. 

The abundance of the 104 kev radiation relative to the sum of 

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

3. 7 and 4. 3 for the samples whose alpha spectra are shown in 

Fig. Sa and 8d, respectively. Therefore, this radiation belongs in 

243 
the Cm decay scheme also, since its abuil.dance in the two 

samples varies by factors of 9, 1. 1 and 2. 3 relative to Cm 242 , 

C 243 d c 244 m an m , respectively. 

The average of four energy measurements of this gamma ray 

is 104 kev with the values ranging from ~9 to 106 kev. 

. 243 
In order to establish a decay scheme for Cm it was desirable 

to determine with which alpha group the 226 and 228 kev gamma rays 

were in coincidence. 

To effect this, the photographic camera on the receiver of the 

spectrograph was replaced with a zinc sulfide phosphor mounted 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. The sodium iodide detector was .mounted directly behind the 

spectrograph source, the vacuum being :maintained in the spectrograph 

by means of a 10 mil aluminum window between the source and 

detector. 

The energy of alpha particles arriving at the slit v.ould be 

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

equation (3) at constant radius. The sample whose alpha spectra 
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are shown in Fig. Sa 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.
0 

of the Cm
242 

peak as 

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

r 243 244 
Marked on the graph are the positions of the Cm and Cm 

peaks. It is seen that at least the bulk of the radiation is in 

243 
coincidence with the 5. 777 Mev alpha group of Cm Setting the 

magnetic field so that the alpha particles striking the receiver slit 

corresponded to the maximum of the alpha-gamma coincidences curve 

shown in Fig. 12, coincidences 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 gamma rays to be in 

coincidence with a tail from the 5. 732 Mev Cm
243 

.alpha g;roup. There-

fore, these gamma rays are in coincidence with the 5. 777 Mev group. 

243 
2. Abundances of the Cm 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 

241 
geometric calculations, a sample of Am 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 multiplied by a factor of 4. Thus from Table 10, 

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

or approximately 17 percent of the Cm243 alpha disintegrations. 

In order to obtain more accurate absolute abundance measure-· 

ments, the Nai crystal was .repacked with MgO in its copper case. 

Upon analyzing a sample of Am 
241 ag;:~.in, the, abundance of the 

60 kev gamma ray, calculated with the appropriate geometry fact6r, 

was found to be about 40 percent too high. The reason for the lar:ge 

apparent increase in geometry upon repacking the crystal was due, to 
,~ . . .. . . . . . . .. 

·the removal of MgO from betweel). the crystal and photomultiplier 

faces. 

More ·consistent results were obtained by determi~ing the 

effective geometry experimentally. This was done by placing an 

Am 
241 

sample of ·known alp,ha activity in ~xactly the sa~e positiont 

~ccupied previously by the curium sample. Then by using the 

value 0. 40 gamma ray per alpha di_sinteg,ration, we determined the 

~ffectiv~ geometry of the arrangement. Abundances of ·t'he 104 kev 
l' I n 

f . 

radiation obtained before and after repacking the crystal were 64 
~ ; i 

• d s·6. t · 1 1 · h c 243 1 ·h · ·t an _. P.e!cen, respect1ve y, re ahveJ;o t e m a p a achv1 y. 

The average -ofthese two· valu.'es, 60 percent, -is taken as the best· 

value. 

The sum of the abundances of the 226 and 278 kev gamma rays 

is about 1/4 the abundance of the 104 kev gamma rays, as was 

mentio~e-d: in ·a 1pre:via:us se;ction, Therefore, their .. intensity would 

. b t 15 t f h c 24 3 1 h . . . f . compr1se a ou percen o t e m a p a trans1hons 1n a1r 

agreement with the value of 17 percent obtained in the previous section. 
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before must be multiplied by a factor of 4. Thus from Table 10, 

-l 
the ab1+ndance of the 226 plus and 278 kev gamma is 4 x 4. 2 x 10 , 

or approximately 17 percent of the Cm243 alpha disintegrations. 

In order to obtain more accurate absolute abundance measure-· 

ments, the Nal crystal was .repacked with MgO in its copper case! 

Upon analyzing a sample of Am
241 

ag;:t.in, 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 large 

app~rellt ~ncrease in geometry upon repacking the crystal was due to 

'the removal of MgO from betweei1 the c,rys~al and p:hoto:multiplier 

faces. 

More cons.istent results were obtained by determining the 

effective geometry experimentally. This was done by placing an 

Am
241 

sample of ·knbwn .;Jpha activity in exactly the same positio~ 
I 

occupied previously by the curium sa,mple. Then by using the 

., value 0. 40 gamm~ ray per alpha disinteg,ration, we determined th~ 
. ' 

effec~iv_e geometry of the arrangement. Abundances of the: '104 kev 

··radiation obt_ained before and after repacking the crystal were 64 
' •I j 

and ?~ pe~cent, respectively, relat~ve to the. Cm
2

:
3 

alpha activity. 

The average of these two valu-e·s, 60 percent, is taken as the best 

value. 

The sum of the abundances of the 226 and 278 kev gamma rays 

is about 1/4 the abundance of the 104 kev gamma rays, as was 

mention~cf.in a ·previous section. Therefore, their intensity would 

. b 15 f h c 243 1 h •t• . f . compr1se a out percent o t e m a p a trans1 1ons ~n a1r 

agreement with the value of 17 percent obtained in the previous section. 
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before mus:t be multiplied'by a factor of 4. Thus from Table 10, 

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

or approximately 17 percent of the Cm
243 

alpha disintegrations. 

In order to obtain more accurate absolute abundance .measu:te- · 

men:ts, the Nai crystal was repacked with MgO in its copper case! 

Upon analyzing a sample of Am
241 

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 large 

~pparent. ill~r~ase in geometry _upon repacking the crystal was due; to 

·_.the removal of MgO from betw,e~.n the ~:rystal ar1d photo~ultiplier 

:' 
. faces. 

' 

More consistent results were obtained by determ~:ding the 

effective geometry experimentally. This was done by placing an 

Am241 sample of'knowh ~lpha activity in ~xactly the same position 
. I 

?ccupied previously by the curium s~mple. TJ;ten by using the 

; f 
'value 0. 40 gamma ray per alpha d~si:ntegration, we determined the 
. : . 

~ffectiv~ geometry of the arrang·ement. Abundances of the 104 kev 
. . ' ·. ~.,. 

~adiation obt~ined before and after repacking the crystal were 64 
. . . ' I 

~nd_ 5;6 percent, respectively, relative :to the Cm 
243 

alpha activity. 

The average of these two values,- :6o .-percent, is taken as the best 
... . . . ~. 

value. 

The sum of the abundances of the 226 and 278 kev gamma rays 

is about 1/4 :the abundance of the 104 kev gamma rays, as was 

.mentiori:ed ,~Jil a:previous.)section~. Ther,efore, 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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There have been no corrections, however, for the change in 

counting efficiency of the Nal crystal with energy. A rough 

calculation with the experimentally dete.rmined counting efficiency 

of the Cs
137 

662 kev(l3) ga?lma ray indicated that the average count

ing efficiency of the 226 and 278 kev gamma rays would be about 

50 percent, while the counting efficiency of the gamma rays below 

150 kev would be above 98 percent. Therefore, the best value for 

the sum of the abundances of the 226 and 278 kev gamma rays is 

2 x 15 percent = 30 percent of the Cm
243 

alpha disintegrations. 

The relative abundance of the 226 to the 278 kev gamma ray 

cannot be determined very accurately becaus.e of the difficulties in 

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

3. Assignment of gamma rays to Cm
242

. --Since a 44 kev 

gamma ray appears .in the sample whose alpha spectra are shown in 

Fig. 8~ and is not seen in Fig. Sa, it is readily assignable to Cm
242

• 

This assignment is verified by the appearance of the 44 kev gamma ray 

. th 1 f c· 242 . h h' h . " ·t (F. 11) Th 1n e samp e o m w1t . 1g 1sotop1c pun y 1g. . e energy 

of this gamma ray is the average of seven measurements with the 

values ranging from 40 to 49 kev. 

Other workers in this laboratory have found evidence of a 44 kev 

tran~ition in the decay of Cm242 . Ghiorso (9 ) has observed the gamma 

ray with a proportional counter coupled to a pulse height analyzer 

and. Martin(l4 ) has measured it with a scintillation counter spectre

meter .. 0'Kelley(l5 ) has measu~ed a series of conversion lines 

corresponding to a gamma ray of about 43 kev and Dunlavey and 

(16) • . 
Seaberg 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. 11 is too intense to be 
·). 

d t . C 243 F F" 9 h . . . f th C 243 
. ue o m . rom . 1g. t e max1mum_ 1ntens1ty .0 _ e m 

104 kev rc:Ldiation expected from the maximum intensit~ of the 
243 . . .-' 

Crn high energy gamma rays would be about 1/6 of the ob~:;erved 
t' ' . ' ' ' 

abundance. Therefore, this g;:~.mma ray is assigned to Cm
242 

The 

energy of this was taken as the average of four values ranging from 

99 to 102 kev. 

The 157 kev gamma observed in Fig. 11 is not ,seen in Fig. 9 

or Fig. 10 and is therefore assigned to Cm 242 The energy of this 

gamma ray was taken as the average of four values which varied 

from 155 to 159 kev. 

242 
4. Abundances of the Cm g~mrna rays.-- The abundance of 

the 44 'kev gamma. ray is 0. 041 perce!ft of the Cm
242 

alpha activity. 

- . . 241 
The geometry of the system was determined with the Am. 60 kev 

ga~ma ray ass~ming 0. 40 gamma ray( 6 ) per alpha particle. 
. . t . 

The abund_ance of the 100 kev gamma ray was measur.ed as 

242 18 percent of the 44 kev gamma ray, or 0. 0073 percent of the Cm 
l • ' 

alp~a activity. This value must be corrected for the slight amount 

of Cm
243 

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

ra,tio of t~e peak heights o~ ~he Cm2_43 10~-kev radiation-t~ the 226 

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

243 242 
Cm gamma rays which were detected in the Cm sample, we 

. ' . . 

find the Cm
243

'104 kev contribution is ~19 percent of the observed 

100 kev radiation. Therefore, the corrected abundance of the 100 

kev gamma ray is 0. 006 percent of the Cm
242 

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 

Cm 
242 

alpha activity. This value has not been corrected for the 

change of counting efficiency of the Nai crystal with energy. The 

counting efficiency at 15 7 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 Am
241 

since a mass spectro

graphic analysis showed a considerable amount of Arn
241

. The 70 

kev gamma rays observed in Fig. 10 and ll 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 th~ Nai 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 th~ iodine K electron (33 kev). 

6. Decay scheme of Cm
244

. -- The decay scheme consists 

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

7. Decay scheme of Cm
243

. --The 104 kev radiation in Cm
243 

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 

Jaffe, Browne and Perlman, (l 7 ) and calculates a weighted average, 

th~ resulting plutonium K x-ray energy is 103. 8 kev in excellent, 

but probably fortuitous, agreement with our value. Th~ decay scheme, 

deduced from only the alpha and gamma data on Cm
243

, is shown in 

Fig. 14b. It is i11;teresting to examine the data on the beta spectra of 

Np 239 investigp.ted by other workers. Beta particles of 0. 718, 0. 655, 

0. 441, 0. 380 and 0. 329 Mev(l8 ) have been observed. Conversion 
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243" 
b) Cm decay scheme, 
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.A' 

lines corresponding to gamma rays with energies of 0. 013, 0. 019, 

0. 044, 0. 049, 0. 057, 0. 061, o. 067, 0. 077, 0.105, 0. 2,09, 0. 22.8, 

0. 254, 0. 277, 0. 285, 0. 316, 0. 334 Mev{lS) have also been observed. 

Conversion lines of gamma rays with energjes of 0 •. 210, 0. 227, and 

0. 276 Mev were found to be in coincidence with a 0. 435 Mev beta 

particle. {l9 ) The 0. 210 Mey gamma ray is in coincidence with the 

0. 067 Mev g~mma .ray, but not with the 0. 276 kev gamma ray. (l9} 

Using pur knowledge of the levels in Pu239 deduced from the 

243 . . 239 
Cm alpha de_cay, we obtain the energy level .scheme for Pu · 

shown in Fig. 15. 

It is interesting to investigate the mu1tipo1e order of the 226 and 

. · · M3 
278 kev gamma rays .observed in Cm alpha decay. Thes.e gamma 

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

state. The values of the.ene:rgylevels given in Fig. 15 are thos.e 

determined by beta d~cay. ·Ac.cording to Bell and Graham, {l9 ) this 

state is metastable with .i. half -life of 1.1 x 10'-9 seconds. From the. 

decay scheme shown in Fig .. 15 ·1t is evident that over 80% of the Cm
243 

disinteg,rations must pass through :the 277 kev level. Since the 226 ap.d 

278 kev gamma rays comprise 30 percent of the Cm
243 

disinteg,rations, 

the half -life for gamma emission will be 

-9 1 .. 1 x 10 sec * 4 X 10-9 s.ec. 
= o. 3 

. . -8 
For each gamma :ray then, the half -life will be about 10 s.econds. 

Using the form of Weissk~pf' s lifetime relations given by 

Goldhabe~ a~d Sunyar, (20) we would expect lifetimes of the orde.r of 

10
4 

and 10
6 

.seconds, respectively, for electric and magnetic 2
4 

pole 
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radiation. ,Since these values .differ by at least a factor of 10
12 

fr·om 

the experimental value, it is· safe to conclude that the 226 and 278 kev 

gamma transitions are either electric or magnetic dipole, electric 

or magnetic quadrupole, or electric or magnetic octopole. 

This difficulty could be resolved if the conver sian· coefficients 

of the gamma rays were known. These conversion cdefficients .can 

be .calculated if the relative abundances of the conversion·lines are 

* known. These relative abundances were obtairted and the conversion 

coefficients are shown in Table 12. From the data in this table, both 

the 226 and the 2 78 kev transitions appear to be magnetic dipole 

radiation. 
' 

8. Decay scheme·of Cm
242

. -- The 44 kev ga~ma ra:y .very 

probably corresponds to the transition between the levels 'in tP~238 

' 242 ' '' 
populated by a.44 and o.

0 
of Cm . The conversion coefficient:~of 

this gamma ray, assuming no other transitions take place between 

the two levels, would be 26. 3o/o/O. 041% til 640. The multipole order of 

the transition can be determined providing the L conversion coefficients 

can be found. Dunlavey and Seaborg, (l6 ) in their study of alpha 

electron coinCidences in photogr.:Phic plates, found that 83 percent 
. 

of the coincidences were from L conversion electrons. Therefore, 

the ~.conversion coefficient for the 44 kev gamma ray w'ould be 

' 2 (22) . 
640 x 0. 83 = 5. 3 x 10 . From Gellman• s tables, we would expect ' 

theoretical L conversion coefficients of 1. 5, 6 x 10 and 6 x 102 for 

* ; I would like to express .my appreciation to M •. S ... Freedman 

for sending to me the results communicated to him by Harry 

Fulbright. 



Energy of 
gamma ray 

(kev) 

'226" 

278 

Energy. of 
gamma ray 

(kev) 

226 

278. 

' 

E:x:p e rime ntal 

aK. 

L8- 3. 6 

1.8-3.5 

Experimental 

K/L ratio 

4.3 

5.3 

~j 

·~ 

Table 12 
'. •. c •• 243 

Mulhpole' Order of Cm Gamma Rays 

TheoreticarKconvers.ion Experimental Theoretical L .conversion 
coefficients from Rose's coefficients from Gellman's 
tables'. (21) . aL tables. (22) 

El; E2 Ml, M2· El. E2 Ml 

0. 66 0.14 

o.:o4 o. 1 

4.1 

2.3 

Empirical K/L ratios 
from Goldhaber and 
Sunyar. (20) 
E '* E . 2 3 Ml M2 

0.6 0."3 .7. 6 5.· 2 

0, 8· 0.4 7,7 5.7 

8.7 

4.6 

o. 4 - 0. 8 

0. 3 - o. 7. 

o. 015 

.0.007 

0.35 

0~15 

0.72 

0.36 

Expe rirn ental 
. . . . (221} 

Theore.hcal L~: L 2 : L
3 

ratios from .· · · 
L 1:L2 :L3 co.n- Gellman's tab e s 
vers1on raho. 
(23) :El E2 Ml 

·1:0.09.:0_.009 1:0.39:0.28 1:3.9:1.6 1:0.1:0.001 

. 1:? :·o.oo6 1:0.32£0,2 1:3,3:1.5 1:0.11:0.001 

Energy of Experimental Mean life calculated from Weisskopf' s formula 
gamma ray half -life (sec) 1 (seconds) (24) ·. .. . 

(kev) E 1 E
2 

E 3 . M1 M 2 M 3 
226 ~ -10:,--g-----10-!4 6 X 10-.4 5·x 10-3 --10_1-z-~·- io-6 1 

, r 

·278 10-8 ·w-14 2 x w=9 10-3 Io-12 5 ~ 10""7 1 

I 

"' "' 
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E 1, M1 and E 2 raqiation, respectively. Therefore, the 44 kev 

radiation is electric quadrupole and hence the first excited state of 
I···· • ( ! ., 

. :i>~238 has a spin of 2 even parity. This· result is in agreement with 

the general principle stated by Goldhaber and Sunyar that the spin of 

the first excited state of an even-even nucleus is 2 even parity. 

The 100 kev radiation could be a gamma ray corresponding to 

the transition between the levels in Pu238 populated by a.
148 

and o.
44 

' ' .'1 ' 

or it could be a K x-ray. 
,.; ,·.;. 

One ·~an choose between the gamma ray and the K ~-ray 

assignment by considering selection rules which apply to alpha decay 
. ;, _; . 

theory. These rules are developed in Appendix 1. These alpha decay 
····' .. 

selection rules indicate that all levels in an even-even nucleus which 

are populated by alpha decay have odd spin and odd parity or even spin 
) ' 

and even parity. In addition, all transitions to the ground state will 
. -~-

have an electric multi pole order. 

If the 100 kev radiation was a K x~ray of a transition between 
; ·. ' ' . . 23.8 . 24'2' ,: . . .. 
th~ levels in Pu populated by a.148 and a.

0 
o~ Cm · , the tl'ansition 

., . . 

would have to be electric~ Since the maximum ab~ndance of any 
. . . .. 242. . . . . . . 

gamma ray m Cm above 100 kev and below 300 kev 1s 1/2. 7 hmes 

the abundance of the 100 kev radiation, the minimum Kconversion 

coefficient would be 2. 7. Fro~ Ro~e 1 ~ tables(2l) of theore.tical 

K conversion coefficients, the multipole order of the transition 

would be E
5

. From' W~issko~f' s 124 ) formul~; the e~ect~d h~~ -life 

would be some 10, ooo·years. Since the 100 kev radiation is seen 

soon after the curium is purified, thi.s radiation is not a K x-ray of 

. . 23.8 
any transition to the ground state of Pu • 
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H the 100 kev radiation were a K x-ray of the 157 kev 

transition between two excit~d levels of P~in 8,· th~_:,~~~ti~~le order 
iJ' 

would have to be magnetic in o"rder to have a reas.onable lifetime 
. . . . ' (21) 

for the gamma emission. From Rose's tables, the theoretical 

K conversion coefficient for magnetic transitions is at least 8 in 
~ ' t ' ' '. • ' . 

contrast to the experimental value of 2. 7. Therefore,_the bulk of 

the 100 kev radiation is not a K x-ray of the 157 kev transition but is 

probably a gamma ray. If this gamma ray corresponds to the 
,;. - .. '' 

transition from the levels in Pu
238 

populated by a 148 and ~44 of 

Cm 242 and the 148 lev~l is ~ot de -ex~ited by any other .transition, 
' .~ . .. 

the conversion coefficient of this gamma ray is (0.035 - 0.006)/0.006 = 5~ 
The ratio of M to L .. conversion is usually small for gamma energies 

.\. ' 

of 50 kev or higher. So the total conversion coefficient is equal to 
~ ; ' 

the L conversion coefficient within the experimental error involved 

in the calculations. F~om Gellman's tables, (22 ) one would. exp.ect 

theoretical conversion coefficients of 0.1, 4, and 7, respectively, for 

E 1, M1 and E
2 

multipole orders. Therefore, this 100 kev gamma ray 

w~uld co~r:spond to an_ M1 or an E 2 transition~ The spill: of t~e 148 kev 

le~el in 

1

Pu238 wo~ldthen be 4 even parity, 2 even parity, or 0 even 

parity. 

The decay scheme for Cm 242 is given in Fig. 16a. The 157 

kev gamma ray is not included as there is no. experimental evidence 

showing where it belong.s. A possible place in the decay scheme will 

be mentioned in the section on empirical correlations. 

' . 238 242 
Some of the P_u levels populated by alpha decay of Cm 

. - 238 
are also populated by Np decay. Beta particles of 1. 272 Mev 
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{4 7 percent) and 0. 258 Mev (53 percent) as well as conversion lines 

of 20. 8, 24. 7~ 3 7. 4, 41. 9, 80. 2, 97. 9, 859 and 913 kev have been 

seen. ~ 25 ) 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 

beta particles and 100 kev gamma rays. (25 ) 

The conversion lines of 20. 8, 24. 7, 37.4 and 41.9 correspond 

to the expected energies for LII' LIII' MI' and N 1 conversion 
··' 

of a 43. 3 kev gamma ray and the 80. 2 and 97.9 kev electrons 

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

.103 kev gamma. (26 ) 

A decay scheme which we postulated in private communication( 27 ) 

is shown in Fig. 16b. 

The intensity of the electrons of._the highly converted 100 kev 

gamma ray, however, is· a factor of 20 less than the intensity of 

the electrons corresponding t<;> the 44 kev gamma ray. So this decay 

scheme is unlikely. 

A decay scheme which satisfies all the known experimental 

data is shown in Fig. 17. This decay scheme assumes a 1.16.8 Mev 

beta particle in 3 percent abundance, in order to account for the 

coincidences .observed between the hard beta particles 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( 28 ): selection 

rules, the spin and parity change s~ould be 1 No or 0 Yes. The 

1. 272 Mev beta particle has an allowed shape and a log (ft) value of 

8. 5. Therefore, according to Nordheim's selection rules, the spin 

change should also be 1 No or 0 Yes. From simple considerations 
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. 238 
of shell theory, the ·:Pci':i-ity o·f the ground state of Np should be 

negative. Since there must be a parity change then in the 1. 272 Mev 

b t · · · th · h · 0 Y So the sp1'n of Np 238 1's e a em1s s1on, e sp1n c ange .1s . es. 

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, taking into account 

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 

from Rose's tables( 2l) correspondto E
1

.transitions. Therefore, the 

spin of the 1030 kev level is 1 odd parity. 

H the 148 kev level had a spin of 0 even parity, one might 

expect to see a gamma ray corresponding to the transition from the 

1030 kev level. Goldhaber and. Sunyar, {20) however, state that no 

quantitative prediction can be made as to the relative intensities of 

competing electric transitions. 

E. 
. . 2~ 

Complex Alpha Spectrum of Am 

241 
Before discussing the complex structure of Am , the 

energy determination; will be. mentioned so that the groups may be 

referred to accor<;Iing to energy. The nuclide Am
241 

was that by 

which the ele~ent was firs.t identified, {29 ) and it is prepared in 

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

given as 470 years(3l) and 475 years(3.2) which corresponds to a 

specific alpha activity of 6. 95x 10
6 

disintegrations per minute per 

microgram. 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 reported. (33» Although one could observe from the puls.e-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. 

241 
The energy for Am was determined with the spectrograph 

by comparing that·of the principal group with tw~ standards, Po
210 

and Em
222

• The other gpoups of Am
241 

were assigned en~rgies by 

comparison with the main group, 
; .. 

. 241 . 222 ·.· : 
The companson betwee,n Am and Em is shown i~ Fig. 18. 

241 I ~ 
The plate was made by placing ,sources of Am and radi';UD · 

simultaneously in ·the spectrograph for an exposure of 27 ho1-1r1s. That 

. . . 222 . ' 
the h1gher energy group 1s that of Em could be proved by compar-

ing the observed number of tracks with that expected from the 

218 '. 
observed Po tracks caught on another part of the plate. If it was 

.· 218: 222 
assumed that half of Po formed from Em left the so.urce by the 

~ . 
re~oil. rn:echanism, the observed number of trac~s in .th~ high energy 

component was in ,agreement with the expected amount fr~m Em 222• 

The resolution of the curve in Fig. 18 was aided by a separate expos.ure 

with the radium source alo.ne in which the width of the Em
222 

peak 

at half -maximum was .determined. The distance between the peaks 

was 2. 7 ± 0. 3 mm which corresponds :to an energy difference of 

11 ± 2 kev. Taking the energy of Em222 as 5. 486 Mev, ( 2 ~ the energy 

of the principal group of Am
241 

becomes 5.475 ± 0. 002 Mev. 

S . '1 . d . . h p' ·. 210 th lt f 1m1 ar exposures were rna e w1t · o , e res.u s o 

which are s.hown in Fig. 19. The distance between the peaks was 
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·Dispersion= 3. 96 kev/mm • 
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POSITION ON PLATE (mm) 
. MU3275 

241 210 
Fig. 19 .. Am -Po energy comparison. 

Dispersion= 3. 90 kev/mm • 

. ·.·. 
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45. 8 mm which corresponds to an energy difference of 179 ± 2 kev. 

From this measurement the main group of Am
241 

has an energy 

of 5. 477 '± 0. 002 Mev. The energy which we shall use is 

5. 476 :!: 0. 002 Mev. As will be described, the most energetic 

alpha group is higher in energy than this group by 70 kev, therefore 

I 2~ 
its· energy is 5. 546 Mev. The decay energy of Am is accordingly 

5. 640 Mev. 

There are now known to be six measurable alpha groups of 

A 
241 (34 ) th f h" h f h h m , ree o w 1c are o greater energy t an t e most 

prominent group. 

The complete alpha .. spectrum is shown in Fig. 20. For these 

particular data, the source consisted of 2. 9 micrograms of Arn
241 

(2. 0 x 10 
7 

disintegrations/minute) and the exposure was for 94 hours. 

Because of the disparity in abundance of the different groups, 

complete 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 g~oups, 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 

shown in Fig. 20. The peak widths at half-maximum are essentially 

the same for all peaks. 

The relative abundances of the groups were obtained by 

counting the tracks of the two most prominent groups on a plate 

exposed for a shorter period of time and compari:qg with the rarer 

peaks from the long exposure. The abundances were virtually the 

same whether integrated numbe~s of tracks under the peaks or the 
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POSITION ON PLATE (mm.) 

• FULL SCAN OF PLATE TO SHOW WEAK 
GROUPS. 
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peak heights were compared. A su~mary of the abundances and the 

corresponding partial half =lives which will be referred to later are 

given in Table 13. The ·values in each cas.e represent at least two 

independent meas:ur·ements. The sum in abundance of the two 

highest ene.rgy groups is known with better precision than each 

group separately because of the 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 Me~ 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, a.
71

, which was standardized 

· - t E 222 d P 210 1 d d "b d Th t 1 aga1ns m an o as a rea y es.cr1 e . e ac ua 

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 

-
dispersion in order to translate positions on the plate to energy 

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. 4 76 Mev for the most prominent group. In 

the last column are shown the energy levels above the ground state 
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Alpha Group 
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0.(0) +_ 0.(11) ,, 

0.(0) 
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,0.(4~) 

(1(71) 
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Table 13 

241··· ' 
Abundances of Am Alpha Groups 

Percentage 
Abundance 

.o. 57 + (_0. G6) 

0.23 + 6 (_0. 0 ) 

·+ 6 0.34 (_0. 0 ) 

0. 21 (±Q;-·02) 

84.2 r:ti. s) 
'' 

13. 6~~(1:1. 4)' 
.. 

+ 1. 42· (_0.15) 

. ; Partial 
· Half -life b (yr) 

. 5 
2.1 X 10 

5 1. 4 X 10 

5 2. 3 X 10 

3500 -~. 
·,· 

' ·.·. 4 ,·3:·3x10 

aThe highest energy group;, designated. o.(O)' is taken :to 

:. r.ep;~sent the gro.und-si:ate transition. The paren:thesis -enclq~ed 

figures us.ed for the other groups indicate the energy levels iri 

kilovolts a::t>.qve the gr.ound_ state with which-the alpha~groups are 

asso.ciated. 

bBased on 4 75 -year rneasur~d half -life. 

~ ..... 
·. ;· . 

••. I .• 

,., 
... 

; '··, 
l- ~: 
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Table 14. Energies , of Am.241, Alpha Groups • 
.. 

Alpha 
Experiment number particle 

Alpha Best energies 
group 33 48 59aa 59ba 6la 6lb values (Mev) 

a(O) 
T T T T T T 5.546 

10.3 9.3 10.8 12.4 10.5 10.6 
!2.0 ::!a.1 !o.8 !1.6 . ±1.5 !1.4 

a(ll) j_ + ,h --l E-- t l 
5.535 

T 
I 

-
.,.~ 

32.4 : 30.8 31.7 32.0 
!o.8 .±.1.5 !o.7 . t.0.7 
_l_ -·~ _j_ 

_j_ -ll:f . $.503 
58.6 59.5. - -~ a(43) 

T .±1.4 !1..3'' i 

1 26.5 26.2 
±o.8 ±o'.5 

a(71) l It 5.476 T T 
_f 

T 
T I r ±o.002 

42.6 42.4 . 42.1 43.2 . 42,.7 ' .±1.1 ±o.8 .±o.8 ±1.7 . ±1.1·· ... 

_l j_ j_ j_ ~6., _j_·' a(114) 95.6 99 97.1 
.±3 .6 :t2 ±2.5 ±2.5 5.43J 

"• 

j_ l .. "j_ j_ ... 
~-

a(l70) 5.379 
" 

a 
Series,! and ]2 refer to independent counts of the alpha tracks on the same plate. 

Energy levels 
above the 

ground· state 

0 

.10.8 

. ·-

' 

,43.4 

·- ' 

' 

70~8 

•. , '. 

, 

··-
" 114.1 

' 
' 

169.6 

. I 
(X) 
0 
I 



237 . . . . . 
of Np with which each alpha group is associated. Thes.e levels 

are obtained by correcting the differences .of alpha group energies 

for the corresponding differences in alpha decay recoil energy. It 

is differences between these. numbers which should correspond to 

gamma ray energ~es. 

1 f 241 . 1 f h . Decay s.cheme o Am .• ~-The comp exity o t e decay 

s.che:me of Arn
241 

may be visualized readily from the num}>er of 

observed levels. The presence of a 60 kev gamma ray in Am
241 

. ~:lecay has been abund<1;ntly confirmed by measuretnents with 

. (6 35) (16 35) 
proporhonal counter spectrometers, ' beta ray spectrometers, ' 
. ' (36) . 
a bent crys,tal spectrometer, and Nal (T~ activatecl crystal 

spectrometers.(~?!, 35 ) Those values with reported limits of error 
• • . . ! • 

were 59.78 ± 0. 04 kev< 36 ' 37 ) and 59.7 ! 0. 3 kev. (6 ) The 

. abundance of the gamma quantum has been reported as 40 :!: 1. 5 per

cent, (6 ) and 32 percent. (J8 ) Dunlavey and Seaborg(16 ) repo;t._ .. 

44 perc~nt of the Am
241 

alpha particles have no visible electrons in 

coincidence. 

That the 60 kev gamma ray belongs in the Np
237 

is verified 

by alpha-gamma coincidence mea~urements (38• 39 ) on Am241 and by 
. : . L . . ' 

. . . h b d f u237 (40, 41, 36} d h 1 1ts p~esence l.n t e eta ecay o · ·an t e e. ectron 

237 (42} 
capture of Pu • 

The multipo1e order of the 60 kev gp.mma ray has been 

reported as E
1 
(J9) from. the experimental conversion .co~fficient and 

' . (36) 
as an M1-E

2 
·mixture from the ratios of L vacancies and the L1 

conversion coefficient. 

Another abundantly confirmed gamma ray has been reported 



+ (36} + (6) {35) as 26.43 - 0. 03 kev, 26.3 · _ 0. 2 ke~, and 26.4 kev. 

The respective abundances relative to the 60 kev g,amina ray were 

31 percent, 7. 5 "!: 0. 8 percent, and 25 percent. The multipole order 

of this. transition has been reported. as E
1 

.. (39 ) 
. . . . . ' 6 
A gamma ray of 33. 36 ± 0. 03 kev( 7' 3 ) was observed with a 

bent crystal spectrometer but two laboratories (41• 43 ) using 

proportional· counters did not observe any gamma rays around 33 kev. 

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

thought to be a lanthanum impurity. (43 • 44 ) 

. Conversion electrons corresponding to an i..
111 

conversion of 

241 . . ' (35) . 
a 41. 4 kev gamma ray of Am have been observed and conversion 

elec'trbns corresponding to L
1
, LIII' M

1
. and N

1 
conversion of a 43 kev 

. . .• . . 237 (41} 
gamma 1n U decay were asc,ribed to the same transition in 

N 23 7 h 41 k . A 241 d p as t e ev gamma ray 1n m ecay. 

A gamma ray of about 100 kev was found by Martin (l4 ) in an 

intensity of 10-4 per alpha particle. 

A possible decay scheme for Arn
241 

is shown in Fig.· 2la. 

lifetime of the 71 kev state has been reported as 6. 3 ± 0. 5 x 10;.:;
8 

The 

s.ec 

and the maximum lifetime of the 43 and 114 kev states as less than 

. . . (39) ··. 
0. 3 and 1 J.LSec, · respectively. From the latter values it was 

ded~'ced that all transitions fr.om the 114 and 43 kev states were MI' 

Mz, or E
2 

transitions. In the case of the decay of 43 to the 11 kev 

~evel,. the transition would be either M1 or E 2 since according to 
. (39) ' '" ·' ' . . . 

Behng, et al., these s.tates would have the same parity. 
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.. Al' h ' f 243 F. Complex p a Spectrum o Am · 

.. A. 243 . . b db b b d ,. ' f .. ·A ·Ml · ·m · can · · e prepare y neutron om ar ment o · · m 

. from the reaction: 

C
. 242 m. .. :.:,. 

~/\~-
Am241, \ A 242m d A 242 1 }. A , 243 

\n, 'YP. m\. ·an m \n, y·~m ~-

e.c. 

. Pu242(n, y) :Pu243 ' . 
l. 

·· 1 'Pd~vious to the pres.ent work, the measurement of' alpha energy had 

b~'e'n rriade'with an ionization ch3:mber coupled to a•pulse height 

''dis~ri:rhinato'r for':which.the value 5. 27 Mev ~as reported.·· 

~ :. ' . : ... A' spectrograph 'sample of 2 X 10 7 alpha disintegrations' per 

. ' : . . . . ' . . . . .· .. . . . 241 . ; ; .243 . ' ' . . 
m1.nute was·prepare'd from a m:~.xture of Am · and ·Am. ·· ·actl:vlhes 

'by ·sublim~tion and exposed in the spectrograph' for ;87 hdtl.rs:."Two 

new alpha groups wer·e obs.erved 'which had not been seen chi 
1~n· 

·. ,: . . . ( 241 
·exposur-e of pure· Am "'. 

; .. ~ ·. .• • • 'f •. J' 

. . • . . '. .• . . . . . ' ' . .. 243 
T'he energy for the' pr:mc1pal group of Am · was idetermined 

by c'ompa:f.iso'n with the main group of Am 
241

• ; If 5 ~ 4 76 Mev is 

•' . . . . . .. · .. .: . ' 241 . .. . . . ' 243 
·taken as the energy of a.

71 
of· Am ·, then the mam g:roup of' Am 

has an energy of 5'. 267 Mev. 

o;_ A ~·~co:b.d alpha group ·of Am243 was found ·41 kev i6w~·r'in 

. alpha particle 'Emergy than the inost abundant alpha group and 

co~p:tisedabout 10 percent' of the total alpha particles emitted by 

Am243• . : . 

. Th.' t" . f .Am· 241 l h' · . . . A 243 1 h t .. ·.t · · e ra 10 o · . a p· a achv1ty to m · a p a ac 1v1 y 

was measured as 52. A mass analysis of the sampl~ by .F. L. Reynolds 
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h d h t h 1 . fA 241 A 242 d A 243 s owe t a t e re atlve masses o. m , m an . m were 

· 74.15• 0. 615, and 25. 22 percent. Thus by taking the half -life of 

Am
241 

as 470 years, we find a half -life of 8. 3 x 10
3 

years for Am
243 

. 

. Our result is .in good agreement with the ...vl0
4 

year value reported by 

_Street, Ghiorso and Seaberg from mass analysis :of Am
243 

and the 

chemical yield of milked Np 23 9. (4 5) 

G •. Gamma Rays of Am
243 

Previous _to the pres.ent study, Martin~14 ) had reported a 

7 5 kev gamma ray in Am 
243 

with an abundance equal to 90 percent 

-of the alpha transitions. In order to verify thes.e results, alpha-

gamma coincidences were run oti a sample containi~1g 700 c/m of 

mixed Am
241 

and Am
243 activity. An alpha puls.e analysis of the 

· 1- h d 1·o Am243 · · d 30 Am241 
samp e s owe percent actlv1ty an . percent 

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 

241 
·measurements, a sample of Am in a closed cardboard container 

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

particles in this separate Am
241 

sample could strike the ZnS_ screen, 

no true coincidence:s could be caused by this sample. Because of the 

·1 1 h . .f h . d A 241 d A 243 
ow a p a countlng rate o t e m1xe m an m sample, the 

chance coincidence counting rate would be quite small. From thia 

work,·. after subtracting those coincidences due to Am
241

, a 75.kev 

gamma ray was found to be in coincidence with 8 x 10 percen~ of the 

alpha particles. This is in excellent agreement with the previous 

work. 
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1. 
243 243 

Decay scheme of Am . -- A decay scheme for Am 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. From Gellman's 

.tables (22 ) one would expect conversion coefficients of at least 5 and 

15, respectively, for M1 or E
2 
r~diation, while for E 1 radiation the. 

conversion coefficient is expected to lie be.tween 0. 09 and 0. 4. 

That the 75 kev gamma belongs in the level schem.e of 

Np
239 

is verified by the pres.ence of a 73. 6 kev gamma ray in t;he 

239 (46) . . 
decay of U . From this decay scheme, the total decay ene.rgy 

of Am
243 

is 5. 267 + 0. 08.8 + 0. 075 Mev = 5. 430 Mev. Using pur 

. . 243 
energy of 6.151 Mev for the total decay energy of Cm and 0. 718 

Mev for the beta decay energy of Np 239• we find that Cm
243 

is 

.unstable with respe.ct t() Am
243 

by 0. 003 Mev. This is in good 
\ 

agreement with the experimentally observed beta stability of 

Am243(45) and Cm243. (47) 

H. Complex Alpha Spectrum of Pu 
23 9 

Soon after the availability of Pu 239 ~n supratrace.r quantities, 

the alpha activity was found .to be accompanied by gamma radiation 

in low abundance. (48' 49 ) These and later measurements will be 

dis.cussed below whe.n the decay scheme is considered. The 'complex 

alpha spectrum presumed from these data was first obs.erved dir·e.ctly 

by Ros.enblum, Valadares and Goldschmidt(SO) who employed a large 

permanent magnet spectrog,raph. They found the highest energy 

group in highest abundance and a prominent g,roup at 50 kev lower 

energy. The pres.ent study amplifies thes.e results and attempts to 
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explain the gamma ray spe.ctrum which has been reported by 

several sources. 

Fig. 22 shows the alpha spectrum of isotopically pure 

Pu239 .1Sl} The source consisted of 2. 5 micrograms of Pu239 and 

was .exposed for UO hours. AU three of the observed peaks have the 

same width at half =maximum ("' 8 kev} and the abundances as 

indicated were found both by comparing peak heights and by 

integrating the total alpha tracks. 

In another expos.ure for 90 hours the slit system was .changed 

to give higher transmi~sion in order to look for rare alpha groups. 

The peak widths went up to 2:1. kev and o,
0 

and a
13 

were no longer 

clearly resolved. The abundance of u
51 

was found to be 11,·7 percent 

which agrees w:ith 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 group was 

found and the li.mits can be set as follows: from 25 kev above a to 
0 

430 kev there is .rio group greater tlian 0.15 percent abundance; and from 

70 kev below a,
0 

(20 kev below !Ol
51

» to 330 k.ev there is no group in 

greater than 0. 3 percent abundance. The plate from which Fig. 2.2 

was derived was also counted over an extended range and the results 

were substantially the same although th.e l:i.mits of detection were no.t 

so low becaus.e of the fewer total tracks recorded. In addition, as is 

seen in 'Fig. 24 an upper limit of 0.1 percent can be set on the 

abundance of any alpha g,roup from 90 kev below <1
0 

(40 kev below 

1t51» to 190 kev below o,
0

• 1'he source from which Fig. 24 was derived 
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consisted of 4 x 10 
7 

alpha disintegrations per minute. A mass 

analysis of the plutonium-from which the sainple was made is shown 

in Table 15. 

The energy for Pu239 
a. was dete;mined by compari~cm with . . 0 . .· . . .. 

Po 210 for which the alpha particle energy was _taken as 5. 298 Mev. (4 , 5 ) 

239 .. The energy for ;a.
0 

of Pu was found to be 5.150 ± 0. 002 Mev as 

c,ompared with the other spectrograph value, (5 0) 5.14 7, obtained 

using ThC as a s.tandard. 

These spectrograph values are in gpod agreement with 

reported values obtained using ionization chambers, and .rCI.:rtg.e measure

ments. Gra~shaw and Harvey, ~ 5 ~) using a~ionizatio~ c~a~~er with 

a puls.e height analyzer, reported 5.159 (.i' 0. 005) Mev.and Jesse and 

Forstat(53 ) obtained 5.140 ('!' 0. 005) Mev by measuring total 

ionization current. An air range determination by Chamberlain, (S4 ) 

et al. gave 5.15 Mev. 

The energ,ies of the two shorter :range groups were obtained 

from their displacements from the main group usin~ the dispe:rsion 

of the instrument as des.cribed in an earlier section. The differences 

in energy from the main group, a
0

, were 12. 8 ± 0. 7 kev and 

(50) 
49. 7 ± 0. 7 kev. Ros.enblum, Valadares and Goldschmidt resolved 

:a.51 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 sp-acing between energy levels and :rounding off to the 

nearest kilovolt, the level differences become 13 and 51 kev, hence 

'Ul3 and a.5l' 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 

Fig. ?4 Fig. 26 Fig. 27 

1.5 

80.0 57.8 . 30. 39 

4.2 34.2 49.39 

0.5 6.7 13.46 

13. 7 l. 1 6.75 

.aThese data were kindly supplied by F. L •. Reynolds. 

'. 
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1. 239 
Decay scheme of Pu . . -- It will be pointed out that the 

·Pu
239 

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 . 

. ·.A gamma ray of 50. kev was reported early by Ghiorso, (48 ) 

. and this has been abundantly confirmed. Freedman, ~ al. (35 ) found 

conversion electrons of a 53 kev gamma besides observing the 

· garhi:na ray with a proportional counter· and a scintillation spe:ctrometer. 

West and Dawson, 155 • 56 ) using a. proportional counter spectrometer, 

>found a 52. 0 ± 0. 3 kev photon in an .abundance of 7 x· 10-5-per alpha 

particle. Martin{l4 ) in this laboratory has mea~ured this gamma 

ray as 53 ~ 2 kev with a scintillation spectrometer, while two 

laboratories have found conversion electrons corresponding to a 50 

k . . . 'd . h 1 h k . p 239 . t d ev. gamma ray 1n co1nc1 ence w1t a p a trac s 1n u :-rmpregna e 

.emulsions. Albouy and Teillac( 5 ?) found th~ electrons to he present 

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

S~aborg{l6 ) found 12. 5 electrons per 100 alpha particles. It seems 

almost certain that this gamma ray represents the transition between 

the levels reached by 01.
51 

and a.
0 

because of the agreement in· energy 

and .moderate agreement in abundance. Rosenblum and co -workers (5 0) 

. reported a much higher abundance than ours for a.
51

, but their 

resolution would have been rrore difficult. 

West and Dawson(56 ) also found a gamma ray of 38. 5 ± 0. 5 

kev: in aJl abundance of 2/7 of their 52. 0 kev gamma. ·Freedman, 

~~ (3
S) similarly reported a 39 kev gamma ray in an ab'undance 



~92-

<of 2/7 of their 53 kev gamma. In addition, some of the conversion 

lines· attributed by Freedman, ~ al.(
35

) to L
1 

and LII conversion 

of a 53 kev gamma could be due, at least in part, to M conversion 

·of their 39 kev gamma. 

The preceding discussion sho,ws 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 mor·e difficult to explain. There have been 

reported,gamma rays of 3.84 kev, <35 ) 300 kev, <48 ) and 420 ke)49 ) 

in very low abundance and,thes.e could well correspond :to low 
~ 

energy alpha groups in quantity below our level of detection .. In 

addition, Free?-man, e; a1.< 35 ) found gamma rays of 100 and 124 kev, 

and another gamma ray can he deduc~ed from the work by Albouy 

and Teillac <57 ) and by Dunlavey and Seaborg(lb, 5·8 ) who both 

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 ray11 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 

converted because the corr-esponding K x-rays have not been seen in 

' the requisite abundance. West, ~ al.( 59 ) report 101 and 115 kev 

K xa.rays in an intensity of 2 x 10-5 per alpha particle. Dunlavey and 

Seaborg found similar electrons in the energy range 100 't 20 kev in 

0. 5 percent abundance. 

It seems likely that these electrons are L conversion lines 

of ~120 kev gamma rays corresponding to the 124 kev gamma found 
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(35) . 
by Freedman, et al. . H the abundance .of the electron is correct, 

the co.rresponding alpha group should have been s:een. According to 

the da.ta of Fig. 23, an alpha g,roup of lower energy than <i
0 

by 70 kev 

or more would be dete.cted if present in 0. 3 per-cent abundance or 

greater. A still lower limit was obtained according to the data in 

Fig. 24. From 90 kev below t1
0 

to 190 kev there is no alpha g,roup 

g!eater than O.lpercent. The d~s.crepancy between the abundance of 

·the 120 kev transition and the absence of a corresponding alpha group 

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

of Pu239 . 

A possible decay schem; is shown in Fig~ 25 .. The u235 

level populated by the mos.t abundant alpha g,roupof Pu
239 ~ould be 

a metas.table state. A .s.earch is being made for any long -lived 

radiation which might o.ccur from this level.. 

I. 
. 240 241 

Complex Alpha Spectra of Pu and Pu ·. 

This isotope of plutonium is an alpha emitter of 660.0·year 

(60) '239 . 
half -life and is best prepared by neutron capture .by Pl.l. • Its 
. .. . . 239 . 
alpha energy is .known to be very close to that for Pu and had 

no.t been previously resolved for sure. 

A sample containing .5 x 105 disintegrations per minute of 

mixed Pu
239 

and Pu
240 

activities was .expos.ed for 46 hours, and tlte 

spectrum shown in Fig. 26 was registered. The peaks were r·eadily 

assigned to their r·espective isotope.s be.cause the mas.s spectrographic 

analysis shown in Table 15 indicated that Pu
240 

was in abundance 

such .that its alpha_ activity should predominate and the energy 

differ·ences and relative abundances of the thr·ee peaks assigned to 

Pu
239 

were in close agreement with thos.e for Pu2~9 (see Fig. 22). 
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Th f h 0 f Pu240 0 12 + 2 k t e energy o t e ma1n group o 1s . _ · ev grea. er 

than that for Pu
239

. Using our value, 5.150 Mev for the energy of 

h f P 239 h f p 240 . 5 162 M t. e a groupo u • t e energy or u a. group 1s . ev. 
0 0 

S_ince we are fairly certain that the most abundant group of an even-

even_ alpha emitter represents the ground state transition, we may 

. 240 
then calculate the decay energy for Pu as 5. 250 Mev. 

The second alpha group of Pu
240 

is 43. 5 ± 2 kev lower in 

energy than the main group; hence it is designated a 44 signifying 

that it leads to a state -44 kev above the ground state. - Its 

abundance is 24 percent,_ therefore the partial alpha half -lives for 

the two groups, basedon the 6600 year measured half-life are, 

8700 years and 27, ooo· years. 

Th . t p 241 0 e ISO ope U ; lS generally made by neutron irradiation 

239 
of Pu by the reaction: 

239 .. • 240 241 
Pu (n, y )Pu {n, y }Pu · .... 

It is a beta ~mitter with .a 14,_-year half -life. (
6

l) Work done 
-~~ ~ 

pr~vious to this study indicated a partial alpha: :half -life o( about 
5 . 

4 x 10 years and an alp-ha particle energy of 4. 91 Mev as 

measured- with an ion chamb.er. _(6l) 

7 
A sample of 10 alpha disintegrations per minute of mixed 

P 239, 240, 241,. 242 . d f 88 h d h u was expose or . ours an t e spectrum 

shown in Fig. 27 was registered. The :rpass analysis is given in 

Table 15. -The peaks all have a half -thickr.;_ess 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 Pu
240 

with a small contribution 

f P 239 . 1 . rom u as deduced from the mass ana ys1s. The particle . 

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

5.162 Mev as the energy of Pu
249 a.

0
• 

240 
. The three remaining alpha 'groups could be due to Pu or 

Pu
241

. Pu
242 

is ruled out because of half -life considerations. In 

d bl . h d f' . . . h p 240 p 241 or er to esta 1s a e 1n1te ass1gnment to e1t er u or u 

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 Mev are tentatively 

assigned to Pu
241 

and the alpha g;roup at 5. 014 Mev is assigned to 

Pu
240

• This assignment to Pu
240 

is based on the similarity of the 

240 242 
Pu · alpha spectrum to the Cm alpha spectrum. By a comparison 

of peak heights the alpha group at 5. 014 Mev is 0.1 percent of the 

total Pu
240 

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

decay energy than the main group of Pu
240

, it is ,designated a.151" 

241 . 
The two alpha groups assigned to Pu are separated by 

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

25 percent of the groups as signed to Pu 241. 

The Pu
241 

alpha branching ratio may be determined from the 

ratio of the Pu
240 

and Pu
241 

masses, thei~ alpha abundances and 

their half-lives •. From this data an alpha half-life of 3 x 10
5 

years 

is in excellent agreement with the previously reported value of 

4 x 105 years. (6l) 
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1. 
240 241 {35) 

Decay schemes of Pu and Pu . --Freedman, ~t al. 

reported .conversion lines of a 49. 6 kev g;:tmma ray and measured 

the energy of the gamma quantum with a Nai crystal spectrometer 

(59) and a proportional counter as 47 and 48 kev. Wes.t reported a 

45. 0: 0. 2 .kev gamma ray present in the alpha de.cay of either Pu
240 

238 
or Pu . These transitions may correspond to the. transition 

from the excited state in u236 
populated by Pu

240 
n44 to ~he g,round 

;~:tate of u 236 as shown in Fig .. 2.8a. From the ratio of ,L x~rays to 

gamma quanta determined by Freedman, et al., a lovv;er limit of 35 
·. . . . ~- ,· -~.-.' 

can be set on the conversion coefficient of this .transition. The 

actual value of the conversion coefficient would depend.on the L Auger 

. , coefficient and the extent of the absorption of L x-rays before they 
.... : 1 ... '.'' '• 

enter. the active body of the N<ii crystal. No radiatio.n has been 

obs~rved from the level populated by Pu
240 

«llSl" . . .... 
: ·. ~ Ji. } . . ' ' . '. 

Freedman, et al. ::> report 100 kev and 145 ~ev gamma rays 
~- ' ... _, 

.. in Pu241 with abundances, respectively, of 0. 35 and 0. 07 per alpha 
I .t"', •• , 

. ~ ) . . .. 

particle. Be.caus.e of its high abundance, the 100 kev r~diatio~ is 

probably in coincidence with the alpha group at 4. 893 Mev. Freedman 

reported tha.t the half =width of the 100 kev radiation appeared t.o be 
\ . ' .... 

too large for a single gamma r.a y, and .that this widt~ was very 

nearly equal to that expected for uranium x-rays •. If the 100 kev 

transitions are K x-rays due to K conversion of the 145kev gamma 

ray0 the K c·onvers.ion coefficient would be aJ:>out 35/7 = 5 ·(the K Aug,er 

coefficient is assumed to be small). This value of the conver·sion 
' ... 

f21) coefficient may be interpreted from Ros,e 1s tables as corresponding 

to an M
3 

transition. 

A possible decay scheme is shown in Fig. 28b. 
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J. Complex Alpha Spectrum of Pu
242 

Pu
242 

is generally made by the electron capture decay of 

Am 
242 

by the reaction: 

Am
241

(n, y) Am
242 

(16 hr) Am
242 

(100 y) J e. c. 

Pu242 

It is a beta stable alpha emitter with a particle energy of 

4. 88 Me)bl) as determined with an ion chamber previous to this study. 

A sample of 3. 7 x 10 
7 

plutonium alpha dis/min was exposed for 37 

hours. This is the sample whose alpha spectrum is shown in Fig. 24 

and whose mass analysis is shown in Table 15. 

The energy of the alpha group at 4. 89-8 Mev was determined by 

comparison with the Pu 239 a peak on the same plate, The Pu239 a 
0 0 

. • . 240 . 239 . 
peak would be affected by the Pu a

0 
peak and the Pu a

13 
peak. 

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

of the Pu
239 

a was taken as 5.150 Mev. The 4. 898 Mev alpha group 
0 

could not be due to Pu 
239 

as it would have been seen in Fi~. 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 Pu
241

-it should have been seen in Fig. 27 in about 

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

242 
alpha group shown at 4. 898 Mev, therefore, ~ust belong to Pu . 

·A second alpha group 44 kev lower in particle energy than 

Pu
242 

a
0 

was found with an abundance of about 20 percent of all the 

groups assigned to Pu
242 

By similar reasoning to that used above, 

. 240 241 
this alpha group cannot belong to e1ther Pu or Pu . It could, 

239 242 
however, be a low energy alpha group of Pu or Pu . Pending 
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further experiments on pure Pu239, the alpha group at 4. 854 Mev 

is tentatively assigned to Pu
242

• This assignment to Pu
242 

is 

_made because of the similarity to the alpha_ decay characteristics 

of other even=even nuclides as discussed in a later section. 

The half-life of Pu
242 

can be determined from the relative 

t 0 d 1 h . . f p 239 d p 242 . h 1 a om1c masses an a p a achvtty o u an u 1n t e samp e. 

Using a half-life of 24,36.0 years for Pu239 , we find the half-life 

242 5 
of Pu to be 9 x 10 years. This compares with the value of 

5 . (61} 
5 x 10 years found by Thompson, ~ al. 

A decay s.cheme for Pu
242 

is shown in Fig. 2.8c. 

K. 238 
Complex Alpha Spectrum of Pu 

P 
238 . 0 1 d b. olk' . t c 242 

u 1s most eas1 y prepare y m1 1ng 1ts paren , m • 

It has a half=l:i.fe of 8~. 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. 4 7(63 ) and 5. 51 Mev. <54
"> 

A sample of 7 x 10 
7 

alpha disintegrations per minute of Pu
238 

was exposed in the spectrograph for 114 hours. Its spectrum is not 

shown. ·The sample mentioned before in connection with Pu
242 

(see 

Fig. 24) contained a large amount of Pu
238 

alpha activity. The 

t f P 238 h 0 • 24 ' . d . h spec rum o u s own 1n Flg. was 1n goo agreement w1t 
- - - -- . - 238 

respect to energy separation and relative abundances with -the Pu 

spectrum which is not shown. 

Since the masses of Pu239, Pu
240, and Pu

242 
varied by over 

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

. t f th t p 238 . 0 

• asstgnmen o • e groups _ o u 1s posthve. 

The most energetic alpha group has an abundance of 76 percent 

238 . . 238 
of the total Pu alpha emission and will be destgnated a of Pu • 

0 



·-105-

The:alpha particle energy of a. was determined by comparison with 
0 

the main alpha .group of Pu
239 

as shown·.in Fig. 24. The energy of 

239 
the Pu group was taken as 5.15.0 Mev giving .an energy of 

5. 497 Mev for Pu23·8 . 

Another energy determination was made by exposing an old 

sample of 10
8 

alpha disintegrations per minute of Cm
242

. The two 

intense Pu
238 

peaks were easily detectable, 

Pu
23

B n was measured as 5. 492 Mev. The 

and the energy of the 

0 . 
f C 

242 
energy o m o. 

. 0 

was taken as 6.110 Mev. With an averaged particle energy of 

5. 495 Mev, the resulting decay energy of Pu.238 
is .5. 589 Mev . 

. A s.econd alpha group 42 kev lower in particle energy than 

Pu23~8 .a.
0 

has an abundance of 24 percent of the total Pu238 alpha 

emission. Adding a correction of 0. 7 kev to the particle energy 

s:eparation 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 

.of Pu
23

·
8

. 

The third alpha group is 144 kev lower in particle energy 

than the main g;roup and has an abundance of 0.15 per·cent of the total 

P 
2 38 1 ha 0 

• f k h . h 0 u a p . em1s ston · rom pea e1g t compar1s.ons. Adding .a 

correction for nuclear recoil, the decay energy s.eparation becomes 

146 kev and the aipha group is designated Pu
23B o.146. 

L. Gamma Rays of Pu
238 

The sample of Pu23·
8 

whos:e alpha spectrum is not .shown was 

gamma analyzed, and gamma rays of 17, 44, ~01 and 149 kev were 

observed as shown in Fig. 29. The re·spective 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 crys.tal counting efficiency 

··with energy. . The effect is expected to he sm'a!L The abundance of 

. . . ' . ' ' -4 .~ ·. ' 
the' 44 kev gamma quar'1ta was measur·ed as 3. 8 x 10 · per alpha 

particle.'. The geometr'y of the alpha analyzing system was determined 

' 241 
with Am by assuming the 60 kev gamma ray had an,abundance of 

40 percent{o} per ~241 alpha particle. 

The energy of the 44 kev gamma was .the averag,e of two 

val11es, 42 and 45 kev1 and the abundance per alpha particle was .the 

result of one measurement. 

The energy of the 101 kev gamma was the average of five 
. ~-~ ; 

values which ranged from 96 :to 108 kev. The abundance of this 

gamma ray with respect to the 44 kev gamma was .the average of two 
. . 
measurements, 24 percent and 30 percent. 

The energy of the 149 kev gamma was the average of four 

measurements ranging from 145 to 1!57 kev. The abundance with 

respect to the 101 kev gamma fl.2 percent) was .the average of three 
. ' J \ ' ' 

measurements wh.:kh ranged from 12 to 13 p.ercent. 

The 17 kev radiation. is probably due to L x -rays. Rcidiation 
:r·' 

of this energy is so strongly abs.orbed in the counting ,system that 

no accurate intensity can be determined. 

1. Decay scheme o_!. P:u238. -~ Prior to this study, Reed<
64» 

found L x=rays, a 42. 6 kev gamma, and a possible 166 kev ·gamma 
(lF::) ' ' ' . 

by absorption rneasurements. QiKelley ::> found electrons 

corresponding to a 45 kev gamm.a ray and a possible 48 kev gamma 
. . ·. . . i6 ' ' 

ray. Coincident with this s,tu.dy. Dunlavey and Seaborg( ) found 

conversion electrons corresponding to a 40 kev gamma .ray in 
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coincidence with 23 t 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 s.tate in u 234 
populated by a.

43 
of Pu

238 
and the ground state. 

The conversion coefficient of this .. transition from our data 

w:ould be: 

o. 24 "' 0. 00038 
0 4 

3. 8 X 10 

2 = 6. 4 X 10 a 

If the ~arne M/L ratio is taken as that us:ed for cm:242
, (l

6
) 

the L conversion coefficient would be 5.3 xl0
2

. From Gellman's 

_tables (22 ) one would expect conversion coefficients of 1, 6 x 10, 

and 6 x 10
2

, r·espectively, for E 1, M
1 

and E
2 

transitions. Because 

of the excellent agreement with the E
2 

transition, a likely spin 

assignment for the first excited state is 2 even parity. 

The observed 101 kev gamma is in gp.od agreement with the 

transition from the level in u234 
populated by 0.146 to ,the level 

populated by a.43 • Assuming that all of this gamma ray is caused 

by the transition between these two levels, and .tha,t no other decay 

takes place from the 146 kev level, we find a conversion coefficient of: 

. . . ·-3-
(1. 5 - 0.1) X 10 

. -4 
l.OxlO 

= 14. 

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

larger than for the Gm 
242 

44 kev transition. {l6 ) Therefore, the L 

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

From Gellman's tables, (
22

) the theoretical conversion coefficients 

for El' M
1 

and E 2 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 M
1 

or an E
2 

transition. 

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

rays the K conversion coefficient would he 27/3. 3 = 8. From 

Rose's table~ 2l) of theoretical K conversion coefficients, this 

would corre·spond to an M
1 

transition or an electric trans.ition >5. 

The latter ·cas.e is opviously an impos.sibility from lifetime 

considerations. T_he, M1 transition could not represent a transition 

from the level in u234 
populated by :a.146 of Pu23

,8 since, as s,tated 

previously, all transition.s .in even-even nuclei to the ground state 

from levels populated by alpha decaf must oe electric transitions. 

There is not suffic·~ent experimental evidence to determine 

with certainty the place of the 101, kev radiation (or the 149 kev 

radiation) in the Pu
23

,8 decay s.cheme. Because of empirical 

correlations to he ·dis,cuss.ed 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 u 234 
as 

shown in Fig. 3.0. 

M. 234 
Complex Alpha Spectrum of U 

u234 
can be obtained frum natural uranium ores. Before a 

sample suitable for the spectrograph can be obtained, the u 234 
must 

be separated from the relatively large amount of u 23
,8 mass. After 

· f u 234 f f u23·8 b · d 1 f b a quantlty o · ree rom . · was o ta1ne , a .samp e o a out 

8 tJ.g was prepared for the spectrograph by vacuum sublimation and 
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and was exposed in the spectrograph for 19 hours. 

Twb alpha 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 a.
0

; comprised 

234 74 percent of the observed U alpha emission. The second group, 

234 
designated a.

50
, comprised 26 percent of the observed U alpha 

emission. 

N. 
. 234 

Gamma Rays of U 

· . The gamma spectrum of a large sa1Tlple of u234 
was measured 

.· with the si.ngle -channel gamma analyz.er and radiation~ of 18,. 53, 90 

and 120 kev were observed. The uncorrected relative intensities of 

the 53, '90 and 120 kev radiations were 4. 5:1:2.1, respectively. 

The escape peak of the !20 kev radiation would be ~t 87 kev 

arid would comprise a part or all of the 90 kev radia:ti~n~ 0 .1he ratio 

of'the intensities of the 120 kev gamma and its escape peak was 

assurhed to be the same as for the Am241 60 kev ga~ma ray and its 

escape peak. The resulting relative intensities after subtraction of 

:escape peaks for the 53, 90 and 120 kev radiations were 7:1:3. S. 
Unfortunately, there was a considerable amount of absorber 

' 234 .· 
between the U and the Na! detector. If one assumes that the 

relatively small aniount of plutonium L x-rays observed (18 percent 

of 53 kev gamma ray) is due to absorption of the L x-rays before 

striking the Na! crystal, the absorber is equivalent to nearly 2 g of 

aluminum. Upon correction of all the intensities on the basis of this 

.quantity of aluminum abs.orber, the relative intensities of the 53, 90 

and lZO kev radiations become 15:1:3. 4 . 

• 
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Macklin and Knight{ 65 ) observed with a Geiger counter L x~rays 
234 

of thorium in the alpha decay of U . . Scharff -Goldhaber and 

McKeoun(66 ) verified these result~ with a proportional counter. 

Using a more intense source, Scharff-Goldhaber<67) found gamma 

rays of 50 and 117 kev with aNa! scintillation counter. Bell, et al. (6 S) .-........_ 

found gamma· rays of 17 ± 2, 53 ± 2, 93 ± 2. 5, and ll8 ± 2 kev with 

a scintillation counter. The relative intensities of the 53, . 93 and 

US kev radiation were 1. 0, O.ll-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 

po not agree very well, but this .measurement is more difficult than 

the energy determinations. If the 90 kev radiation represents the 

K.conversion of the 120 ~ev gamma ray, the K conversion coefficient 

would be 0. 3 from this study and 0. 26 -+ 0. 74 from the work of 

Bell, et al. From Rose's table~ (2l) of theoretical K conversion --
coefficients, the values for El' E 2 , E

3 
and E 4 multipole orders are 

0. 2, 0. 4, 0. 7 and 2, respectively. For an M 1 transition the K 

conversion coefficient would be nearly 10. Therefore, the 120 kev 

gamma mus.t represent an E 1, E
2 

or E
3 

transition regardless of the 

source of the 90 kev radiation. 

L conversion of the 120 kev gamma should give electrons of 

about 100 kev energy. The possibility exists that these electrons 

. (68) 
may correspond to those found by Teillac and reported as about 

"the order of 75 kev, 11 in an intensity of '"1 percent of the u234 alpha 

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. 

Dunlavey and SeaborgU6) reported electrons of 30 and 45 kev 

corresponding to Land M conversion of a 50 kev gamma ray in 

coincidence with 25 percent of the alpha particles. 
llJ8")' Prohaska U' ' 

found 40 kev electrons in coincidence with 17 percent bf the alpha 

. particles. 

1 234 ' . 0 k . Decay scheme of U • --The gamma rays of about 5 ev 

probably correspond to the transition between the two levels in. 

230 
Th populated by alpha decay, A possible decay scheme is 

shown in Fig. 32a. 

0. 233 
Complex Alpha ·Spectrum of U 

u 233 
can be obtained from neutron bombardment of Th

232 

followed by two successive beta d'ecays. 
233 . 

A sample of U adequate 

for the spectrogr~ph was prepared by sublimation and exposed for 

94 hours. The spectrum is shown in Fig. 31. Three alpha groups 

were observed with abundances if 83, 15 and 2 percent. _The group 

comprising 83 percent was the most energetic and is designated a . 
0 

The group of 15 percent abundance is 42 kev lower in decay energy 

than a
0 

and is designated a 42 • The group of 2 percent is 96 kev 

lower in decay energy than a
0 

and is designated a
96

. 

233 (59) 
1. Decay s.cheme of U . --West,~ al. report L x-rays 

of thorium and gamma rays of 42. 8 ± 0. 3 and 56.1 "':. 0. 4 kev in 

. 2 . -4 -4 
intensities of {4 ± 1) x 10- , 5 x 10 , and 1 x 10 per alpha particle, 

'. 

and Bisg~rd(69 ) found conversion electrons corresponding to 
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gamma rays of about 43 and 56 kev in coincidence with u233 alpha 

particles. 
(58) . 

Dunlavey found electrons corresponding to a 40 kev 

gamma in coincidence with 9 percent of the alpha particles and 

StudierPO} observed a gamma ray of 40 kev and conversion electrons ' 

corresponding to this g.amma ray·. Martin(
14» observed a 39 kev 

gamma ray in an intensity of 1 percent of the L x-rays. Prohaska{3B) 

found a gamma ray of 39 kev in coincidence with 0. 2 percent ofthe 

alpha particles. The 43 kev transition probably takes place between 

the level populated by a 42 and a.
0 

and the 56 kev transition probably 

takes place between the levels populated by a.
96 

and a 42 . 

Studier(7 0» found gamma rays of 80 kev and corresponding 

conversion electrons. Martin(l4 } found an 85 kev radiation in an 

intensity of 1 percent of the L. x-rays. Dunlavey{5 B) found ele.ctrons 

corresponding to a 90 kev g.amma in coincidence with 0. 4 percent of 

the alpha particles a~d Bisg~rd~69 ) found electrons corresponding 

to a 99 kev gamma in coincidence with the alpha particles. Prohaska PB» 

found a gamma ray of 88 kev. This ,80-100 kev radiation may 

correspond to the transition betw~en the levels populated by a 96 and 

In dd. o • · • 0 PO) f 1 M a 1hon, Stud1er ound a 0. 3 ev gamma ray in an 

abundance of 0.1 percent. The decay s.cheme is shown in Fig. 32b. 

P. 232 
Complex Alpha Spectrum of U 

232 . 230 
U can be prepared by neutron bombardment of Th 

by the reaction: 
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u232 

1' ~l ... 
p .231~ ) p' 232 

f~- n,~ a 

Th 230 ~n, 'Y ~ Th 231 

A sample of 10
5 

alpha disinteg;rations per minute of .• u232 

~as prepar~d by vacuu~ sublimation and ~xposed for 46 h~u~s. 

Two alpha groups s.eparated by 57 kevin alpha particle energy were 

observed. The most energetic group had an abunda11ce of 
'' ' ' ' 232. .. ' ' ' ·, ' ' ' ' . 

69 percent of the total U alpha particles and was designated n
0

• 
. . ~ 

The other alpha group ~as 58 kev lower in decay energy and was 
' 232 '. .. 

designated a.58• It qonstituted 31 percent ef the U alpha emission. 
. ·. 8 232 •' ' '. ,·' ,· 

Another sample of 3 x 10 c/m o£ U was prepared by 
... 

va.c\~um subii:mation and exposed in the spectrograph for 14 hours. 

An additional alpha group was observed 189 kev lower in 

decay energy than a. and in an abundance of 0. 3 percent of the total 
0 

u232 alpha emiss"ion .... It is designated n
189

• 

' 232 
The alpha partiCle energy of U was determined by 

228 ' . • ' ' . 232 
comparison with its Th · daughter. The energy of o.

0 
of U was 

5. 318 Mev. Only one alpha group of Th
22

·8 was observed. We 

' 228 
assumed this group was n of Th · • 

0 
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Q. Complex Alpha Spectra of u
230

, Th 
226 

and Ra
222 

230 
U can be prepared by the reaction: 

Th
226 

and Ra
222 

are formed by succeeding alpha decay processes of 

0 23o. 

. ·. 230 
A sublimed sample of U was exposed in the spectrograph 

for lll hours and the resulting spectrum is shown in Fig. 33. The 

most intense alpha groups in nearly equivalent abundance were 

identified by comparing their energy separations with those 

determined by other workers from ion chamber measurements. The 

smaller intensity groups were assumed to belong to the isotope whose 

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

230 
U has two alpha groups separated by 71 kev in decay 

energy. The most energetic group comprises 77 percent of the 
' ' ·~ 

t t 1 U
230 1 h · · d · d · d f u 230 Th 1 o a a p a em1ss1on an 1s es1gnate a. o . e ower 

0 . ; 

energy group comprising 23 percent* of the u·230 ' alpha .emission is 
• 

designated a. 71 . An earlier measurement was made by comparing the 

differences between the extrapolated edges, and the resulting alpha 

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

* Later results indicate this value may be "'35 percent. The 

listed measurement was made with u 230 a. 71 at the extreme edge 

and partially off of the photographic plate. 
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The main group of Th
226 

WC+S 456 kev higher in particle 

energy than a.
0 

of u 230 
and cornprisE1s 78 percent of the total 

Th
226 

alpha · · Th' · d · d f Th226 
ern1SS1on. 1s group 1s es1gnate a.

0 
o . 

A second grrup 110 kev lower in decay energy than a. comprises 
0 

22 percent of the total alpha ernis sion and is des.ignated a.
110 

of 

Th 
226

• An earlier measurement using the difference in 

extrapolated high energy edges resulted in a difference of 117 kev 

betwe.en the decay energies of the Th
226 

alpha groups. 

222 The only observed alpha group of Ra was found 681 kev 

h . h · h f u23° F 1 · d · 1g er 1n energy t an a. o . rom corre ahons rna e 1n a 
0 

later section, the second alpha group of Ra 
222 

is expected to be at 

about the same energy as a.
110 

of Th226 but in much lower intensity. 

. 230 226 224 ' 
The energ1es of U • Th and Ra were measured by 

another worker(7l) with an ion chamber as 5. 85, 6. 30 and 6. 51 Mev, 

. 226 222 
respectively. The energy separations of Th and Ra from 

u 230 ar~ 0. 45 and 0. 66 Mev·, in excellent agreement with our 

results. 

228 224 
R. Complex Alpha Spectra of Th and Ra 

· Th228 (RdTh) is an alpha emitter of 1. 9 year half =life •. (72 ) 

I 228 
It can be obtained as a daughter product of Ra by two successive 

beta emissions. The source of Ra 228 (MsThi) is natural thorium ores. 

224 . 228 
Ra (ThX) 1s formed by the· alpha decay of Th and has a 

3. 64 day half-life. (72 ) 

A 67 me source of Ra 228 was obtained from the Rare Minerals 

and Metals Company, Inc., dissolved in 0. 6 N HN03 and placed on 

a Dowex 50 ion exchange column. Radium and thorium would both 



adhere to the .column under these conditions. Then 4 N HN0
3 

was 

passed through the column and most of the radium and actinium 

would have passed through the column leaving the thorium stuck 

on the res,in. About 1 #i'c of the thorium was removed from the 

resin with 1 ml of 16 N HN0
3

, evaporated to a few microliters and 

vaporiz.ed from a tungsten filament onto a platinum plate. The sample 

was exposed for 19 hours in the spectrograph and the alpha spectrum is 

shown in Fig. 34. 

The main group of Ra 224 was chosen as an energy standard 

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

energy of a
0 

of Ra
224 

is .taken as 5. 681 Mev, the main group of Th
228 

has an energy of 5. 421 Mev. This group is designated a of Th
228 

. 0 

and has an abundance of 71 percent of the total Th
228 

alpha emission. 

This is in ex~_ellent agreement with the value reported by Ros.enblum, (
73

) 

5. 423 Mev. The s·econd alpha group of Th
228 

is 84.3 kev.lower in 

alpha dec~y energy than a
0 

of Th
228 

and is therefore designated a 84 • 

Its particle energy was measured as 5. 338 Mev inexact agreement 

' (73) 
with the value r:eported by Rosenblum. The abundance of a.84 of 

Th228 was measured as 28 :percent of the total Th
228 

alpha emission 

. . (73) 
in exact agreement with the value reported by Rosenblum. 

The group at 5. 445 Mev is in good agreement with a group at 

5. 448 Mev, which Rosenblum( 74 ) has attributed to Ra
224

. We have 

not determined the int~nsity of this group accurately as yet, but it 

appears to be in reasonable agreement with Rosenblum's(
74

) value 

of 4. 6 percen\. Since this group is separated by 240 kev in decay 

energy from a
0 

of Ra
224 

it is designated a 240 of Ra
224

. 
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The groups .at 52 08 and 5.173 Mev could have belonged to 

· h Th228 R 224 In d d 'd b " h l'd e1t er or " a • or er to ec1 e" etween t "ese nuc 1 es, 

th 1 f . d Th228 d R 224 . . . d "ano er samp e o m1xe " an a act1v1tles was prepare • 

This sample contained 5 x 10 
7 

alpha disintegrations per minute and 

was exposed in the spectrograph for 64 hours. The peak height of 

f R 224 h h" h h . a.24Q" o a was t e same on t lS expos:ure as ort t e run s own 1n 

Fig. 34. The peak height of a.~H of Th
228 

was one ~fifth its peak 

height in the run shown in Fig. 34 and the maximurrr_peak height of 

any peaks in the region of 5. 208 and 5.173 Mev were one ~fourth and 

one -third, respectively, of the values shown in Fig. 34. Therefore, 

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

; . . 228 
emitted by Th · • 

The alpha g,roup at 5. 208 Mev is separated by 217 kevin decay 
~ I . . " 228 
energy from a.

0 
of Th · and is designated a.21T It comprises 

"~. 45 perc~nt of the Th228 
alpha ex:nission. The 5.173 Mev group is 

,, 

253 kev in decay energy from a.
0 

of Th
228 

and is designated a. 253 . 

It · 0 22 f h Th228 alpha · · compr1ses • percent o t e " em1ss1on. 

" (74) "" 224 . 
Rosenblum reported an alpha group of Ra at 5.194 Mev 

and 0. 4 percent abundarX:e. In Fig. 34 there is no alpha group seen 

at 5.194 Mev greater than 0.1 percent of the Ra
224 

alpha .emission. 

Another exposure was made with the sample whose spectrum 

is shown in Fig. 34 at a different magnetic field setting, and no alpha 

group was .observed from 5.145 Mev to 4. 797 Mev greater than 

0. 04 percent of the Th228 alpha emission and 0. 08 percent of the Ra
224 

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

" " . 228 226 "" (75) 
4 percent abundance relahve to Th to Ra (energy = 4. 777 Mev), " 

. . " . 226 " 
since MsThi always contains some Ra and the Th~Ra chemical 
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purification was not very successful. 

A group at 5. 297 Mev was also observed in the ·sample whose 

spectrum is shown in Fig. 34, but pendiiig further experiments, this 

group is assumed to be Po 210 (energy·= 5·. 298 Mev). (4 ) 

S. Gamma Rays of Th
228 

In order to make a positive identification of the gamma rays 

of Th
228

, a quick and quantitative procedure was needed for the 

separation of Th228 from its daughter pl"oducts. The thorium was 

placed on a Dowex 50 resin column, heatedto 87° C with tri~hloro-

ethylene, in dilute nitric acid, and the radium removed w'ith 

4 N HN0
3

. The thorium was stripped off the column rapidly with 

a one to one volume ratio of lactic acid at a pH 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 10
6 

alpha dis/min. 

Th~ gamma analysis showed four gamma rays due to Th
228 

The energies determined with Am
241 

60 kev and u 235 
184 kev 

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

run concurrently with the Th228, the energies were S'l\Sceptible to 

sHght shifts in photomultiplier voltage. In practice it has been found 

that these shifts amount to less than one channel or 8 ke:v in this case. 

Assuming that one 60 kev Am
241 

gamma ray is associated with 

40 pe.rcent of the Am
241 alpha emission, we found the uncorrected 

respective abundances of the 89, 13 7, 169 and 212 kev gamma rays to 

be 1. 6, 0. 27, 0.12 and 0. 22 percent of the Th
228 

alpha emissi~n. 

After corre.ctions for counting efficiency were applied, the respective 
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intensities were 1. 6, 0. 27, . 0.14 and 0. 32 pE;!rcent. 

The escp.pe peak of the 212 kev radiation was counted as part 

of the 169 kev radiq,tion, and the escape peak of the 169 kev. 

radiation was .counted as pa.rt of the 137 kev radiation.. The escape 

peak of the .8,9 kev radiation comprises 16 percent of the abundance 

of the peaks. Assuming this .. ratio applie~: to all of the peaks; the 

final intensities for the 89, 137, 169 and 212 kev radiations were 

1. 6, 0 .• 25,' 0. 09 and o •. 32 percent. 

The a~sign~ent of these gamma rays, to Th
228 

se,e.rns. certain 

sine~ the ratE! at which the 238. 6 kev gamm~ ray of Pb
212 

grew in 

, corres.ponded to a· complete s.eparation of thpriurn ~rom ra,dium .and 

lead on the ion exchange columns. Since the gamma ra,ys .of Bi212 

were also obs.erved g,~owing in at their presc.ribed en~rgies, the 

separation of thorium from bismuth was also effectivle • 

. Alth~ugh it had been supposed fo.r some time ~hat Th.228 

'?ontained .two gamll)a rays between 80 and 90 kev, re,cc;:mt 

. experiments justify the ~onclusion that only one 83 or 84 kev gamma 

ray e.xists. Rosenblum( 76 } has reported six conversion lines· , 
' ·' . . 

corre~ponding to an 84.3 kev gamma ray, .and Riou(7 7 } has found 

. 228 
tha~ only a gamma ray of 83.3 kev belongs to Th · , the other gamma 

~a:y: of 86. 8 kev belonging to one of the daughter .pr'oducts ~ 

The abundance of the 83 kev gamma ray has heEim · 

determined as 2.lpez"cent by absorption measurements. (78 ) Ou;r 

gamma ray of .89 kev undoubtedly corresponds to the garnma rays 

mentioned above, the difference in energy being .within ou~ experimental 

error. 



-126-

228 1. Decay scheme of Th • --The gamma ray listed by 

the workers mentioned above as 83 and 84 kev and measured by us 

as 89 ke:v very probably corresponds to the transition from the 

levels in Ra 
224 

populated by a
84 

of Th 228 t'o the ground state. 

· The conversion coefficient determined from our work is 17 ± 2. Other 

workers by absorption methods have found values of 12(79 ) and 

;;:::10. (78 ) The theoretical L conversion coefficients for El' E
2 

and 

M1 radiation are 0. 07 - 0. 25, 9 - 35, and 5 - 12, respectively . 

. From our data the mu~tipole order of the transition would be E 2 in 

agreement with the conclusions by RosenblumP 6 ) from comparisons 

of the conver·sions in the various L shells. The spin of the 84 kev 

level would therefore be 2 even parity. 

Th 2. 12 f h . R 224 1 t d e gamma ray must drop rom t e stiite 1n a popu a e 

by a 217 of Th 
228

, since that is the only state' populated by sufficient 

alpha particles to account for the 0. 32 percent 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 

ground state. H no other radiation took place from this state and if it 

were populated by only a 217 of Th
228

, the conversion coefficient would 

be 0. 29. The ~urn of the theoretical K{ 2l) and L( 22 ) conversi·o-;,_ . 

coefficients for E
1
, E

2 
and M

2 
radiation would be 0. 08, 0. 5, and 2. 8, 

respectively. The closest agreement would be with the E
2 

radiation. 

The 13 7 kev gamma ray, however,· probably also descends £;rom the 

217 kev level. Frorn its energy and abundance it could descend 

only from the 253 or 217 kev levels. Since an ap~reciable 

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 

giimma 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 small. The difference between 0. 45 percent 

and 0. 57 pe.rcent may be due to experimental error. The 212 and 

137 kev transitions are ther~fore E 1 and ~the .217 kev level has a .spin 

of 1 odd parity. 

The energy of the 169 ke:v gamma ray agrees exactly to the 

separation between the levels in Ra
224 

populated by Q.
253 

and a 84• 

The conversion coefficient for this radiation would be 1. 4. The s:Um 

of K(2l) and L( 22 ) theoretical conversion coefficients for E
1
, E

2 
and 

M
2 

radiation would be 0.1, 1.1, and 4. 7. The radiation, therefore, 

is E
2 

and thespin of the 253 kev level is 0, 2 or 4 even parity. 

A decay scheme is shown in Fig. 35a. 

2. 224 ~80) Decay scheme of Ra . ~- RosenblUJm has measured 

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

the transition between the Em
220 

level.p9pulated by a.
240 

of Ra
224 

and the ground s.tate. A decay scheme is s.hown in Fig. 35b. 

T. 223 
Complex Alpha Spectrum of Ra 

Ra 
223 

can be obtained from natural uranium by removing 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 placing the activity on a cold Dowex 50 ion exchange 
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I 
4 

5.421 
71% 

MU-5249 

F . 35 ) Th228 
1g. • a decay scheme, 

'224 . 
b) Ra decay scheme, 
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1 d h 1 . . h H 0 h. R ·2 26 . f h co umn art t en e utmg w1t 2 N N 
3

• T e a comes o f t e 

column before the actinium. 

A sample of about 2 X 108 alpha dis/min of Ra 223 was . 

-exposed in the spe:etrograph. Because :the half ,;,.life of the emanation 

gas is too sho:r:t 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 plate·s had. a tremendous number oi 

:. ,·random tracks. By a tedious job of alpha track counting a number of 

·alpha groups were resolved. Five groups were observed 'whose 

respe<;:tiv~ particle energy separationsl~ the highest energy group 

ar~ 0 kev (11 percent}, 31 kev (53 percent), -140 ·kev (Z5 percent}, 

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

favorably with the work of Rosenblum (8l} who found 0 ·kev (9 percent~, 

·' 2h kev {53 percent); .134 kev (24 percent),. 202 kev (9 p:ercent}, 

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

reported an alpha group at 5. 860 Mev in weak intensity. · 

:. No attempt was made .to measure the alpha particle energies. 

In an earlier report the ene·rgies were listed using an accepted 

value of 5. 719 Mev<82) for the -most intense alpha group. Since that 

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

c.hanged to 5. 704 Mev. {81) 

u. . . ·• ·. '22h 
Complex Alpha Spectrum of Ra 

Ra 
22

·
6 

can be obtained in larg~ quantities from natural uranium 

ores. It is analpha emitter with a 1622 year half-life. <83 } 

That Ra
226 

has corilplex struct'ure could be inferred from the 

early measurement of a:-.•.188-kev gamma ray of Hahn and Meitner. ~ 84 } 



;..130-

This gamma ray was shown to be·partially converted(SS) and the 

gamma ray energy determined as 186 kev by spectrographic 

measurement of the conversion electrons. (S6 ) 

.The alpha particle group for the transition to this excited 

state was observed with an alpha ray spectrograph by Rosenblum and 

co~workers, (S?) who reported its abundance as .. 6. 5 percent. The 

abundance was. confirmed as 6. 5 percent in another measurement by 

Bastin-Scoffier. (SS) Using an ionization chamber coupled to a pulse~ 

height analyzer, members of this laboratory(S9 ) 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(S?, SS) 

found some evidence for a weak group of 600 kev lower energy than 

the main group. 

The source employed in the present measurement consisted 

f 14 . . f 226 hl . ' bl' d . o m1crograms o Ra as .radium c oride su 1me 1n vacuum 

onto a 1/8 x 1 in. band on a platinum plate. 

The solid curve of Fig. 36 shows the results of a 21-hqur 

exposure for the alpha particle spectrum in the range· "'4. 5-4. 8 Mev 

with the ordinate showing the number of alpha tracks in each 1/4 mm 

wide (one field of view of the mic-roscope) scan across the receiver 

photographic plate. Because of the disparity in track counts for the 

" two peaks, the ordinate scales have been made tenfold different. 

Because of source thickness,. the half-width of the peaks are about 

28 kev, as pompared with 5-8 kev obtained with other sources in this 

instrum.ent under best conditions. Nevertheless, the resolution of 

the two peaks in Fig. 36 is complete, and the abundances of the alpha 
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groups (5. 5 p-ercent± 0. 2 for the low energy group) should be 

reliable within the indicated limits .of error. 

The abundances (Fig. 36~ were determined by counting all of 

the tracks in the low energy peak (almost 26, 000) and thos.e 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 becaus.e 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 because 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 samples .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 shall adopt is 

5. 7 ± 0. 3 percent, which is the ave.rage .of the four meas.urements 

and the limit of erro.r encompasses all of them. 

In order to illustrate the resolution attainable with thinner 

s.ources, an analysis of the main peak was made with a· source 

. t• f 1 0 3 . R 226 Th k . h "th cons1s 1ng o on y . :m1crogr·am a . e pea 1s s own Wl 

a broken line in Fig. 36 and the width at half -maximum is only 6 kev 

as compared with 26 kev for the thicker source. In this particular 

measurement the magnetic field was such that the low energy group 

did not register on the photographic plate. 

As mentioned, a weak group of about 600 kev lower energy 

than the ground state transition has been reported, and its abundance 

was given in th.e 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·esent. 

As .seen in Fig. 37, the inability to dis.ting:uish groups in 

lower abundance than 0. 1 percent so dis.tant from the main groups 

is .due to an extensive and nearly constant tailing on the low energy 

side of th~ peaks. . This phenomenon is as yet unexplained. 

Incidentally, the integrated number of alpha-tracks over this wide 

range is considerable, but by the same token they must come 

proportionally from both alpha groups so that the ratio of abundances 

of the two g;roups is not affe.cted. Since the limitation of discrimination 

of an alpha group in this region is not a g;r.eat deal lower than the 

reported intensity of the peak (1600, a definite disagreement cannot 

be suggested •. HoweveJ", A. Ghiorso in this laboratory has made a 

careful examination of Ra 
226 

with an alpha particle pulse analyz.er 

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 Ra 
22

·
6 

was measured as 4. 775 Mev, 
0 

using Po
210 

(5. 298 Mev) as a s.tandard. This and the 4. 776 Mev 

1 bt 0 d . th 0 t Th22·8 0 11 t va ue o a1ne 1n e exper1men s on . are 1n exce en 

agreement with the energy g~ven by Bastin~S.coffier (75 ) as 

4. 777 Mev. 
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212 
Complex Alpha Spectrum of Fr 

Francium 212 can be prepared as a thorium spallation 

product. It has a hal£ -life of 19. 3 minutes ~ 9 0) and 56 percent 

of the decay goes by electron capture to Ern
212 

and 44 percent by 

alpha emission. ~90 ) 
212 A sample of Fr · adequate for the spectrograph was 

prepared by vacuum sublimation from a tungsten filament. The 

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

212 212 . 
of the Fr and Ern alpha spectra 1s shown in Fig. 38 • 

. The energy determinations were made using the Ern
212 

{6;. 262 Mev) group as .a standard. The group picked as Em
212 

was chosen on the basis of its intensity. Further measurements 

have been made on the decay rate of the various peaks but the 

results have not been evaluated. 

212 
The most energetic group of Fr is at 6. 408 Mev. Its 

b d . b t 37 f h- F 212 1 h- · · a un ance 1s a ou percent o t e r a p a em1ss1on. This 

g:roup is designated o.
0 

• 
. ; 

A se.cond alpha group is 22 kev lower in particle energy 

than a.
0 

and is designated o. 22• Its alpha particle energy is 6. 386 Mev 

and its abundance is 39 percent. 

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

a.
0 

and is designated ca.
71

• Its alpha particle energy is 6.339 Mev 

and its abundance is 24 percent. 
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w. 208 210 211 212 
Complex Alpha Spectra of Em . - ' ' ' 

, T}le light emanation isotopes can be p:r~pared by bombarding 

h . · h 340 M. (91) 208 E 210 E 211 d t or,1um w1t _ e,v protons. En;1 _ . , _ :r:n . , m an 

Em212 have half=lives of23 minut_est:~ 9.2 ) 2. 7 hours, (93 ) 

16 hours, ~ 93 ) and 23 minutes, (93 ) resp.ectively.: 

7 
.A sample 5 xlO alpha c/m was prepared on a 0. 0125 in. 

-~h:romel wire by a glow_ discharge method. (9l) 

Five separate exposures of 15 minutes each were made from 

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

The energies of the groups were determined using as a stanqard 

211 208 
At (5p 862 Mev). The alpha particle energy of Em was 

6.138 Mev. This compares with the ion chamber value of 

6 + (91) .14 __ o. 02 Mev. 
. . 

·, - ' l 210 
The alpha particle energy of Em was 6. 036 Mev. This 

' ' . ' ' '.: ' 93 
compares with the ion chamber value of 6. 02 t 0. 02 Mev. { ) 

The most energetic alpha group of Em 
211 

had a particle 

energy of 5. 847 Mev and an abundance of 33 percent. A s.econd alpha 

' ' 211 
group of Em had an energy of 5. 778 Mev and is designated a.70 . 

Its abundance is 67 percent. 

The ~lpha particle energy of Em 
212 

was 6. 262 Mev. This 

compares with ion chamber measurements of 6. 23 ± 0. 02 Mev. (93 } 

All of the above measurements were made by determining 

peak separations from extrapolation of the high energy edges down 

to the background. 
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X. Alpha -Gamma Coincidences of Em 211 

Alpha-gamma coincidence measurements were made on 

Em Zlf with the single -channel analyzer described in an earlier 

section. A gamma ray of 72 kev was found to be ih coincidence with 

alpha particles in the Em
211 

sample. By observing the decay of the 
,-

. · · d k · d ·. ·d h. h A·t 211 d p 211 ld . co1nc1 ence pea 1t was eterm1ne t at t e an o · cou 

not be causing the coincidences. Since the coincidences decayed with 

a 16-hour half-life, the 72 kev gamma was assigned to Em 211• 

The conversion coefficient of the 72 kev gamma assuming it 

. 211 b 6 bl belongs to Em was a out 0. This radiation proba y represents 

the transition between the levels in Po 207 populated by a.
70 

and a.
0 

of 

Emzn. 

Y. Complex. Alpha Spectra of At211, Po 211 and At210 

At
210 

and At 211 can be prepared by bombarding bismuth with 

alpha particles. At 211 has a half -life of 7. 5 hours <94 ) and decays 

59.1 percent by electron capture and 40.9 percent by alpha emission.(9 S) 

211 . 211 . 
Po 1s formed by the electron capture decay of At and decays by 

alpha emission with a 0. 52 second half -life. <96 > At 210 has a half -life 

of 8. 3 hours (9 ?) and decays .mainly by electron capture with some 

. . (98) 
slight alpha branching. 

A number of samples of At
211 

and mixed astatine isotopes were 

prepared by subliming the astatine directly from the bismuth target 

211 onto a platinum plate. Only one alpha group of At was observed. 

Its energy, determined against Am
241 

and Po
218 

standards, was 

5. 862 Mev. From ion chamber measurements values of 5. 85(9l) 

. (99) 
and 5. 89 Mev · 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 

ZlO 
of At were found at 5. 519 {3Z percent», 5. 437 (31 percent», and 

5. 355 «37 percent} Mev. These energies were determined using 

210 . ZlO 
.Po ~5. 29S Mev} as an mternal standard. Using the Po as .a 

. t . f h f. A Zl 0' 1 f d cr1 er1on o t e amount o t e ectron capture, we oun 

0.17 percent of th.e AtZlO decay is by alpha emission. The PoZlO 

peak was identified as such since it did not decay noticeably in one 

day. 

Besides the main group, the PoZll spectrum showed two alpha 

groups at 6. SS ~0. 50 percent) and 6. 56 10. 53 percent} Mev, in 

excellent agreement with the previous results .of 6. 90 «O. 6 percent» 

and 6. 57 «O. 5 percent» Mev. ~ 96 » A group reported at 6. 34 .Mev in 

0.1 percent abundance was not observed. Its maximum intensity would 

have been 0. OZ percent. The limits of error for the energy of the 

6. 34 Mev g;roup, however, were given as 60 kev, and our measure= 

ments .did not encompass the entire range of the limits .of error. 

z. zos Z09 Alpha Spectra of Po and Po 

The alpha particle energies of PoZOS and PoZ09 were determined 

as 5.10S and 4. S74 Mev, respectively, using PoZlO as a standard. A 

graph of these spectra is .shown in Fig. 40 to indicate the absence of 

any complex structure in Pozos. 

From electron captu.re of Bi Z0
4

, the first excited state of 

Pb
204 

is deduced as 3.S4 kev. OOO) The maximum intensity of any 

alpha group of PoZOS corresponding to this energy difference is 

zos 
0. 016 percent. Other values for the particle energy of Po are 

5.109 Mev, (lOl» and 5.10 Mev~IOZ» while another value for P.oz09 is 

4. S6 Mev. (lOZ» 
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III. DISCUSSION OF RESULTS 

A. Ground State Transitions 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 

l').uclei. · 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, r 
0

, in the 

equation 
1/3 r = r/A , 

0 

where 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 (l0 3 ) adaptation of the Preston (l04 ) 

formula. The data not obtained in this research were taken from 

~'The Table of Isotopes" (see referenc'e 27). 

X.= 
2v 
r 

2 
IJ. tan a. e 2 2 
I.L . + tan a. 

2 ) 1/2 mv r cos a. = ~ 2 .. 
. \4e. z 

Z = charge of the daughter nucleus 

m= r'educed mass 

v = -- (2ME) 1/2. alpha velocity \-

e ·= the electrostatic unit of charge 

h "'= 271' 
h = Planck's constant 

(a. - sin a. cos a.) 
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'<. 

The energy, E, is .the sum of the alpha particle energy, the nuclear 

recoil energy, and a correction: of the type des.cribed by Ambrosino 

and Pianer~10·5 » which t~kes into account the orbital electrons in the 

nucleus. The values of this correction which we used are shown in 

column 3 of Table 16 and were deduced by Dr. J. 0. Ras.mussen of 

this laboratory from an article' by DickinsQn. (l06 ) 

In Table 17 are shown the values of r
0 

for.the nuclides with 

the best known energy and half -life. It is seen that as .2; increas.es 

from emanation to curium, the value of r 
0 

decreas.es by about 

4 percent. This is :outside the experimental error of the measure-

me.nts. 

A reconsideration of the data in Table 16 shows that for a 

given element the value of r
0 

is constant to 1 percerit except for. 

242 238 232' . ' 230 0 

Pu , U , Th , and the U s er1es. Measurements with the 

230 
alpha particle spectrograph indicate that the ene;rgy of U a. o· 

.may be 5. 89 instead of 5. 85 Mev. This would bring the respective 

1 f f U
230 Th22.6 d. R. 222 " . l . t.. oth 

va ues o r 
0 

or • , . '· an a 1nto c os.e agreemen · w1 

th th 0 Th 0 f u 218 d Th232 . kn . e o er 1sotopes. e energ1es o · an are not own 

with any accuracy since ion chamber measurements in this region 

are unreliable. One might predict that the listed energy values are 

low by about 30 kev. The half-life of Pu242 is not known with 

accuracy and this might account for the rat~er lar g~ deviation of its 

l"o ·from the other plutonium isotope.s. 



Table 16 
Ra.dii of Even-Even Nuclei 

Parent Alpha parti- Ambrosino- Experimental Experimental Radius Radius Calculated 
nucleus cle energy Piatier half -life partial half~ 10-13 .J/310-B partial 

(Mev) used in correction life of highest em em half -life 
calculat'ions energy alpha r 

0 

group 

244 
5.798 0, 040: 19 y 25.3 y 9.J2 1. 500· 25 •. 3 y Cm242 

Cm 6 .. 110 0.040 162. 5 d 220. 5 d 9.32 1.. 504 222 d 
242 

4.898 0,039 9 X 105 y 1 X l06y 9.22 1.488 6 
Pu240 1. 05 X 10 

3 
y 

Pu238 5. 162 0.039 6580 y 8, 66 X 103 y 9. 41 1. 522 8, 67 X 10 y 

Pu236 5.492 0.039 89.6 y 118 y 9.33 1. 514 119 y 
Pu 5.75 0.039 2. 7 y 3. 37 y 9.39 1. 528 3. 31 y 

0
238 

4. 18 0,037 9 5, 76 X 109y 9.55 1. 550 9 I 
4, 49 X 10 7 y 5.75xlO·y ..... 

0
z36 

4.499 0.037 3.Z7xl07 y 9.36 1. 524 3. 21J x107 y 
~ 

2,, 39 X 10 y ~ 

u234 4.767 0.037 2. 48 x.l05y 3,'35 X 1Q5y 9.37 1, 52.9 . 3, 34 X 105 y I 

0 232 5. 31 0.037 70· y· 100 y 9.35 l. 531 101 y 
0 230 5.85 o·. 037 20. 8 d 27. 0 d 9.48 1.. 557 26,6 d 

Th232 3, 9·8 0.036 10 1. 83 X l()LO y 9.54 1. 562 1 84 1010 
1, 39 X 10 y , . x. , ··Y 

Th230 4.682 0,036 8, 0 X 104 y 1. 07 X 1Q5y 9.35 1 •. 535 
. ·.. . . 5 1. 06 x.IO y 

Th228 5. 423 0.036 1. 90 y 2. 64 y 9.32 1. 535 2. 63 y 
Th226 6,30 0,036 30.9 m 39.6 m 9.42 1. 556 . 40.0 m 

226 
1622 y 3 9.35 1. 545 

. . . 3 
Ra224 4,777 0.035 l, 72 X 10 y 1, 74 X 10 y 

Ra222 5. 681 0.035 3. 64 d 3, 83 d 9.33 I. 546 .I 3. 89 d 
Ra .6. 51 0,035 38 s --- 9.42 1. 566 l 38 s 

222 
5.486 o. '034 3. 825 d 9.34 1. 552 3. 80 d Em220 ---

Em218 6.Z82 0.034 54. 5 s -~- 9.36 1. 561 54.2 s 
Em 7. 12 0.034 o. 019 s --·- 901<52 l. 5.91 0.,.0-19 s. 



\" 

\ 
\\ 

\,. 

Parent Alpha parti~ Ambrosino~ 
nucleus cle .energy Pia tier 

(Mev) used in correction 
calculations 

p 218 5.998 0.033 0 216 
Po214 6.774 0.033 

Po212 7.680 0.033 

Po210 8.776 0.033 

Po208 5.298 0.033 

Po206 5. 108 0,033 
Po 5. 21 o. 033; 

Table 16 ~Cont'd) 
Radii of Even-Even Nuclei 

Experimental Experimental Radius 
half-life partial half-

10 
~13 

life of highest em 
energy alpha 
group 

3. 05 m -~- 9 .. 23~ 
o. 158 s 4 --- 9.20 
l. 637 xlO- s ~-= 9. 18 
3. o4 x w-7 s --- 9.05 
138. 3 d --- 8.40 
2. 93 y -~- 8.49 
9 d 90 d 8.77 

•< 

Radius Calculated 

.Jl 310 ~13 em partial 
half -life 

r 
0 

r .. 543 3. 04 m 
l. 543 0.152 s -4 
I. 545 1. 64 X 10 s 
l. 527 3.02x10-7s 
l. 423 138. I d 
l. 442 • 2. 93 y 
l. 495 90. 0 d I ...... 

~ 
i.11 
I 
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Table 17 
. . . 

Radii of Even~even Nuclei for Which Pr·~cision Energies 
and Half-lives Are Available · 

' 

Parent • 
Nucleus 

r 
0 

Cm 
242 . 1. 504 

240 1. 522 Pu23.8 
Pu 1. 514 

Th230 l. 535 
Th22.8 1. 535 

Ra226 1. 545 
Ra224 lo 546 

222 
1. 552 Em220 

Em 1. 561 

218 
1.543 Po216 

Po214 1. 543 
Po 1. 545 
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B. Alpha Transitions to the First Excited S:tate of 

Even-Even Nuclei 

In Table 18 are seen the energies of the first excited state · 

.as detected by alpha decay m~asurements. Included in the table 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 references are g~ven 

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 determined 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 made by another worker. «Ill) 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 

208 204 
striking that the minimum ratio for the alpha decay of Po to Pb 

is 32. This is especially r:oticeable since the ratios for Po 
210 

and 

P 206 't 1 o are qu1 e . ow. 

242 238 
In two cases, Cm ·and Pu 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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Fig, 41. Energies of first excited states of even-even nucl.:·i. 
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tilL-----~~--------~~----------~~--------~ 86 90 94" 98 

ATOMIC NUMBER OF PARENT ALPHA EMITTER 

MU-5261. 

Fig. 42. Relation of relative intensity of alpha group to the 
first excited state of even-even nuclei with respect 
to alpha decay theory. 
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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 
242 

0.042 Am242U6 h) f3- (107) 
c£246 a. . (108) 

242 242 (107) · Pu240 0.045 Am (16 h) e. c. 
Pu238 0.043 Cm244 a. · 
Pu 0.044 cm242 0. 

u238 0.045 242 
. 236 Pu240 a. 
u234 0.044 Pu238 a. 
u232 0.043 Pu236 a. 
u23o 0.045 Pu234 a. 
u 0.047 Pu a. (108) 

Th234 0.045 
238 

Th232 u 236 0. 

Th230 
0.050 u 234 0. 

Th226 
0.050 u 230 0. 
0. 071 u 0. 

228 
0.055 

232 
Ra226 Th230 a. 
Ra224 0.068 Th228 a 
Ra222 0.084 Th226 a 
Ra o. 110 Th a. 

222 
0. 188 226 

Em220 Ra224 a 
Em 0.240 Ra a 

214 ::> 0. 609 Po212 B 0 214 f3-
Po210 ::> 0. 72 1210 
Po208 1. 15 At

208 
(e. c.) 

Po 0.66 At (e. c. ) (109) 

Pb208 2. 614 3 Tl208 f3-
Pb206 0.800 p 210 
Pb204 -0.374 ?204 a. B1 

206 
e. c. 

Pb202 o. 163 Po a. (110) 
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Table 19 

Ratio of Experimental to Theoretical Hal£ -life for 
Alpha Emission to the First Excited State,of Even-even Nuclei 

Parent alpha TlLZ Experimental . Energy of first excited 
emitter Tl/Z Theoretical · state used in 

calculation 

Cf246 5 0.04 

244 
1.8 0.043 Cm242 

Cm 1.7 0.044 
. :1 

242 
2.2 0.045 Pu240 

Pu238 1.7 0.044 

Pu236 1.9 0.043 

Pu234 2.2 0. 047 
Pu 3.-S 0.047 

·
0

z3s 1. 5 .· 0.045 
0

z3·6 
1. 1 0.050 

0 z34. 1. 3· 0.047 
0

232 
1.1 0.058 

u230 1.5 0.069 

232 
1.0 0.055 Th230 

Thzzs 1. 0 0.068 

Th226 0.9 . 0. 084 
Th 1. 1 o. 117 

226 
0.9 o. 188 Ra224 

Ra 1. 25 0.237 

210 
1.6 0.800 Pozos 

Pozo6 >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. From. gamma r·a y data on the alpha 

decay of Cm242 and Pu238 it was observed that the second· excited 

s_tate decayed to the first excited state. 
234 230 

For U and Th. alpha 

decay; the energy of the second excited state was taken as equal 

to the sum of the gamma ray corresponding to decay of the first 

excited state and the next highest energy gamma. In the case of 

230 . 
Th , gamma rays of 68, 140 and 240 kev were obs.erved by 

Curie; (l1 2 ~ 70 ± 2, 145 ± 3, and 235 ± 5 kev by Rasetti and Booth; (ll3 ) 

and 69, 146 and 246 kev by ourselves. «114) Rosenblum reported 

conversion lines of a 67. 8 kev gamma ray and an el~ctron line 

corresponding to K conversion of a 228 kev gamma ray. This .latter 

line could correspond, however,. to an L
2 

conversion of a 141 kev 

gamma ray. 

A recent theoretical. argument in the literature by 

Aage Bohr«115 ~ 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 energy of the 

seco.nd excited state to the first excited state would then be 

~{4 + 1~ / [2(2 :t lB = 3. 3. It is seen from Fig. 43 that this is in 

excellent agreement with the experimental results above Th
228 

alpha 

decay. The spins :of the second excited states of Pu
238 

and u 234 
are 

probably 0, 2 or 4 even parity. The spin of the second excited state 
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208 
of Pb appears to be 4 even parity from analysis of its K conversion 

coefficient and the lack of any cross -over transition. If _the decay 

234 . 
scheme for U alpha decay is corr~ct, the second excited state of 

2;36 .... 
Th has a spin of 0, 2 or 4 even parity. 

228 
In the cas.e of Th alpha decay, a state of spin 0, 2 or 4 

even parity is found whos.e energy ratio to the first excited state is 

3. 0, in good agreement with the examples at high~r neutron num1:)ers. 

An additional state is found, how~ver, with a spin of one odd parity. 

. 230 226 
Recent tentative exper1ments have shown that U .·and Th have 

. . . . ' . 

two obser:vable low intensity groups like Th
228. Since the."extra'' 

' ' . 

. ' . 228 
alpha group appears in Th , 

226 230 
Th and U alpha decay, but not 

. ·.· · 23o:' 232 
m Th . or U alpha decay, it appears to be a function of the 

• • • ·, _! . 

number of neutrons in the nucleus. 
228 230 

The daughters of Th and U 

have 136 neutrons. If the next shell that fills after the closed shell 

of 126 nelit!r,ons 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 distinct 

change' in ~ature.of the alpha emission from 136 to 138 ~eutrons. 
,· . (107} . . . 

Aage Bohr also stated that as one approaches a closed 

shell, i.e., 126 neutrons, the JP + 1) relation might break down. 

S. 1·.. .f. d . C 242 p· 238 . : d T.h230 orne unc ass1 1e gamma rays 1n m , u an 

re~ain. · If the energy of these gamma rays ·is divided by the energy 

of the. respective first excited states, the result is very nearly a 

constant. in addition, if one adds these energies to the respective 

energies of the second excited states, the ratio of the resulting 

energies to the energy of th~ first excited state is nearly equal to 
. . . 

7 as is shown in Fig. 43. Recalling the J(J + 1) relation, we find the 
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expe.cted ratio of the energy of the third excited state and first· · 

excited state is [6(6 +lil / ·[2(2 + lil= 7. 

The half=lives of the alpha emission to the second excited 

state were calculated from the Kaplan formula using 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 Th
228 

have about the 

same ratio of experimental half-life to calculated half-life. If the 

spins of the second excited states of the nuclei above Ra 
226 

are 4 as 

pr.edicted by Bohr, then there must be sizeable factors capable of · 

hindering the alpha decay process besides· spin. 

D. Alpha Transitions of Odd Mass Nuclei 

These nuclei do not exhibit the same degree of regularity as 

even=even nuclei. The partial half -lives of the ground state 

transition cannot be calculated with any accuracy, and the ratios of 

the intensities of various alpha groups appear to vary almost 

indis c rirriinateiy. 

Some regularities have been observed. Lower in energy than 

the most intense alpha group by about the separation e:xPected for 

the first excited state of even-even nuclei in that region is another . 
alpha group.· The intensity of this alpha group relative to the main 

group is roughly the same as for even-even nuclei in this region. 

This effect has been observed for Cm
243

, Am
243

, Am
241

, Pu
241

, 

P 239 .d u233 u an • 
. ' 241 239 241 
In Am , Pu and Am , the state populated 

by the loWer energy group of this "even.:.even" pair, decays by a 
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-----------~----~-
X U~a.. Puna 
Ra•" 
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MU-5260 

Fig. 43. Ratios of energies of second and higher excited 
states to the first excited state of even-even nuclei. 
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f.:•~ig. 44. Relation of relative intensity of alpha group to the 
second excited sta.te of even-even nuclei with respect 
to alpha dec.?_y theory. 
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highly converted transition to the .. state populated by the higher energy 

alpha: group; The position of this pair may vary from very close to 

seve·ral hundred kev above the ground state. A poi;sible 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 

.rearran·gement of the odd nucleon in the nucleus. 
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V. APPENDIX 1 

An even-even nucleus is generally considered to have 0 spin 

and even parity. H this nucleus decays by alpha emission, the 

product of the intrinsic parities of the daughter products and the 

parity associated with the nuclear reaction must be even in order to 

conserve parity. Since the parity of one of the daughter products, 

the alpha particle, is even, then the product of the parity of the 

daughter nucleus and the parity associated with the nuclea.r reaction 

must be even. 

H the alpha particle leaves the nucleus with an odd number 

of units of angular momentum, the spin of the daughter nucleus will 

be odd since the alpha particle has 0 intrins.ic spin. The parity .. 
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associated with a nuclear reaction involving a change of an odd 

number of· unit.s of arigular momentum is· odd. Therefore the 

parity of' the datighter .nueleus must be odd. 

· ·rr·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 even, 

therefore the parlty.of the daughter nucleus is even. 

·Therefore,: any state of an even-even nucleus populated by· 

alpha decay will have even spin and even parity or odd ;spin ·and odd 

parity.· 

From gamma ray selection rules, transitions inVolving a 

change of an even number of units Of angular momentum ancf no: 

' parity change have an electric multipole or'der. Likewise·;· < 

transitions involving a change of an odd number of units of angular 

momentum and parity change have an electric multi pole order. 

T.he'refore, all gamma ray transitions from an even.;..even:· nucleus 

excited s.tate populated by alpha decay to the ground state are·electric. 

'; 
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