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THE COMPLEX ALPHA SPECTRA OF THE HEAVY ELEMENTS 

F r a n c e s c o Asaro 
Depar tment of Chemis t ry and Radiation Labora to ry 
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June, 1953 

ABSTRACT 

Using a 75 cm radius of curva tu re 60 s y m m e t r i c a l 

e lec t romagnet ic analyzer , we have investigated the complexity 

244 243 242 243 241 
of the alpha spec t r a of Cm ' ' , Am ' , 
„ 242, 241, 240, 239, 238 „ 2 3 4 , 233, 232, 230 „ , 228, 226 
Jru , U , 1 n , 

j^^226, 224, 223, 222 ^m^^^ ' ^ " ' ^^° ' ^^^ At^^^' ^^° and 

„ 211, 2 0 9 , 2 0 8 „ , , 1 • 4.- . J *i. X 
Po . We have also investigated the gamma rays of 
- 243,242 . 243 „ 238 „234 ™,228 , „ 211. Cm , Am , Pu , U , Th and E m 

Decay schemes have been proposed for many of the nuclides 

and empi r i ca l co r re la t ions have been de termined for the energ ies 

and intensi t ies of the alpha groups observed in the even-even 

nuclei . These cor re la t ions have been evaluated with r e spec t 

to alpha decay theory and recent developments in the l i t e r a t u r e . 
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THE COMPLEX ALPHA SPECTRA OF THE HEAVY ELEMENTS 

F r a n c e s c o Asaro 
Depar tment of Chemis t ry and Radiation Labora tory 

Universi ty of California, Berkeley, California 

June, 1953 

L INTRODUCTION 

A study of complex alpha energy spec t ra was undertaken 

in the hope that a cor re la t ion with alpha sys temat ics might promote 

a be t ter understanding of nuclear s ta tes and thei r influence on the 

alpha decay p r o c e s s . 

II. EXPERIMENTAL APPARATUS AND TECHNIQUES 

A. Alpha Pa r t i c l e Spectrograph 

The alpha par t ic le spec t rograph used in the p resen t m e a s u r e 

ments is a converted Nier type m a s s spec t rograph. It employs a 

60 synnmetrical magnetic analyzer and the no rma l t ra jec to ry has 

a radius of curva ture of 75 cm. F ig . 1 is a schemat ic d iagram 

of the optics of the ins t rument and shows the magnet , source , sl i t 

sys tem and detector . The magnetic field is produced by an e l e c t r o 

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

intensity is capable of bending a 14 Mev alpha pa r t i c l e . The ent i re 

system of source , magnetic gap and photographic plate is evacuated 

-4 -6 

to a p r e s s u r e of 10 to 10 mm Hg p r io r to operat ion. 

A detailed descr ip t ion of the ins t rument , i ts power supply 

and operating cha rac t e r i s t i c s has been published e l sewhere . 

A brief su inmary of the c h a r a c t e r i s t i c s is given h e r e . The magnet 

power supply is capable of maintaining the cu r r en t constant to one 

par t in 10, 000 over at leas t a 24-hour per iod. The cu r ren t 



- 1 1 -

MAGNETIC SECTOR 

PHOTOGRAPHIC 
PLATE 

SOURCE 

Fig. 1—Schematic diagram of optics of spectrograph. 
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fluctuations a r e moni tored constantly wijth a Speedomax r e c o r d e r . 

The vacuum in the spec t rograph is maintained by two 260 l i t e r / s e c 

oil diffusion pumps each backed by Duo Seal mechanica l pump. 

The source and detector port ions of the spec t rograph, which may 

be sealed off from the main vacuuin tank for the purpose of changing 

sainples or photographic p la tes , have sepa ra t e irsechanical roughing 

pumps . The photographic plate holder or r ece ive r is shown in F ig . 2 

It holds two 9 in. x 2 in. photographic plates which may be exposed 

success ive ly without letting the r ece ive r down to a i r . It has a 

l ight-t ight c a m e r a door which may be operated outside the s p e c t r o 

graph after the r ece ive r has been evacuated. 

The source and slit holder with two 0. 018 in, s l i t s and a 

1 in. spacer is shown in F ig . 3. Various combinations of l / 8 in. , 

0. 018 in. , 0. 010 i n . , and 0. 005 in. s l i ts separa ted by 1/4 in. or 

1 in. space r s in conjunction with a baffle sys tem close to the magnet 

-4 -7 
gap permi t ted var ia t ions in solid angle from 10 to 10 of 4IT. 

1. Sample p repara t ion . - - I n o rde r to take advantage of the 

inherent high resolut ion of an alpha pa r t i c l e spec t rograph, it is 

impera t ive that the sources be ex t remely thin. Poor samples with 

r e spec t to se l f -absorpt ion a r e manifested by a ta i l on the low 

energy side of the dis t r ibut ion curve , whereas the form for a thin 

p repara t ion approaches a symmet r i ca l peak. Among the na tura l 

radioact ivi t ies good samples have been p r epa red when applicable 

by collecting the active deposi ts from the emanation decay s e r i e s . ' 

Ba. genera l , poor samples a r e obtained when p r e p a r e d from 

solutions by s imple evaporat ion of the solvents . Even when the 
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Fig. 2 — Photograph of receiver. 
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Fig. 3—Photograph of source. 



-15-

weight of the sample cor responds only4o the o rde r of a few m i c r o 

g r a m s pe r square cen t imete r on the p la te , the format ion of 

m i c r o c r y s t a l s with high surface density effectively produces a 

thick sample . Impuri t ies in the solution often produce the same 

r e s u l t s . In ce r ta in c a se s e lect rodeposi t ion may be employed to 

advantage but in genera l this method r equ i r e s careful control 

of conditions which may be different for each subs tance . It is 

difficult to obtain sa t is factory p la tes , pa r t i cu la r ly for e l e c t r o 

posi t ive e lements such as the actinide e lements in which reduction 

te:the me ta l is not poss ib le . The mos t general ly acceptable method 

employed in this l abora tory for a wide var ie ty of subs tances 

cons is t s of vacuum sublimation. In the p resen t ly cons idered 

ins tances , solutions of radioact ive ch lor ides , n i t r a t e s , o r c i t r a t e s 

a r e evaporated to dryness on a tungsten f i lament. Upon ra is ing 

the t e m p e r a t u r e to white heat for a few seconds by pass ing cu r ren t 

through the fi lament, the sample is vapor ized onto a 2 mi l platinum 

plate masked by another plate having a rec tangular sli t 1 in. x 1/8 in, 

which defines the sample shape. The mask and collecting plate a r e 

placed about 1/8 in. above the f i lament. The whole sys tem is 

inaintained at a few mic rons p r e s s u r e to reduce formation of tungsten 

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

p la te . Under optimum condit ions, the vapor ized sample can 

2 
contain up to 50 | i g / cm of active a toms and s t i l l give adequate 

resolut ion with ve ry lit t le low energy ta i l ing. F o r high resolut ion 

2 the l imit is general ly under 10 |j.g/cm . By shaping the tungsten 

filament into a trough, sublimation yields of 50 pe rcen t a r e 

general ly obtained on the collecting p la te . 
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2. Sample exposure and t r ack detection. - -By re fe rence to 

Fig, 1, it may be seen that the alpha par t i c le beam is defined by 

the slit and baffle sys tem as indicated. With a uniform magnetic 

field the width (s) of the image on the photographic plate of a 

homogeneous beam of alpha pa r t i c l e s i s : 

S = 2(AS + r^a^ + . . . . ,), (1) 

where AS is the defining slit width, r the radius of the normal 

t ra jec tory , and a the half angle of emergence of the beam froin 

the magnet ic field. This formula applies to a 60 sector magnet 

with plane surfaces for the pole p ieces and the factor " 2 " a r i s e s 

because the photographic plate is placed at an angle of 30 with the 

t r a jec to ry of the alpha pa r t i c l e s ra ther than normal to i t . 

By proper shaping of the source side of the magnet, the 

second t e r m of equation (1) can be made negligible with r e spec t to 

the slit width, and this feature is indicated on the d iagram by the 

rounded surface of the inagnet. Since the magnetic field is not 

uniform throughout, but falls off near the edges of the miagnet, 

baffles a r e used as a means of confining the beam to the cen te r . 

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 par t ic le is 2 mm which cor responds to 

8 kevo 

Sample s t rengths a r e in genera l selected to pe rmi t 

exposures of one to "two days . However, exposures as short as 

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

lengthy exposures were requi red to examine the alpha groups 
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p resen t in low abundance in complex s p e c t r a . A single field of 

view in the mic roscope encompasses 1/4 x l / 4 mm of the 

photographic pla te , and a scan of one field width a c r o s s the 

ent i re height of the plate (2 inches) gave a s background two 

alpha t r a cks for each day 's exposure . This background, 

however, would va ry considerably depending on the amount of 

alpha contamination in the ins t rument . On the low energy side 

of an alpha peak, the apparent background could be considerably 

higher than stated above, p re sumab ly because of the low energy 

tailing due to absorpt ion in the sample or sca t te r ing in the 

spec t rograph . 

As a l ready mentioned, the alpha pa r t i c l e s a r e de termined 

photographical ly. The detecting plates used were 9 in. x 2 in. 

Eas tman NTA plates with 25 or 30 mic ron thick emulsions and these 

were exainined under a 450 power mic roscope with br ight field 

illuirsination. The t r ack length of a 6 Mev alpha par t i c le is 

approximately 25 mic rons , and because of the posi t ion of the 

plate as shown in F ig . 1, the t r a c k makes an angle of 30 with the 

plane of the emuls ion . Because of the sma l l angle of acceptance 

pa ra l l e l to the magnet ic field per ini t ted by the gap between the pole 

p i eces , the t r acks should be near ly pa ra l l e l and only these a r e 

r eco rded . A photograph of one field of view is shown in F ig . 4 in 

which the re a r e seen six acceptable alpha t r acks and two t r acks 

which a r e re jec ted . 

In the m e a s u r e m e n t s made in the ea r ly par t of this work, the 

pa r t i cu la r mic roscope stage could not hold a 9 in. plate so each 
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Fig. 4 — Photograph of one microscope field of view. 
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plate was cut into t h r ee p a r t s . Before it was sectioned, an axial 

line was ruled with a r azo r blade along the center of the plate 

pa ra l l e l to the long dimension. C r o s s l ines perpendicular to the 

axial line were a l so ruled in each of the proposed sec t ions . The 

dis tances between the in te rsec t ions of the l ines were measu red , and 

after sectioning these se rved as indices to re la te d is tances on the 

t h r ee sec t ions . In the l a te r por t ions of th is work, a s tage capable 

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

ruled along the center of the plate pa ra l l e l to the long dimension. 

One c r o s s line was drawn perpendicular to the axial line and the 

resul t ing in tersec t ion se rved as a re fe rence point so that the plate 

could he removed and then replaced in exactly the same posit ion. 

In counting the t r a c k s the mic roscope stage was moved 

perpendicular to the axial line giving a scan 1/4 mm wide a c r o s s 

the width of the p la te . The stage was then moved one field of view 

pa ra l l e l to the axial line and another scan made . The count from 

each scan was plotted on a count v e r s u s dis tance graph as shown in 

F i g . 7. 

3 . Dispers ion . - - The energy d i spers ion on the plate for 

a no rma l t ra jec tory , r , and energy, E , is 

d i spers ion = E / 2 r . (2) 

^ o' o 

The re la t ion of the magnetic field to E and r is given by equation 

(3) in which B is in gauss , r in cen t ime te r s and E in e lec t ron vol t s . 
B = - i l i ^ E V2 (3) 

r o 
o 

Since the posit ion of the no rma l t r a j ec to ry cannot be de te rmined 
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p r e c i s e l y , i t i s not p o s s i b l e t o d e t e r m i n e the v a l u e of B n e c e s s a r y 

to focus a p a r t i c u l a r a lpha p a r t i c l e at t h a t poin t a n d E i s b e s t 

e l i m i n a t e d b e t w e e n e q u a t i o n s (2) and f3). The r e s u l t i n g equa t i on (4) 

for t h e d i s p e r s i o n i s t h e n : 

2 2 
d i s p e r s i o n = r B / 2 x (144) . (4) 

In add i t ion , r canno t b e e x p e c t e d to b e p r e c i s e l y e q u a l to the 

n o m i n a l r a d i u s of c u r v a t u r e of the m a g n e t (75 c m ) b e c a u s e of l a c k 

of p r e c i s i o n in c o n s t r u c t i o n and a l i g n m e n t of s o u r c e and d e t e c t o r . 

If t h e m a g n e t i c f ie ld i s known a c c u r a t e l y , h o w e v e r , a n e f fec t ive 

r a d i u s c a n b e d e t e r m i n e d by m e a s u r i n g d i s t a n c e s b e t w e e n a l p h a 

g r o u p s of known e n e r g y . In o t h e r w o r d s , t h e d i s p e r s i o n i s ob t a ined 

e x p e r i m e n t a l l y for the p a r t i c u l a r e n e r g y r a n g e of i n t e r e s t . F o r t h i s 

p u r p o s e , m e a s u r e m e n t s w e r e m a d e of the s e p a r a t i o n b e t w e e n the 

two a lpha g r o u p s of Ra , t h e s e p a r a t i o n b e t w e e n E m and P o 

210 222 
and the s e p a r a t i o n b e t w e e n P o and E m a s shown in F i g . 5a . 

222 218 
The e n e r g i e s t a k e n for E m and P o a l p h a p a r t i c l e s w e r e t h o s e 

g iven b y B r i g g s (5., 486 and 5, 998 Mev)^^^ and fo r t h e two R a ^ ^ 

(3) g r o u p s t h e s e p a r a t i o n g iven by Rosenb lum* ' a s 188 k e v . T h e e n e r g y 

t a k e n for Po^'^^ w a s 5 . 298 Mev . ^^^ ^^ Within t h e l i m i t s of 

e x p e r i m e n t a l e r r o r (about 2 p e r c e n t of t h e e n e r g y d i f f e r e n c e s ) t h e 

r a d i u s so d e t e r m i n e d w a s c o n s t a n t and i n d i c a t e d the n o m i n a l 75 c m 

r a d i u s m u s t be i n c r e a s e d by 5 ,9 p e r c e n t f t h a t i s , e n e r g y d i f f e r e n c e s 

c a l c u l a t e d b y the u s e of equa t i on (4) u s i n g 75 c m r a d i u s w e r e low by 

t h i s a m o u n t . 

In the beg inn ing s t a g e s of t h i s s tudy , the m a g n e t i c f ie ld w a s 

m e a s u r e d a s a funct ion of the m a g n e t c u r r e n t . T h e m a g n e t i c f ie ld 
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was de termined on subsequent runs by accura te ly measur ing the 

magnet cu r ren t and reading the field from the f ie ld-cur rent 

re la t ion. In the la te r s tages of this r e s e a r c h , however, a Varian 

Associa tes proton fluxmeter, Model F 6 , was used to m e a s u r e the 

field before every exposure . 

In o rde r to m e a s u r e the separa t ion between peaks , the high 

energy s ides of the peaks were extrapolated to the background. The 

separa t ion used was the difference between the background i n t e r 

sect ions . Since the half-width of the alpha peaks i n c r e a s e s 

appreciably toward the ends of the photographic plate and s ince the 

high energy side is pa r t i cu la r ly d is tor ted at the plate ends , the 

above method of determining separa t ions was subject to some 

e r r o r . In o rde r to check the effect of the dis tor t ion on the energy 

242 measu remen t , s ix se ts of Cm peaks were spaced at in te rva ls 

242 

along a single photographic p la te . Each Cm set consisted of two 

alpha groups separa ted by a constant energy. With the use of the 

above method of determining peak separa t ions , ve ry e r r a t i c 

differences in energy separa t ion were observed for the var ious s e t s . 

With the thought that this apparent e r r a t i c energy deviation 

might be affected to some extent by changes in the d ispers ion 

along the plate , the d ispers ion was calculated as a function of 

posit ion on the photographic plate and the calculated var ia t ions were 

smal l compared to the exper imenta l e r r o r s involved. 

It was found that the separa t ion de termined by the difference 

between the t ips of the peaks of each set, or the in te rsec t ion of 

extrapolat ions of the high and low energy sides of the pea^ gave 

constant energy differences for the var ious se ts of peaks within 
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exper imenta l e r r o r , as shown in F ig . Sb. Therefore , this la t te r 

method of determining energy separa t ions has been used for al l 

of the l a te r work. 

In most of the ea r ly cases studied^ the alpha peaks were in 

the center of the photographic plate and no appreciable e r r o r would 

be introduced by determining energy differences from extrapolat ions 

of the high energy edge. In the de terminat ion of the alpha pa r t i c l e 

, . 241 . ^ „ 210 , „ 222 ,̂ -D 210 , . ., 

energy of Am against Po and Em » the Po peak m the 

fo rmer case and the Em and Am peaks in the l a t t e r case were 

ve ry close to the end of the plate and the high energy tailing is 

vis ible in F ig . 18 and 19. 

Small changes in the alignment of the source and detector 

would shift the high energy tail ing to var ious por t ions of the photo

graphic plate; for example, F ig . 7 and 8b a r e graphs of spec t ra 

taken while the ins t rument alignment was r a the r poor . F i g . Sa, 8c 

and 8d a r e graphs of spec t ra taken after a be t te r al ignment had been 

made . 

B. The Alpha-Gamma Coincidence Counter 

A block d iagram of the e lec t ronics c i rcui t involved in the 

alpha~gamma coincidence counter is shown in F ig . 6. After 

amplification and shaping, the pulses from the gamma detector a r e 

fed into a one-channel Schmidt type differential d i s c r imina to r . This 

d i sc r imina to r contains var iab le lower and upper b i a ses which 

el iminate all pu lses except those in a definite pulse height region. 

.In no rma l operat ion the voltage separa t ion between the lower and 

upper b i a ses r ema ins constant while the i r absolute voltage is being 
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changed. The output of the differential d i sc r imina to r is fed into the 

coincidence mixer and also into a s c a l e r . The pulses from the 

alpha detector a r e fed into a Schmidt type d i sc r imina to r after 

amplification and shaping. This d i sc r imina to r cons i s t s of a single 

var iab le b ias to e l iminate pulses of ve ry low energy. The output 

of this d i sc r imina to r feeds into the coincidence mixer and into the 

scaler„ The output of the coincidence mixer feeds into the sca le r 

a l so , 

1, The gamnaa de tec tor , - -The gamma detector cons is t s of 

a Tl act ivated Nal c rys t a l mounted Borkowski fashion onto an 

RCA 5819 Photomult ipl ier tube. The c rys t a l is a solid cylinder 

1 in. in d iameter and about 5/8 in. thick. One of the plane faces 

was whittled to fit onto the end of the photomult ipl ier tube. The 

c rys t a l was at tached to the tube with white vase l ine and then placed 

in a cyl indr ical copper can 2 l /4 in. in d iameter and about 4 in. 

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

window. Before pushing the c ry s t a l and photomult ipl ier tube into the 

can it had been par t ia l ly filled with MgO powder so that the c r y s t a l 

would be en t i re ly surrounded by the powder except for the face 

at tached to the tube. The MgO cuts down the light loss from the 

c rys t a l and thus p e r m i t s higher pulses from the photomult ipl ier 

tube. The can was then sealed with vacuum putty and wrapped with 

black scotch tape . 

2. The alpha de tec tor . - - The alpha detector consis ted 

simply of a ZnS s c r e e n sprayed onto a lucite light pipe which was 

mounted in front of an RCA 5819 photomult ipl ier tube. 
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3 , O p e r a t i n g t e c h n i q u e . -•= T h e a l p h a - g a m m a c o i n c i d e n c e 

c o u n t e r cou ld b e u s e d a s a o n e - c h a n n e l g a m m a a n a l y z e r , o r 

c o i n c i d e n c e s cou ld b e d e t e t m i n e d b e t w e e n g a m m a r a y s i n a g iven 

c h a n n e l and t h e e n t i r e a l p h a s p e c t r u m . 

When u s e d s i m p l y a s a g a m m a a n a l y z e r ^ the g a m m a coun t ing 

r a t e i s d e t e r m i n e d for v a r i o u s v o l t a g e s e t t i n g s of t h e b i a s e s of t h e 

d i f f e r e n t i a l d i s c r i m i n a t o r . T h e coun t ing r a t e s a r e t h e n p l o t t e d a s 

a funct ion of t h e d i s c r i m i n a t o r r e a d i n g a s shown in F i g . 9 , In 

o r d e r to e v a l u a t e the e n e r g i e s of t h e g a m m a p e a k s ^ t h e s p e c t r a 

241 235 

a r e c o m p a r e d wi th t h e A m 60 k e v g a m m a and t h e U 184 k e v 

g a m m a . T h e e n e r g y d i s p e r s i o n i s o b t a i n e d b y e x t r a p o l a t i n g t h e 

s i d e s of t h e p e a k s to t h e i r i n t e r s e c t i o n s , d e t e r m i n i n g t h e s e p a r a t i o n 

b e t w e e n the 60 k e v and 184 k e v p e a k i n t e r s e c t i o n s in d i s c r i i n i n a t o r 

v o l t s , and d iv id ing t h e e n e r g y s e p a r a t i o n |184 - 60 = 124 kev) b y t h e 

s e p a r a t i o n in v o l t s . The e n e r g i e s of any o t h e r g a m m a s a r e t h e n 

d e t e r m i n e d by (1) e x t r a p o l a t i n g t h e s i d e s to t h e i r i n t e r s e c t i o n ; 

(2) f inding t h e s e p a r a t i o n in v o l t s b e t w e e n t h e i r i n t e r s e c t i o n and t h e 
241 235 

in tersect ior^rof e i t h e r t h e A331 60 kev g a m m a r a y o r t h e U 

184 k e v g a m m a r a y , |3) m u l t i p l y i n g t h e v o l t a g e s e p a r a t i o n by t h e 

d i s p e r s i o n and add ing to o r s u b t r a c t i n g f r o m t h e e n e r g y of t h e 

s t a n d a r d a s i s a p p l i c a b l e . 

When u s e d a s a n a l p h a - g a m m a c o i n c i d e n c e c o u n t e r , t h e 

oper ,a t ing t e c h n i q u e w a s m u c h t h e s a m e a s a b o v e , wi th t h e fo l lowing 

e x c e p t i o n s . The a l p h a a c t i v e s a m p l e on a p l a t i n u m o r a l u m i n u m 

p l a t e u s u a l l y would b e p l a c e d on a c a r d b o a r d b a c k i n g about I / 8 i n , 

f r o m the ZnS s c r e e n , t h e who le a s s e m b l y b e i n g l i g h t - t i g h t . T h e 

g a m m a d e t e c t o r would t h e n be p l a c e d d i r e c t l y b e h i n d and t ouch ing 
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the cardboard backing. 

At each d i sc r imina to r sett ing, the alpha^ gamma, and 

coincidence counting jates were de te rmined . This was n e c e s s a r y 

to de te rmine the chance coincidence r a t e . This chance coincidence 

r a t e obeys P o i s s o n ' s Law, but a r a the r s imple approximation i s : 

Chance _ (Resolving t ime (Gamma Count- (Alpha Count-

Coincidences ~ of Inst rument) ing Rate) ing Rate) 

The resolving t ime of the ins t rument was de termined to be 

2. 5 mic roseconds by counting chance coincidences resu l t ing from 

independent alpha and gamma s o u r c e s , 

•*• Geometry . - - T h e geometry of the unit was de termined 

241 for each gamma or coincidence exper iment with the Am 60 kev 

gamma r a y . The abundance of this gamma r ay was taken as 

0,40 gammas per alpha, ' each gamma being in coincidence with an 

alpha pa r t i c l e . 

5. Linear i ty and s tabi l i ty . - - With the 60 kev gamma r ay of 

Am , the 184 kev gamma of U and the L x - r a y s of the heavy 

elements used as s t andards , it was found that the pulse height from 

the gamma detector was l inear with energy in the region studied. 

Over a per iod of a week, the peak posi t ion of a gamma r ay 

would drift by about two vol t s . But even over shor t per iods of 

t ime shifts of 1 or 2 volts took p lace , so for ve ry accura te energy 

m e a s u r e m e n t s m o r e than one cal ibra t ion was n e c e s s a r y . 

C. Complex Alpha Spectra of Cm ' ^ 

242 243 244 
The isotopes Cm , Cm , and Cm can be produced 

in quantit ies adequate for the spec t rograph by pile bombardment of 

A 241 
A m 
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The reac t ions would be; 

C m 
242 

241 S A -i \ 

(n, y) Cm (n, y) Cm 

Am fn, -y) Am 242m and Am 
242 243 

p-
244 

i^iectron 
p'^242 Capture (e ,c ) 

(n, y l A m (n, y) Am 

?A'\ ?44 
( n , y | P u ^ ^ ^ {n ,y )Pu^^^ 

242 In this c a s e , most of the alpha activity would be due to Cm 

242 244 
The isotopes Cm and Cm were p r epa red without 

243 242 
Cm by bombardment of plutonium enriched in Pu , The 
react ions would be : 

C m 
244 

t P" 
A 243 , . . ' 244 
A m (n, Yl A m 

„ 242 , , „l A% , , J 244 
Pu (n, y) Pu'i ' iJ (n, y) Pu 

P' 

^Cm242 

. 241 , , . '242m , ^. 242 Am (n, y | Am and Am 

•sl' e. c. 
Pu241 |n , y) Pu242 

In the short period of t ime which the plutonium spent in the pi le , 

242 244 
comparable quantit ies of Cm and Cm would be formed with 

ve ry l i t t le Cm 
243 
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The cur ium fract ions were purif ied chemical ly from all 
241 

heavy element alpha emi t t e r s except t r a c e s of Am and some 

Pu which grows in from the decay of Cm , The Am 

238 
and Pu alpha spec t r a have been studied separa te ly , as will be 

mentioned in a l a te r section, so thei r contribution may be subtracted 

from the cur ium alpha spec t r a . 

The alpha spec t rum of Cm has been mentioned previously 

as consist ing of two alpha groups; the mos t energet ic having an 

abundance of 73 percen t and the other having an abundance of 

27 t 2 pe rcen t . These groups were separa ted by 46, 5 i 1, 0 kev 

in decay energy. 
(7) 

In the previous m e a s u r e m e n t cited, ' the energy separa t ion 

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

extrapolat ing the high energy s ides of the peaks to the background. 

Since tha,t t ime , the spec t rograph has been d i sassembled , r ea s sembled 

and real igned, and the proton resonance f luxmeter has been ins ta l led. 

242 After the above improvements were made, a sample of Cm 

was run in the spec t rograph at six different magnetic field set t ings 

242 on the same photographic plate , thus giving six se t s of Cm peaks . 

In F ig . 5b, the energy separa t ion between the two alpha groups of 

each set is plotted against the posit ion on the photographic plate of 

the midpoint of the peaks . 

It is seen that within the l imi ts of determining the peak 

position, about one field of view in the mic roscope , o r 1 kev, the 

energy separa t ion is constant over most of the photographic pla te . 



- 30^ 

242 

The energy separa t ion between these alpha groups of Cm 

is taken as the average of the 13 values shown in Fig^ Sb^ 

43 , 6 T 0, 6 kevs with the l imi ts of e r r o r in determining the peak 

posit ion including al l va lues . The e r r o r s in ca l ibra t ion as seen on 

F ig . 5a a r e a l l l e s s than 2 percent^ so 2 percen t will be taken as the 

l imit of cal ibrat ion error^ thus giving a pa r t i c l e energy separa t ion 

of 43 .6 ± 1 . 4 kev. 

With the co r rec t ion for the difference in reco i l energy 

assoc ia ted with the two alpha groups , the alpha decay separa t ion 

becomes 44. 3 * 1. 4 kev. According to the nomencla ture mentioned 
(71 

in an e a r l i e r paper^ ^ ' we will designate the alpha group leading to 
242 the daughter ground s tate as a of Cm and the alpha group leading 

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

242 
Cm . Fu r the r re la t ive abundance m e a s u r e m e n t s have been made 

242 on this spec t rum and show that the abundance of a^^ of Cm is 

26. 3 't 0, 5 percento This value is the average of our s ix bes t m e a s u r e 

ments and the l imi ts of e r r o r include al l the m e a s u r e m e n t s . 
171 

In the f i r s t r epor t made on this alpha spec t rum, ' the energy 

242 + 
of Cm a, was repor ted as 6.110 - Oo 003 Mev from compar i son with 

218 the alpha group of Po . The par t i c le energy of the la t te r nuclide 

has been m e a s u r e d by G. H. Briggs^ ' as 5.998 Mev. 

In o rde r to verify this determinations the energy of a of 

242 241 
Cm was compared with the main group of Am . The value 

241 
used for the energy of the Am miain group was 5.476 Mev from 

241 data p resen ted in a following sect ion. Based on the Am compar i son , 

2 4 2 JL. 
the energy of Cm a was 6.112 * 0. 010 Mev, With the l imi ts of "" o 
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e r r o r as given, the c lose agreement was fortuitous and the value 

selected was that of the m o r e accura te measu remen t , 6.110 "^ 0. 002 

Mev, Since this group is probably that of the ground s tate t rans i t ion , 

242 
the decay energy of Cm is accordingly 6. 211 Mev. Our r e su l t s 

a r e in modera te agreement with those of other worke r s who, using 

chambers , have rep 

6. 08^^^ Mev for Cm^^^. 

(8) ion chamber s , have repor ted pa r t i c l e energ ies of 6.118^ ' and 

(7) Since our f i r s t publication, ' improved techniques in 

sample p repa ra t ion have resu l ted in l e s s tail ing on the low energy 

side of intense alpha groups, thus permi t t ing a detailed investigation 

242 243 244 
of low intensi ty alpha groups of Cm , Cm and Cm 

A sample of cur ium was obtained which had been p repa red 

, , , , ^ . ., . . ^ . „ 238, 239. 240, 241, 242 

by bombardment m a pile of a mix ture of Pu 

enriched in Pu 

A sample of cur ium suitable for the spec t rograph was 

p repa red by sublimation and the alpha activity of about 10 d i s / m i n 

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

s ta in less s tee l s l i t , was run in the spec t rograph for 42 hours and i ts 

alpha spec t rum is shown in F ig . 7. The two highest energy peaks 
242 a r e due to Cm , s ince the i r energy separat ion, re la t ive abundance, 

and posit ion on the photographic plate all co r respond to the known 

^ 242 , , 

Cm alpha spectruna. 

The par t i c le energ ies of all alpha groups on F ig . 7, 8a, 

8b, 8c, and 8d were determined using 6.110 Mev as the energy of 
242 a of Cm , or 6. 066 Mev as the energy of a. A. Table 1 is a> 

l is t of the energ ies of a l l the alpha groups observed in F ig . 7 and 
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Table 1 

242 244 Energ ies and Abundances of Cna ' Alpha Spectra 

Energy of alpha group Abundance of alpha group 
in F i g . 7 (Mev) with r e spec t to the total o -

5.73 -* 5.74 

5.755 

5.775 -*5 ,785 

5.797 

5,98 - ^ 5 . 9 9 

6.00 -^ 6.01 

6.025 -* 6.035 

6 .066^ 

6.110 ^ 

Cm2^ ̂ 2 alpha activi ty {%) 

< 1 , 4 ^ 

11 

< 2 ^ 

35 

<1.4^ 

<1 ,4^ 

< 2 ^ 

100 

Determined by comparing peak heights . 
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I-
1400^ 

A] 
ALPHA PARTICLE ENERGY <MEV) 

Fig. 7—Cm^*2,244 alpha spectra. 
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242 

and their abundance with r e spec t to Cm- . The maxinaum 

abundances of any unresolved peaks at energies corresponding to 

observed alpha groups on subsequent p la tes a r e a lso included. 

Another quantity of cur ium was obtained which had been 
241 p repa red by bombarding Am in a p i le . A sample was p r epa red 

for the spec t rograph by sublimation and the alpha spec t ra a r e 

9 

shown in F ig . 8a. The alpha activity of the sample was 1, 5 x 10 

d i s / m i n and the length of the spec t rograph run was 14 hours 19 minutes 

A 1 in. x 0. 018 in . s ta in less s tee l sl i t was used to Hiask the sample 

in the spec t rograph . Table 2 shows the energ ies and abundances of 

the var ious alpha groups observed in F ig , 8a. 

A th i rd quantity of cur ium was obtained which had been 

p r epa red by bombarding in a pile the cur ium stock fromi which the 

spec t rograph sample whose spec t ra a r e shown in F ig . 8a was made . 
8 A spec t rograph sample of 6 x 10 d i s / m i n was p r epa red by 

sublimation and the alpha spec t ra a r e shown in F ig , 8b. The 

length of the exposure was 16 hours 18 minutes , and the sample was 

masked in the spec t rograph by a 1 in, x 0. 018 in. s t a in less s tee l 

s l i t . Table 3 shows the energies and abundances of the var ious 

alpha groups observed in F ig . 8b. 

The sample whose alpha spec t ra a r e shown in F ig . 8b was 

r e r u n in the 'Spect rograph for 61 hours 15 minutes s ta r t ing the next 

day, •>. These spec t ra a r e not shown. Table 4 shows the e n e r ^ e s 

and abundances of the var ious alpha groups observed in this 

exposure and the maximum abundances of any groups which 'appear 

in other f igures . 
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Table 2 
242 243 244 Energ ies and Abundances of Cm ' ' Alpha Spectra 

Seen in F ig . 8a 

Energy of the Alpha Abundance of the Alpha 
Groups in F ig , 8a (Mev) Groups with Respect to the 
_ _ _ _ _ _ _ _ _ _ _ ^ Total Cm242 Alpha Activity (%) 

5.734 0.065 

5.757 0.091 

5.778 0,43 

0.31 

0.033 

0.029 

0.005 

0.006 

100 
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Energies and Abundances of Cm ' ' Alpha Spect ra 
Seen in F ig . 8b 

Energy of the Alpha Abundance of the Alpha 
Groups in F ig , 8b (Mev) Groups with Respect to 

the Total Cm Alpha 
_____.____„___ Activity (%) 

5,728 

5.751 

5.774 

5,795 

5,964 

5,985 

6.006 

6,030 

6.066 
• 

6.110 

0.020 

0.053 

0.12 

0.17 

0.035 

0.011 

0.007 

0,004 

100 
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Table 4 
242 243 244 Energ ies and Abundances of Cm ' * Alpha Spect ra 

Not Shown 

Energy of the alpha Abundance of the alpha 
groups in spec t ra not groups with r e spec t to the 
shown (Mev) total Cm242 alpha activi ty (%) 

0 ,021 

0.067 

0. 11 

0. 18 

0.035 

0.0064 

<0,004^ 

<0.003^ 

100 

Determined by comparing peak heights . 
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After a period of 90 days, the sample whose s p e c t r a ^ shown 

in F ig , 8b was exposed again. The length of the exposure was 

63 hours 42 minutes and its alpha spec t rum is shown in F ig . 8c. 

The sample was masked in the spec t rograph by a 1 in, by 0. 005 in. 

s ta in less s teel s l i t . Table 5 shows the energies and abundances of 

the var ious alpha groups observed in F ig , 8c and the maximum 

abundance of any groups which appear in other f igures . 

A fourth quantity of cur ium was obtained wbic h had been 

241 p repa red from an Am pile bombardment , A sublimed sample 

8 of 3 X 10 d i s /min was p repa red and exposed in the spec t rograph 

for 44 hour s . Its spect raa ie shown in F ig . 8d. Table 6 shows the 

energies and abundances of the var ious alpha groups observed in 

F ig . Bd and the maximum abundance of any groups which appear in 

other f igures , 
244 

1. P r inc ipa l groups of Cm - - F r o m the bombardment 

conditions under which the cur ium whose alpha spec t r a ^areshown in 

242 244 
F ig , 7 was made, only Cm and Cm would be p repa red . Hence 

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

244 

C m . These alpha groups were also seen on Figs, 8a, 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 
242 

to the Cm activity va r i e s by over two o r d e r s of magnitude in 
the var ious exposures shown in Table 7, this alpha group obviously 

244 244 

belongs to Cm and will be designated Cm a . This r e su l t is 

in excellent agreement with the previous ion chamber measu remen t 

of 5. 79 Mev made by Thompson, Ghiorso and Reynolds. ' 
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Table 5 

Energ ies and Abundances of Cm ' ' Alpha Spectra 
Shown in F ig . 8c 

Energy of the alpha Abundance of the alpha groups 
groups in Fig, 8c (Mev) with respec t to the total Cm242 

alpha activity (%) 

0.028 

0. 084 

0.20 

0. 26 

0.036 

0 .017 

<0.005^ 

<0.007^ 

100 

Determined by comparing peak heights . 
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Table 6 

242 243 244 Energ ies and Abundances of Cm ' ' Alpha Spectra 
Shown in Fig , 8d 

Energy of the alpha Abundance of the alpha groups 
groups in F ig . 8d (Mev) with r e spec t to the total Cm^'*2 

alpha activity (%) 

<0. 

0. 

0, 

0. 

0. 

<0. 

<0, 

<0. 

007^ 

0205 

035 

050 

037 

006^ 

009^ 

01^ 

100 

Determined by comparing peak heights . 
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Table 7 
Abundances of the Curium 5. 798 and 5. 753 
Mev Groups with Respect to Other Groups 

Fig . 7 F ig . 8a Fig , 8b Fig , 8c Fig , 8d Spectra not 
shown 

Abundance (%) oi the 
5. 798 Mev group 
rela t ive to the sum of 
the Cm242 groups 

35 0,31 0.17 0.26 0,05 0.18 

Abundance (%) of the 
5. 755 Mev group 
rela t ive to the sum of 
the intensi t ies of the 
5. 798 Mev group and 
the 5. 755 Mev group 

24. 0 22, 7 23.7 24.9 28.5 27.6 
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243 244 243 244 
Cm Cm Cm Cm 

242 243 
Cm Cm 

242 242 
Cm Cm 

5.986 

. . > W ^ 

ALPHA PARTICLE ENERGY (MEV) 

Fig. 8—CJ3I242,243,244 alpha spectra. 



-43 -

Since the abundance of the 5. 755 Mev group re la t ive to the sum of 

the abundance of the 5, 798 and 5, 755 Mev groups is near ly constant 

for the var ious exposures (25 "t 3%), the 5. 755 Mev group also 

244 244 

belongs to Cm . The average separa t ion between Cm a 

and the 5. 755 Mev group is 42. 5 - 1. 7 kev with l imits of e r r o r 

including al l va lues . Upon the addition of a 2 percent possible 

cal ibrat ion e r r o r , we obtain 42. 5 - 2. 5 kev. Adding the 

difference in r eco i l energy between the two groups, we find the 

alpha decay separa t ion to be 42. 5 + 0, 7 kev = 43 . 2 kev. Therefore 
244 the 5, 755 Mev group is designated a^, of Cm 

242 2. Low energy alpha groups of Cm - - I n the ea r ly port ion 

(7) of this r e s e a r c h it was found that at energies lower than the two 

pr incipal groups (6,110 and 6, 066 Mev) the re was no alpha group in 

abundance g rea t e r than about 0,1 percen t . With the improvements 

made in exper imenta l technique, a group has appeared at 5. 964 Mev 

242 and is ass igned to Cm . This group appears in all of the spec t ra 

242 
of F ig . 8. The exper imenta l proof that it a r i s e s from Cm decay 

l ies in the invar iance of i ts abundance re la t ive to the pr incipal 

242 
groups of Cm . The data a r e summar ized in Table 8 where this 

fixed ra t io is apparent , whereas the rat io of this group at 5.964 Mev 

243 244 

to groups a sc r ibed to Cm and Cm undergoes considerable 

var ia t ion . 

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

at 6. 006 and 6. 029 Mev and appear to r ema in invariant to the 
242 243 

abundance of the pr incipal groups of Cm ra the r than Cm 
244 or Cm , It cannot be definitely concluded, however, that they 
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Table 8 

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

F ig . 7 F ig . 8a F ig . 8b F ig . 8c 
„ . „ , Spectra not 

°° Shown 

Abundance f%) of the 
5.964 Mev group 
rela t ive to Cm242 

<1. 4 0, 033 0,035 0 . 0 3 6 0 . 0 3 7 , 0 .035 

Abundance (%) of the 
5, 964 Mev group re la t ive 
to Cm244 

<3 8 . 2 16 11 53 14 
I 

Abundance (%) of the 
5.964 Mev group re la t ive 
to the 5. 777 Mev group 

7 . 7 2 9 . 5 18 107 32 
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242 a r e emitted at those energies by the Cm nucleus s ince the i r 

low intensi ty does not pe rmi t ruling out ins t rumenta l effects. 

243 3. Alpha groups of Cm . - - It r ema ins now to ass ign 

groups at 5. 985, 5. 777 and 5. 732 Mev which appear in F ig . 8a, 

8b, 8c and 8d. The per t inent numer i ca l data of F ig . 7, 8a, 8b, 

8c and 8d a r e summar i zed in Table 9 in the form of ra t ios of 

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

mos t prominent and is used as the r e fe rence . Within the l imi ts of 

e r r o r in the m e a s u r e m e n t s , the rat io of the three groups among 

themse lves a r e constant . 

On the cont ra ry , the ra t io in abundance of the 5. 777 Mev 

242 group to the Cm activity va r i e s by a lmos t a factor of 10 and 

244 va r i e s by an even l a rge r factor with r e spec t to the Cm activity. 

On this bas i s alone it is probable that all th ree groups belong to 

243 
Cm . The re la t ive abundances of the 5. 985, 5, 777 and 5. 732 

Mev groups a r e 6, 81 and 13 percent , respec t ive ly . 

P r i o r to this study^ ion chamber m e a s u r e m e n t s by Thompson, 

Ghiorso and Seaborg gave energ ies of 5.79 Mev (ffi percent ) and 

5. 89 Mev (15 pe rcen t ) . Although the 5, 79 Mev value is in good 

agreement with our work, the 5. 89 Mev energy d i s ag ree s by near ly 

90 kev with our value. 

This anomaly might be explained if one a s s u m e s that the 

243 convers ion e lec t rons in coincidence with the Cm alpha groups 

around 5. 79 Mev a r e losing a port ion of their energy in the ion 

chamber in which the alpha par t ic le energies a r e being m e a s u r e d . 

This could cause a high energy tai l of considerable propor t ions 

since the coincident radiat ions have energies up to 278 kev as will 



Table 9 

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

F i g . 7 F ig . 8a F i g . 8b F ig . 8c F ig . Bd Spectra not 
° shown 

Ratios of the re la t ive 
abundance of the 5 .985, 
5. 777 and 5,732 Mev 
groups 

0.068:1:0,15 0,11:1:0.17 0,083:1:0.14 <0.17:1:<0.21 0.049:1:0.19 

Abundance (%) of the 
5. 777 Mev group ^ l - "7 
re la t ive to Cm242 

0,43 0,12 0.20 0.035 0.11 
I 

Abundance (%| of the 
5, 777 Mev group <3. 6 
re la t ive to Cm244 

106 54 59 49 45 
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be shown in a la te r sect ion. 

F r o m a knowledge of the re la t ive alpha act ivi t ies and m a s s e s 

243 244 
of the var ious cur ium isotopes , the half-life of Cm and Cm 

242 can be de termined from the half-life of Cm . A represen ta t ive 
244 

equation for Cm i s : 

/Half-life^ 
Cm244 

Half-life\ / Ratio of alpha \ /Rat io of a toms of"* 
Cm242 I activitv of Cm242 1 I Cm244 to Cm242 

The data on the atomic ra t ios were obtained by F . L. Reynolds 

of this l abora tory with a m a s s s p e c t r o m e t e r . The atomic and alpha 

par t ic le abundance ra t ios were de termined for the cur ium whose 

alpha spec t ra a r e shown in F ig . 8d. The respec t ive half- l ives for 

243 244 

Cm and Cm a r e 35 and 19 y e a r s . The la t te r number is in 

excellent agreement with the half-life of 19 ye a r s fotind by Thompson, 

Hulet and Ghiorso^ by decay m e a s u r e m e n t s . 
242 243 

D. Gamma Spectra of Cm and Cm 

The gamma spec t ra of the samples whose alpha spec t ra a r e 

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

analyzer descr ibed in an e a r l i e r sect ion. The gamma spec t ra of 

these samples a r e shown in F ig . 9 and 10, 
242 In addition, a sample of Cm of ve ry high isotopic pur i ty was 

obtained from G. H. Higgins and E. K, Hulet. This cur ium gamma 

spect rum was m e a s u r e d with the analyzer descr ibed previous ly . 

This la t te r spec t rum was also studied with a 40"Channel gamma 

analyzer and one of the consequent spec t ra i s shown in F ig , 11. 
243 

1, Assignment of gamma r ays to Cm - - Table 10 shows 
the re la t ive abundance per alpha pa r t i c l e of the two highest energy 



Table 10 

Abundances of the Curium Gamma Rays 

Sum of trie abundances Sample whose alpha spec t ra a r e shown in F ig , 8a 
of the 225 and 278 kev „ . , , , ^ - J Exper iment ga.mma ra-ys (determined ~ 
by calculated geometry 
factors Irrelative to: I II III IV Average 

Cm^^^^ alpha activity 1. 7 x 10 '^ 3. 3 x lO"^ 2. 6 x lO""^ 3 . 8 x lO"^ 3 x lO"^ 

Cm^"^'^ alpha activity 2 . 9 x 1 0 " ^ 5 . 4 x 1 0 " ^ 4 , 2 x l 0 " ^ 6, 2 x lO"^ 5 x 1 0 " ^ »k 

Cm^"^'^ alpha activity 3.8^x10"^ 7 , 0 x 1 0 " ^ 5. 5 x lO"^ 8.1 x l O " ^ 6 x 1 0 " ^ 

Sample whose alpha spectruin is shown in F ig . 8d 

Exper iment 

I II Average 

Cm '" alpha activity 3.1 x 10~^ 2. 5 x lO"^ 3 x 10"^ 

Cm^'^^ alpha activity 4 . 2 x 1 0 " ^ 3. 2 x lO"^ 4 x lO"^ 

244 -? 7 7 
Cm alpha activity 2. 6 x 10 2. 0 x 10 2 x 10"^ 

00 
I 
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Fig. 9—Gamma spectrum of sample whose alpha spectrum is shown in Fig. 8a. 
—»—Gamma counts per minute are indicated by the ordinate scale. 
—•-- Gamma cotmts per minute are 10 times the value indicated by the 
ordinate scale. 
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Fig. 10—Gamma spectrum of sample whose alpha spectrum is shown in Fig. 8d. 
—•—Gamma counts per minute are indicated by the ordinate scale. 
~®~ Gamma counts per minute are 50 times the value indicated by the 
ordinate scale. 
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Fig, 11—Gamma spectrum of nearly isotopically pure Cm^^ .̂ 
—*—Gamma counts are indicated by the ordinate scale. 
~»~ Gamma counts are 10 times the value indicated by 
the ordinate scale. 
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gamma rays which were observed„ '"The abundances of these gamma 

rays were de te rmined by multiplying the gamma counting r a t e by 

a calculated geometry factor . This factor was dependent on the 

dis tance between the sample and crystal^ the d iameter of the 

c rys t a l , the shape of the samples and the fraction of the gammas 

str iking the c rys t a l which a r e r eg i s t e r ed on the s c a l e r . Although 

the absolute magnitude of the numbers may be in er ror^ thei r 

re la t ive values should be reiiableo 

For the samples whose alpha spec t ra a r e shown in F ig . 8a and 

8ds the abundances of the 226 and 278 kev gamma rays va ry by 

242 244 
factors of 10 and 2. 7 re la t ive to Cm and Cm ^ respec t ive ly . 

243 Since the abundances re la t ive to Cm ^ however, r ema in near ly 

243 

invariants the gamma rays a r e ass igned to Cm 

The energies of these gamma rays were determined accura te ly 

by cal ibrat ing the gamma analyzer with U (184 kev | and Am 

(60 kev) gamma s tandards , analyzing the high energy gammas , 

reca l ibra t ing , reanalyzing the cur ium gammas , and reca l ib ra t ing . 

By averaging the cal ibrat ions adjacent to a cur ium sample 

run and the curium sample runs adjacent to a calibration^ w-e 

coixipensated for drift in the ana lyzer . In Table 11 a r e given the 

energies of the high energy gammas as a function of the ca l ibra t ion 

used. 

T^ere was a distinct change in the peak posit ion of the 

star Ja. J s between the ' -3' acd second ra.llbration runs and lit t le 

cha'-ilje bctwcer tK<=> seiond an,d th i rd . The average i s / a k e n cf 

coUu i' G I and Ti, IT and TH, and PI and JVj giving respect ive ly 



T a b l e 11 

243 
E n e r g i e s of C m G a m m a R a y s 

C a l i b r a t i o n 1 and C a l i b r a t i o n 2 and C a l i b r a t i o n 2 a n d C a l i b r a t i o n 3 a n d 
G a m m a a n a l y s i s 1 G a m m a a n a l y s i s 1 G a m m a a n a l y s i s 2 G a m i n a a n a l y s i s 2 

E n e r g y of g a m m a 219 232 223 . 5 225 . 6 
r a y s (kev) 

271 281 2 7 6 . 6 2 7 9 . 6 
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226. 5 and 276, 227. 7 and 278. 8, and 225 and 278 kev. It is seen 

that after compensating for drift in the analyzer, a reasonably 

constant energy is obtained for the gamma rays . The energies 

are taken as the average of the three final values, 226 and 278 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. 8a and 8d, respectively. Therefore, this radiation belongs in 
243 the Cm decay scheme also, since its abundance in the two 

242 samples varies by factors of 9, 1.1 and 2. 3 relative to Cm , 
243 244 

Cm and Cm , respectively. 

The average of four energy measurements of this gamma ray 

is 104 kev with the values ranging from 99 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 wai maiked except for a 1/8 in. 

X 2 in. slit. Behind the light pipe was a 581f ICA photomultiplier 

tube. The sodium iodide detector was mounted directly behind the 

spectrograph source, the vacuum being maintained in the ipectrograpli 

by meani of a 10 mil aluminum window between the leuree and 

detector, 

The energy of alpha particles arriving at the ilit ^ u l d be 

proportional to the square of the field. TMi i i ietermined from 

equation (3) at eonitant radiu». The sample wheie alpha spectra 
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a r e shown in F ig . 8a and whose gamma spec t ra a r e shown in F ig . 9 

was mounted in the spec t rograph and coincidence® w e r e deternained 

between radia t ion in the K x - r a y region and var ious values of the 

magnetic field corresponding to var ious alpha pa r t i c l e ene rg i e s . 

The alpha par t i c le energies for the var ious magnet ic field set t ings 

were deter inined by taking the energy of a of the Cm peak as 

6.110 Mev. A graph of the coincidences i s shown in Fig.- 12. 
243 244 

Marked on the graph a r e the posit ions of the Cm and Cm 

peaks . It is seen that at least tne bulk of the radiat ion is in 

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

magnetic field so that the alpha pa r t i c l e s s tr iking the r ece ive r slit 

cor responded to the maximum of the alpha-gannma coincidences curve 

snown in Fig.. 12, coincidences were run between these alpha 

pa r t i c l e s and the gamma spec t rum around 226 and 278 kev with t h e 

single channel gamntia ana lyzer . The r e su l t s a r e shown in F ig . 13. 

The runs var ied in length of tinne froui 1 to 16 hou r s . F r o m abundance 

measurenr«ents one would not expect these gaissroa rays to be in 
243 

coincidence with a ta i l fronn the 5. 732 Mev Cm alpha group. There 

fore, these gantiroa r ays a r e in coincidence with the 5. 777 Mev group. 

243 2» Abundances of the Cm gamma ray®. - - As stated 

previously, the absolute magnitude of the abundance of the 226 and 

278 kev gamma rays may be in e r r o r . In o rde r to check the 
241 

geometr ic calcislations, a sample of Am was gamma analyzed and 

the abundance of the 60 kev gamma ray , calculated with the 

appropr ia te geomet ry factor , was found to be a factor of 4 lower than 

the value of 0. 40 gamma r ay per alpha dis integrat ion given by 

Beling, Newton and Rose»^ ' Therefore , all the abundances meaaured 
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5 732 MEV 5 755 MEV 5 777 MEV 5.798 MEV 
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I 
before must be multiplied by a factor of 4, Thus from Table 10, 

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

243 ^ or approximately 17 percent of the Cm alpha d is in tegra t ions . 

In o rde r to obtain m o r e accura te absolute abundance m e a s u r e 

ments , the Nal c rys t a l was repacked with MgO in i ts copper c a s e . 

241 Upon analyzing a sample of Am again, the abundance of the 

60 kev gamma ray, calculated with the appropr ia te geometry factor, 

was found to be about 40 percent too high. The r e a s o n for the la rge 

apparent i nc rease in geometry upon repacking the c rys t a l was due to 

the removal of MgO from between the c rys t a l and photomult ipl ier 

faces . 

More consis tent r e su l t s were obtained by determining the 

effective geometry exper imenta l ly . This was done by placing an 

241 Am sample of known alpha activity in exactly the same posit ion 

occupied previously by the cur ium sample . Then by using the 

value 0,40 gamma ray per alpha dis integrat ion, we de termined the 

effective geometry of the a r r angemen t . Abundances of the 104 kev 

radiat ion obtained before and after repacking the c rys t a l were 64 

243 

and 56 percent , respect ive ly , re la t ive to the Cm alpha act ivi ty. 

The average of these two values, 60 percent , is taken as the bes t 

value, 

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

is about l/;4 the abundance of the 104 kev gamma r a y s , as was 

mentioned! in a previous section. There fore , the i r intensit'y^would 
?̂ ' 243 

compr i se about 15 percent of the Cm alpha t rans i t ions in fair 
agreement with the value of 17 percent obtained in the preyious sect ion. 
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T h e r e h a v e b e e n no c o r r e c t i o n s , h o w e v e r , for t h e c h a n g e in 

coun t ing e f f ic iency of t h e N a l c r y s t a l w i th e n e r g y . A r o u g h 

c a l c u l a t i o n w i th t h e e x p e r i m e n t a l l y d e t e r m i n e d c o u n t i n g e f f ic iency 

137 fl3) 

of the Cs 662 k e v ' g a m m a r a y i n d i c a t e d t h a t t h e a v e r a g e c o u n t 

ing e f f ic iency of t h e 226 and 278 k e v g a m m a r a y s wou ld b e abou t 

50 p e r c e n t , whi le the coun t ing e f f i c iency of the g a m m a r a y s b e l o w 

150 k e v would b e a b o v e 98 p e r c e n t . T h e r e f o r e , t h e b e s t v a l u e for 

the s u m of t h e a b u n d a n c e s of the 226 and 278 k e v g a m m a r a y s i s 
243 

2 X 15 p e r c e n t = 30 p e r c e n t of the Cmi a l p h a d i s i n t e g r a t i o n s . 

T h e r e l a t i v e a b u n d a n c e of the 226 to t h e 278 kev g a m m a r a y 

canno t b e d e t e r n a i n e d v e r y a c c u r a t e l y b e c a u s e of t h e d i f f i cu l t i e s i n 

r e s o l u t i o n . The b e s t v a l u e for t h e r a t i o a p p e a r s to b e 5 5 : 4 5 , 

242 3 . Ass ignnnen t of g a m m a r a y s to C m - - S i n c e a 44 k e v 

g a m m a r a y a p p e a r s i n the s a m p l e w h o s e a l p h a s p e c t r a a r e shown in 

242 
F i g . 8d and i s not s e e n in F i g . 8a, i t i s r e a d i l y a s s i g n a b l e to Cin 

T h i s a s s i g n m e n t i s v e r i f i e d b y t h e a p p e a r a n c e of t h e 44 k e v g a m m a r a y 

242 in the s a m p l e of C m wi th h igh i s o t o p i c p u r i t y {Fig . 11)- T h e e n e r g y 

of t h i s g a m m a r a y i s t he a v e r a g e of s e v e n m e a s u r e m e n t s wi th t h e 

v a l u e s r a n g i n g f r o m 40 to 49 k e v . 

O the r w o r k e r s i n t h i s l a b o r a t o r y h a v e found e v i d e n c e of a 44 k e v 

242 19) 
t r a n s i t i o n i n the d e c a y of Cnn . G h i o r s o ' h a s o b s e r v e d t h e g a m m a 

r a y wi th a p r o p o r t i o n a l c o u n t e r coup led to a p u l s e he igh t a n a l y s e r 

(14) 
and M a r t i n ' h a s m e a s u r e d it w i th a s c i n t i l l a t i o n c o u n t e r s p e c t r o -

115) m e t e r . O 'Kel ley* h a s m e a s u r e d a s e r i e s of c o n v e r s i o n l i n e s 

c o r r e s p o n d i n g to a gamnaa r a y of abou t 43 kev and D u n l a v e y and 

Seaborg^ have o b s e r v e d X. and M e l e c t r o n s c o r r e s p o n d i n g to a 

45 k e v g a m m a r a y i n c o i n c i d e n c * wi th 2 3 p e r c e n t of t h e a l p h a p a r t i c l e s . 
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The 100 kev gamnna o b s e r v e d i n F i g , 11 i s too i n t e n s e to b e 

243 243 
due to C m , F r o m F i g , 9 t h e m a x i m u m i n t e n s i t y of t h e C m 

104 k e v r a d i a t i o n e x p e c t e d f r o m the m a x i m u m i n t e n s i t y of t h e 

243 
Cmi h igh e n e r g y g a m m a r a y s would be about 1/6 of t h e o b s e r v e d 

242 

a b u n d a n c e . T h e r e f o r e , t h i s g a m m a r a y i s a s s i g n e d to C m . The 

e n e r g y of t h i s w a s t a k e n a s t h e a v e r a g e of four v a l u e s r a n g i n g f r o m 

99 to 102 k e v . 

The 157 kev g a m m a o b s e r v e d in F i g . 11 i s no t s e e n in F i g . 9 
242 

o r F i g , 10 and i s t h e r e f o r e a s s i g n e d to C m , The e n e r g y of t h i s 

g a m m a r a y w a s t a k e n a s t h e a v e r a g e of four v a l u e s w h i c h v a r i e d 

f r o m 155 to 159 k e v , 

242 
4 , A b u n d a n c e s of the C m g a m m a r a y s . - ^ T h e a b u n d a n c e of 

242 
t h e 44 k e v g a m m a r a y i s 0. 041 p e r c e n t of the C m a l p h a a c t i v i t y , 

241 

The g e o m e t r y of t h e s y s t e m w a s d e t e r m i n e d wi th t h e A m 60 k e v 

g a m m a r a y a s s u m i n g 0 ,40 g a m m a ray* ' p e r a lpha p a r t i c l e . 

The a b u n d a n c e of the 100 kev g a m m a r a y w a s m e a s u r e d a s 
242 

18 p e r c e n t of t h e 44 k e v g a m m a r a y , o r 0. 0073 p e r c e n t of the C m 
a l p h a a c t i v i t y . T h i s va lue m u s t b e c o r r e c t e d for t h e s l igh t a m o u n t 

243 
of C m in the s a m p l e . F r o m F i g , 9 and 10 i t i s s e e n t h a t t h e 

243 r a t i o of t h e p e a k h e i g h t s of t h e C m 104 k e v r a d i a t i o n to t h e 226 
kev g a m m a r a y i s about 10:1 . Applying t h i s r a t i o to low i n t e n s i t y 

243 242 
C m g a m m a r a y s wh ich w e r e d e t e c t e d in t h e Cm s a m p l e , we 

243 
find t h e Cm 104 k e v c o n t r i b u t i o n i s 19 p e r c e n t of t h e o b s e r v e d 

100 kev r a d i a t i o n . T h e r e f o r e , t he c o r r e c t e d a b u n d a n c e of the 100 

242 k e v g a m m a r a y i s 0. 006 p e r c e n t of the C m a l p h a a c t i v i t y . 

• The a b u n d a n c e of the 157 k e v g a m m a r a y w a s m e a s u r e d a s 
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6. 6 percent of the 44 kev gamma ray , o r 0. 0027 pe rcen t 0f the 

Cm alpha act ivi ty . This value has not been co r rec t ed for the 

change of counting efficiency of the Nal c rys t a l with energy. The 

counting efficiency at 157 kev is expected to be substant ia l ly th« 

same as at lower ene rg i e s . 

5. Miscel laneous gamma r a y s . - - T h e 60 kev gamma r ay 

241 
observed in F ig . 9 is probably due to Am since a m a s s s p e c t r o -

241 graphic analys is showed a considerable amount of Am . The 7@ 

kev gamma rays observed in F ig . 10 and 11 a r e probably the escape 

peaks of the 104 and 100 kev rad ia t ions . The escape peak is caused 

by the escape of iodine K e lec t rons frono the Nal c ry s t a l , thus 

causing a sa t te l i te gamma ray lower in energy than the pr inc ipa l 

•gamnaa r a y . This energy separa t ion is equivalent to the K binding 

energy of the iodine K e lec t ron (33 kev), 

244 
6. Decay scheme of Cm - - The decay scheme cons is t s 

only of the alpha spec t rograph data as shown in F ig . 14a. 

243 243 

7. Decay scheme of Cm - -The 104 kev radia t ion in Cm 

alpha decay could be due to a gamma ray , K x - r a y s , or both. If 

one takes the energ ies and abundances of the K x - r a y s observed by 
(17) Jaffe, Browne and P e r l m a n , and calcula tes a weighted average , 

the resul t ing plutonium K x - r a y energy is 103. 8 kev in excellent , 

but probably fortuit'ous, agreement with our va lue . The decay schenie , 

243 deduced from only the alpha and gamma data on Cm , is shown in 

F i g . 14b. It i s in te res t ing to examine the data on the beta spec t r a of 

239 
Np invest igated by other w o r k e r s . Beta pa r t i c l e s of 0, 718, 0, 655^ 

(18) 0,441, d. 380 and 0.329 Mev^ ' have been observed . Conversion 
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244 

243 

Fig. 14—a) Cm̂ ** decay scheme, 
b) Cm^*^ decay scheme. 
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l i n e » -eo rxespond ing to g a m m a r a y s wi th e n e r g i e s of 0. 013, 0, 019» 

0 . 0 4 4 , 0 . 0 4 9 , 0 . 0 5 7 , 0 . 0 6 1 , 0 . 0 6 7 , 0 . 0 7 7 , 0 .105 , 0 . 2 0 9 , 0 . 2 2 S , 

0 . 2 5 4 , 0 . 2 7 7 , 0 , 2 8 5 , 0 .316, 0. 334 Mev^^^^^ h a v e a l s o b e e n o b s e r v e d . 

C o n v e r s i o n l i n e s of gannma r a y s wi th e n e r g i e s of 0. 210, 0. 227, and 

0»276 Mev w e r e found to be in c o i n c i d e n c e wi th a 0 . 4 3 5 Mev b e t a 

(19) 
p a r t i c l e . * ' T h e 0. 210 Mev g a m m a r a y i s in c o i n c i d e n c e wi th t h e 

(191 0 . 067 Mev g a m i n a r a y , b u t not wi th t h e 0 . 276 k e v g a m m a ray., * ' 

239 
Us ing o u r knowledge o'f t he l e v e l s in P u d e d u c e d f r o m the 

243 23% 

C m a l p h a d e c a y , w e o b t a i n the e n e r g y l e v e l s c h e m e for P u 

shown i n F i g . 15. 

It i s i n t e r e s t i n g to i n v e s t i g a t e the m u l t i p o l e o r d e r of t h e 226 and 
243 

278 k e v g a m m a r a y s o b s e r v e d in Cmi a l p h a decay„ T h e s e g a m m a 
239 

r a y s a r e e m i t t e d by the P u e x c i t e d s t a t e 277 kev above t h e g round 

s t a t e . The v a l u e s of t h e e n e r g y l e v e l s g i v e n in F i g , 15 a r e tho®e 

d e t e r m i n e d by b e t a d e c a y . A c c o r d i n g o B e l l and G r a h a m , ^ ' t h i s 

-9 

s ta te is metas tab le with a half-life of 1.1 x 10 seconda. F r o m the 

decay scheme shown in F i g . 15 it i s evident that over 80% of the Cm 

dis integrat ions miust pass through the 277 kev level . Since the 12h and 
243 278 kev gamma r ays compr i se 30 percent of the Cm dis integrat ions , 

the half-life for gamma emiss ion will be 

.-9 
1.1 x lO ^ sec . . , ^ -9 ——— « — — 4 4 X 10 s e c . 

g 0. 3 
-8 

F o r each gamma r ay then, the half-life will be about 10 seconds . 

Using the fo rm of Weisskopf 's l ifetime re la t ions given by 

Goldhaber and Sunyar^ * * w® would expect l i fet imes of the o r d e r of 

10 and 10 second®,, respect ive ly , for e lec t r i c and magnetic 2 pole 
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243 

Fig. 15—Cm^^ -̂Np^^** decay scheme. 
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radia t ion . Since these values differ by at l e a s t a factor of 10 from 

the exper imen ta l va lue , i t i s safe to conclude that the 226 and 278 kev 

gamma t rans i t ions a r e e i ther e lec t r i c or magnet ic dipole, e lec t r ic 

or magnet ic quadrupole. Or e lec t r ic or magnet ic octopole, 

TMs difficulty could be reso lved if the convers ion coefficients 

of the gamma r ays were known* These convers ion coefficients can 

be calculated if the re la t ive abundances of the convers ion l ines a r e 

known. These re la t ive abundances were obtained and the Conversion 

coefficients a r e shown in Table 12. F r o m the data in this table , both 

the 226 and the 278 kev t rans i t ions appear to be magnetic dipole 

radia t ion, 

242 8. Decay scheme of Cm •»- The 44 kev gamma r a y v e r y 

238 probably co r responds to the t r ans i t ion between the leve ls in Pu 

242 

populated by a^A and a of Cm . The convers ion coefficient of 

th is gamma ray , assuming no other t rans i t ions take place between 

the two l eve l s , would be 26. 3%/0 . 041% m 640. The multipole o rde r of 

the t r ans i t ion can be de termined providing the L. convers ion coefficients 

can be found. Dunlavey and Seaborg, ^ ^ in the i r study of alpha 

e lec t ron coincidences in photographic plates^ found that 83 pe rcen t 

of the coincidences were from L convers ion e l ec t rons . There fore , 

the L convers ion coefficient for the 44 kev gamma r a y would be 
2 122) 

640 X 0. 83 = 5. 3 X 10 . F r o m Gel lman 's t ab les , * ' we would expect 
theore t i ca l L convers ion coefficients of 1. Sj 6 x 10 and 6 x 10 for 

I would like to express my apprecia t ion to M* S» Fxeedman 

for sending to m e the r e s u l t s communicated to Mm by H a r r y 

Fu lbr igh t . 
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T a b l e 12 
243 

Mul t i po l e O r d e r of C m G a m m a R a y s 

E n e r g y of 
g a m m a r a y 

(kev) 

226 

278 

E n e r g y of 
g a m m a r a y 

( k e v | 

226 

278 

E n e r g y of 
g a m m a r a y 

fkev) 

226 

278 

E x p e r i m e n t a l 

1. 8 •* 3 . 6 

1. 8 -* 3 , 5 

E x p e r i m e n t a l 

K / L r a t i o 

4 , 3 

5 . 3 

E x p e r i m e n t a l 
half " l i fe ( s e c ) 

10-8 

10-8 

T h e o r e t i c a l K c o n v e r s i o n E x p e r i m i 
coe f f i c i en t s f r o m R o s e ' s 
t a b l e s . 121) « L 

^1 ^ 2 ^ 1 ^ 2 

0 .06 0.14 4 , 1 

0 .04 0.1 2 . 3 

^©npir ical K / L r a t i o s 
f r o m G o l d h a b e r and 
S u n y a r . ( 2 0 ) 
E ^ E 3 M^ M^ 

0 . 6 0 . 3 7 . 6 5 . 2 

0 , 8 0 . 4 7 . 7 5 . 7 

8 . 7 0 , 4 - * 0 . 

4 . 6 0. 3 -* 0. 

E x p e r i m e n t a l 
L j S L - s L . c o n 
v e r s i o n r a t i o . 
(23) 

l;O.09:0.OO9 

1:?;0 .006 

en ta l 

8 

7 

T h e o r e t i c a l L c o n v e r s i o n 
coe f f i c i en t s f r o m G e l l m a n ' s 
t a b l e s , ( 2 2 ) 

E j ^ 2 ^ 1 

0.015 0 . 3 5 

0 . 0 0 7 0.15 

0, 72 

0 . 3 6 

(2 2'! 
T h e o r e t i c a l L , : L . - : I J „ r a t i o s f rom^ ' 
G e l l m a n ' s t a b l e s 

E l ^2 ^1 

1;0.39:0.28 1;3.9:1.6 

1;0.32;0.2 1:3.3:1.5 

M e a n l i fe c a l c u l a t e d f r o m W e i s s k o p f ' s f o r m u l a 
( s e c o n d s ) ( 2 4 ) 

^ 1 ^ 2 ^ 3 ^ 1 ^ 2 

10 '^^ 6 X 10"^ 

=14 -Q 
10 ^ 2 X 10 ^ 

5 x l O " ^ 

10-3 

10-^^ 

1 0 - ' ^ 

10 "'^ 

5 x 1 0 " " ^ 

1:0.1:0.001 

1:0.11:0.001 

M3 

1 

1 

0^ 
0^ 
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E,8 M- and E_ radiations respec t ive ly . There fore , the 44 kev 

radiat ion is e lec t r ic quadrupole and hence the f i r s t excited s tate of 

238 Pu has a spin of 2 even pa r i ty . This r esu l t is in ag reement with 

the genera l pr inciple stated by Goldhaber and Sunyar that the spin of 

the f i rs t excited state of an even-=even nucleus is 2 even par i ty . 

The 100 kev radiat ion could be a gamma ray corresponding to 

238 the t rans i t ion between the levels in Pu populated by U-,AO and a, .^ 

ox it could be a K x - r a y . 

One can choose between the gamma r ay and the K x - r a y 

ass ignment by consider ing se lect ion ru les which apply to alpha decay 

theory . T|lese ru l e s a r e developed in Appendix 1. These alpha decay 

select ion ru l e s indicate that a l l levels in an even-even nucleus which 

a r e populated by alpha decay have odd spin and odd par i ty or even spin 

and even pa r i t y . In addition, al l t r ans i t ions to the ground s tate will 

have an e lec t r i c mult ipole o r d e r . 

If the 100 kev radiat ion was a K x - r a y of a t rans i t ion betVeen 
^ a o "^A y 

the levels in Pu populated by Oi4_o a-^d a, of Cm » the tranisjition 

would have to be e lec t r iq , Sin(f% the maximum abundance of any 

gamma r ay in Cm above 100 -lev and below 300 kev is l / 2 , 7 t imes 

the abundance of the 100 kev radiat ion, the minimum K convers ion 
121) coefficient would be 2. 7. . F r o m Rose ' s tables^ ' of theore t i ca l 

K convers ion coefficients, the multipole o r d e r of the t r ans i t ion 

1241 would be E . . Fromi Weisskopf's^ ' f o r m u l a , the expected half-life 

would be Sonne 10, 000 years* Since the 100 kev radia t ion is seen 

soon after the curixrm is purified, this radiat ion is not a K x=ray of 

238 any t rans i t ion to the ground s ta te of Pu » 
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If the 100 kev radiat ion were a K x - r a y of the 157 kev 

238 t rans i t ion between two excited levels of Pu , the multipole o rde r 

would have to be magnetic in o rde r to have a reasonable l ifetime 

for the gamma emiss ion . F r o m Rose ' s t ab les , ' ' the theore t ica l 

K convers ion coefficient for magnetic t rans i t ions is at leas t 8 in 

contras t to the experi inental value of 2. 7. Therefore , the bulk of 

the 100 kev radiat ion is not a K x - r a y of the 157 kev t rans i t ion but is 

probably a gamma ray . K this gamma ray cor responds to the 

238 t rans i t ion from the levels in Pu populated by a, . o and a .^ of 

242 

Cm and the 148 level is not de-exci ted by any other t rans i t ion, 

the conversion coefficient of this gamma ray is fO.035 - 0.006)/0.006 = 5. 

The ra t io of M to L conversion is usually smal l for gamma energies 

of 50 kev or h igher . So the total convers ion coefficient is equal to 

the L convers ion coefficient within the exper imenta l e r r o r involved 
(22) in the calcula t ions . F r o m Gel lman 's tab les , one would expect 

theore t ica l conversion coefficients of 0 .1, 4, and 7, respect ive ly , for 

E,j M, and E_ multipole o r d e r s . There fore , this 100 kev gamma r ay ̂  

would correspond to an M, or an E_ t rans i t ion . The spin of the 148 kev 
238 level in Pu would then be 4 even par i ty , 2 even par i ty , or 0 even 

par i ty . 

The decay scheme for Cm is given in F ig . l6a„ The 157 

kev gamma ray is not included as the re is no exper imenta l evidence 

showing where it be longs . A poss ible place in the decay scheme will 

be mentioned in the section on empi r i ca l co r r e l a t i ons , 

238 242 
Some of the Pu levels populated by alpha decay of Cm 

238 a r e also populated by Np decay. Beta pa r t i c l e s of 1. 272 Mev 
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(47 p e r c e n t ) and 0. 258 Mev (53 p e r c e n t ) a s w e l l a s c o n v e r s i o n l i n e s 

©f 2 0 . 8 , 2 4 . 7 , 3 7 . 4 , 41 ,9 , 8 0 . 2 , 9 7 . 9 , 859 and 913 k e v h a v e b e e n 

C25I s e e n . C o i n c i d e n c e s w e r e o b s e r v e d b e t w e e n L x - r a y s and soft 

and h a r d b e t a p a r t i c l e s , L. x - r a y s and L x - r a y s , soft b e t a p a r t i c l e s 

and h a r d g a m m a r a y s , L x - r a y s and h a r d g a m m a r a y s , and h a r d 

1251 b e t a p a r t i c l e s and 100 k e v gamima r a y s . * ' 

T h e c o n v e r s i o n l i n e s of 2 0 . 8 , 24 .7s 3 7 . 4 and 41 .9 c o r r e s p o n d 

to the e x p e c t e d e n e r g i e s for L„-., 1-<|.|« M .̂, a n d N , c o n v e r s i o n 

of a 4 3 . 3 k e v gancsma r a y and the 80 . 2 and 97 . 9 k e v e l e c t r o n s 

c o r r e s p o n d to the e x p e c t e d e n e r g i e s for L and M c o n v e r s i o n of a 

103 k e v g a m m a . ^ 

127) A d e c a y s c h e m e which w e p o s t u l a t e d in p r i v a t e c o m m u n i c a t i o n 

i s shown i n F i g . l 6 b . 

T h e i n t e n s i t y of t h e e l e c t r o n s of t h e h igh ly c o n v e r t e d 100 k e v 

g a m m a r a y , h o w e v e r j i s a f a c t o r of 20 l e s s t h a n the i n t e n s i t y of 

t h e e l e c t r o n s c o r r e s p o n d i n g to t h e 44 k e v g a m m a r a y . So t h i s d e c a y 

s c h e m e i s u n l i k e l y , 

A d e c a y s c h e m e w h i c h s a t i s f i e s a l l t h e known e x p e r i m e n t a l 

d a t a i s shown in F i g . 17. T h i s d e c a y s c h e m e a s s u m e s a 1.168 Mev 

b e t a p a r t i c l e in 3 p e r c e n t a b u n d a n c e , in o r d e r to a c c o u n t for t h e 

c o i n c i d e n c e s o b s e r v e d b e t w e e n t h e h a r d b e t a p a r t i c l e s and the 100 k e v 

gamtma r a y s . T h e 0. 25S Mev b e t a p a r t i c l e h a s an a l l owed s h a p e 

and a log (ft) v a l u e of 6. 2. A c c o r d i n g to N o r d h e i m ' s ' s e l e c t i o n 

r u l e s , t he s p i n arid p a r i t y c h a n g e shou ld b e 1 No o r 0 Y e s . T h e 

1. 272 Mev b e t a p a r t i c l e h a s a n a l l owed s h a p e a n d a log (ft) v a l u e of 

8 . 5 . T h e r e f o r e g a c c o r d i n g to N o r d h e i m ' s s e l e c t i o n r u l e s , t he s p i n 

c h a n g e shou ld a l s o b e 1 No o r 0 Y e s . F r o m s i m p l e c o n s i d e r a t i o n s 
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Fig. 16—a) Cm^̂ ^ decay scheme. 
b) Untenable Cm̂ ^̂  -Np̂ ^̂  decay scheme. 
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Fig. 17—Cm^*2-Np2^^ decay scheme. 
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of s h e l l t h e o r y , t h e p a r i t y of the g r o u n d s t a t e of Np should be 

n e g a t i v e . S ince t h e r e m u s t be a p a r i t y c h a n g e t h e n in the 1. 272 Mev 

b e t a e m i s s i o n , t he s p i n c h a n g e i s 0 Y e s . So t h e l s p i n of Np i s 

2 m i n u s . 

S ince the 1030 k e v l e v e l d e c a y s to t h e s t a t e s wi th s p i n s of 

0 and 2, i t s sp in m u s t b e 1 o r 2, T h e r e f o r e , t ak ing in to a c c o u n t 

the s e l e c t i o n r u l e s a f fec t ing t h e 0. 258 Mev b e t a p a r t i c l e , t h e s p i n 

of the 1030 kev l e v e l i s 2 even p a r i t y o r 1 odd p a r i t y . The K - c o n v e r s i o n 

coef f i c ien t s of bo th b a r d g a m m a r a y s a r e about 1 p e r c e n t , wh ich 
(21) f r o m R o s e ' s t a b l e s ^ ' c o r r e s p o n d to E . t r a n s i t i o n s . T h e r e f o r e , t h e 

sp in of t h e 1030 k e v l e v e l i s 1 odd p a r i t y . 

If t he 148 k e v l e v e l had a s p i n of 0 e v e n p a r i t y , one m i g h t 

expec t to s e e a g a m m a r a y c o r r e s p o n d i n g to the t r a n s i t i o n f r o m the 

1030 k e v l e v e l . G o l d h a b e r and S u n y a r , ^ ' h o w e v e r , s t a t e t h a t no 

q u a n t i t a t i v e p r e d i c t i o n c a n b e m a d e a s t o t h e r e l a t i v e i n t e n s i t i e s of 

c o m p e t i n g e l e c t r i c t r a n s i t i o n s . 

241 
E . C o m p l e x Alpha S p e c t r u m of A m 

241 
B e f o r e d i s c u s s i n g t h e c o m p l e x s t r u c t u r e of Am , t h e 

e n e r g y d e t e r m i n a t i o n wi l l b e m e n t i o n e d so t h a t t h e g r o u p s m a y be 

241 
r e f e r r e d to a c c o r d i n g to e n e r g y . T h e n u c l i d e A m w a s t h a t by 

(29) wh ich the e l e m e n t w a s f i r s t i den t i f i ed , and i t i s p r e p a r e d in 

i s o t o p i c a l l y p u r e f o r m f r o m P u d e c a y . The ha l f - l i f e i s 

(31) (321 

g iven a s 470 y e a r s ^ ' and 475 y e a r s ' w h i c h c o r r e s p o n d s to a 

spec i f i c a lpha a c t i v i t y of 6. 95 x 10 d i s i n t e g r a t i o n s p e r m i n u t e p e r 

m i c r o g r a m . P r e v i o u s to t h e p r e s e n t s t u d i e s t h e m e a s u r e m e n t of 

a l p h a - e n e r g y h a s b e e n m a d e wi th an i o n i z a t i o n c h a m b e r c o u p l e d to 
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a p u l s e - h e i g h t d i s c r i m i n a t o r f r o m w M c h t h e v a l u e 5 . 4 8 Mev 

1331) w a s r e p o r t e d . Al though one cou ld o b s e r v e f r o m the p u l s e - h e i g h t 

a n a l y s i s t h a t t he s p e c t r u m w a s not s i m p l e , i t w a s not p o s s i b l e to 

r e s o l v e i t in to i t s c o m p o n e n t s . T h e m e a s u r e m e n t t h e r e f o r e g i v e s 

t h e e n e r g y of t h e p r i n c i p a l g r o u p d i s t o r t e d to an unknown ex ten t by 

one o r m o r e o t h e r g r o u p s , 

241 

T h e e n e r g y fo r Ajn w a s d e t e r m i n e d wi th t h e s p e c t r o g r a p h 

by c o m p a r i n g t h a t of the p r i n c i p a l g r o u p wi th two s t a n d a r d s , P o 

and E m . T h e o t h e r g r o u p s of Am w e r e a s s i g n e d e n e r g i e s by 

c o m i p a r i s o n wi th t h e m a i n g r o u p . 

T h e c o m p a r i s o n b e t w e e n Aaxi and E m i s s h o w n in F i g , 18. 
241 

T h e p l a t e w a s m a d e b y p l a c i n g s o u r c e s of A m and r a d i u m 

s i m u l t a n e o u s l y in t h e s p e c t r o g r a p h for an e x p o s u r e of 27 h o u r s . T h a t 

222 

the h i g h e r e n e r g y g r o u p i s t h a t of E m cou ld b e p r o v e d b y c o m p a r 

ing t h e o b s e r v e d n u m b e r of t r a c k s wi th t h a t e x p e c t e d f r o m t h e 
218 

o b s e r v e d P o t r a c k s c a u g h t on a n o t h e r p a r t of t h e p l a t e . If i t w a s 
218 222 

a s s u m e d t h a t half of P o f o r m e d fromi Emi lef t t h e s o u r c e by t h e 

r e c o i l n r i echan ism, t h e o b s e r v e d n u m b e r of t r a c k s in t h e h igh e n e r g y 

222 
c o m p o n e n t w a s in a g r e e m e n t wi th the e x p e c t e d a m o u n t f r o m E m 

The r e s o l u t i o n of the c u r v e in F i g . 18 w a s a i d e d by a s e p a r a t e e x p o s u r e 

222 

wi th t h e radiumi s o u r c e a lone in wh ich t h e wid th of t h e E m p e a k 

a t h a l f - m a x i m u i n w a s d e t e r m i n e d . The d i s t a n c e b e t w e e n t h e p e a k s 

w a s 2 . 7 "t Oo 3 m m which c o r r e s p o n d s to a n e n e r g y d i f f e r e n c e of 
222 121 

11 + 2 k e v . T a k i n g t h e e n e r g y of E m a s 5 , 4 8 6 M e v , ' t h e e n e r g y 
241 1. 

of t h e p r i n c i p a l g r o u p of A m b e c o m e s 5 , 4 7 5 £ 0, 002 Mev , 
210 

S i m i l a r e x p o s u r e s w e r e m a d e wi th P o 9 t h e r e s u l t s of 

wh ich a r e shown in F i g , 19. The d i s t a n c e b e t w e e n the p e a k s w a s 
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4 5 . 8 m m which c o r r e s p o n d s to a n e n e r g y d i f f e r e n c e of 179 1 2 k e v . 

241 F r o m t h i s m e a s u r e m e n t the m a i n g r o u p of A m h a s an e n e r g y 

of 5 . 4 7 7 Z 0. 002 M e v . The e n e r g y wh ich we s h a l l u s e i s 

5 , 476 i 0. 002 M e v . As wi l l bfe d e s c r i b e d ^ t h e m o s t e n e r g e t i c 

a l p h a g roup i s h i g h e r in e n e r g y t h a n t h i s g r o u p by 70 kevj t h e r e f o r e 

241 i t s e n e r g y i s 5. 546 Mev . The d e c a y e n e r g y of A m i s a c c o r d i n g l y 

5. 640 Mev . 

T h e r e a r e now known to b e s i x m e a s u r a b l e a l p h a g r o u p s of 

241 (34) 
Am s ' t h r e e of wh ich a r e of g r e a t e r e n e r g y t h a n the m o s t 

p r o m i n e n t g r o u p . 

The c o m p l e t e a l p h a - s p e c t r u m i s shown in F i g . 20 , F o r t h e s e 

241 
p a r t i c u l a r data^ the s o u r c e c o n s i s t e d of 2 . 9 t n i c r o g r a m s of Am 

(2o 0 X 10 d i s i n t e g r a t i o n s / m i n u t e ) and the e x p o s u r e w a s for 94 h o u r s . 

B e c a u s e of the d i s p a r i t y in a b u n d a n c e of the d i f fe ren t g roups^ 

c o m p l e t e p e a k s canno t b e shown to the s a m e s c a l e . In e x p o s i n g t h e 

p l a t e long enough to r e g i s t e r a s t a t i s t i c a l l y s i gn i f i can t n u m b e r of 

t r a c k s of the r a r e g r o u p s , too m a n y t r a c k s for coun t ing w e r e 

r e g i s t e r e d a t t h e p o s i t i o n s of the p r i n c i p a l g r o u p s . P a r t i a l s c a n s 

a c r o s s the p l a t e w e r e m a d e fo r t h e s e p e a k s and t h e r e s u l t s a r e a l s o 

shown in F i g . 20 . T h e p e a k wid ths a t h a l f - m a x i m u m a r e e s s e n t i a l l y 

t h e saHie for a l l p e a k s . 

The r e l a t i v e a b u n d a n c e s of the g r o u p s w e r e ob ta ined by 

coun t ing the t r a c k s of the two m o s t p r o m i n e n t g r o u p s on a p l a t e 

e x p o s e d for a s h o r t e r p e r i o d of t i m e and c o m p a r i n g wi th the r a r e r 

p e a k s f r o m the long e x p o s u r e . The a b u n d a n c e s w e r e v i r t u a l l y t h e 

s a m e w h e t h e r i n t e g r a t e d n u m b e r s of t r a c k s u n d e r the p e a k s o r t h e 
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- 78 -

peak heights were compared . A su i^mary of the abundances and the 

corresponding pa r t i a l half »lives_^ which will be r e f e r r e d to l a t e r a r e 

given in Table 13. The values in each case r e p r e s e n t at leas t two 

independent m e a s u r e m e n t s . The sum in abundance of the two 

highest energy groups is known with be t te r p r ec i s ion than each 

group separa te ly because of the uncer ta in ty in resolut ion . F o r this 

r eason they a r e l i s ted 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 the re can be no 

peak between 5, 21 and 5. 38 Mev of g r e a t e r abundance than 0.17 

percent^ and from 5. 55 to 5,64 Mev none in m o r e than 0, 07 percent 

abundance. These l imi ts were based on the respec t ive background 

counts in the r eg ions . 

Determinat ions of energies of the s eve ra l groups were made 

re la t ive to the pr incipal alpha group, a - p which was s tandardized 

222 210 

against E m and Po as a l ready desc r ibed . The actual 

coinpar isons were made by extrapolat ing the high energy side of each 

peak to the intercept after subtract ion of the es t imated background 

count and tai l ing from other groups . The method for obtaining the 

d ispers ion in o rde r to t r ans l a t e posit ions on the plate to energy 

differences has a l ready been descr ibed . 

The r e su l t s of seve ra l m e a s u r e m e n t s of alpha pa r t i c l e energ ies 

a r e summar ized in Table 14. The m e a s u r e d alpha energy differences 

with thei r es t imated l imi ts of e r r o r a r e as indicated. Also shown 

a r e the selected bes t values and the corresponding energ ies of the 

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

the las t colutnn a r e shown the energy levels above the ground s tate 
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Table 13 

241 Abundances of Am Alpha Groups 

Alpha Group Pe rcen tage P a r t i a l 
Abundance Half-life ^ fyr) 

* | 0 | "^^(11} °*^^ ( to . 06) 

a.Q. 0,23 ( to . 06) 

a « j , 0. 34 (+0. 06) 

a^43j 0.21 ( to . 02) 

a^^l^ 8 4 . 2 ( t i . 5 ) 

< (̂U4) 13.6 ( i l . 4) 

a^j^Oj 1,42 ( to . 15) 

2, 

1. 

2. 

564 

3500 

. 3 . 

1 

4 

3 

3 

X 10 

x lO^ 

x lO^ 

x lO^ 

^The highest energy group, , designated a.^y is taken to 

represent the ground-state transition. The parenthesis-enclosed 

figtires used for the other groups indicate the energy levels in 

kilovolts above the grotmd state with which the alpha-groups are 

associated, 
b Based on 475-year mieasured half-life. 
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Table 14. Energies of M^^^ Alpha Groups. 

Best 
•values 

Alpha 
article 
energies 
(Mev) 

Energy levels 
above the 

ground state 

Series a and b refer to independent counts of the alpha tracks on the game plate, 

9 
00 

o 
I 
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237 
of Np with which each alpha group is a s soc ia ted . These levels 

a r e obtained by co r rec t ing the differences of alpha group energ ies 

for the corresponding differences in alpha decay reco i l energy. It 

i s differences between these number s which should co r respond to 

gamma r ay energies^ 

241 1. Decay scheme of Am "-The comiplexity of the decay 

241 
scheme of Am may be visualijsed readi ly f rom the number of 

241 observed leve l s . Th® p re sence of a 60 kev gamma r a y in Am 

decay has been abundantly confirmed by m e a s u r e m e n t s with 

propor t ional counter spec t rometers^ ^ * ^ beta r ay spec t rome te r s j ^ *• . ' 

a bent c rys t a l spec t rome te r , ' and Nal (TI activate*! c r y s t a l 

s p e c t r o m e t e r s , ^ ' ' Those values with r epor t ed l imi t s of e r r o r 

were 59. 78 t 0. 04 kev^^^' ^^^ and 59. 7 t 0, 3 kev. ^^^ The 

abundance of the gamma quantum has been repor t ed as 40 t 1. 5 p e r -

cents and 32 pe rcen t . ^ ' Dunlavey and Seaborg^ ' r e p o r t 

241 
44 percent of the Am alpha pa r t i c l e s have no vis ible e lec t rons in 

coincidence, 
237 

That the 60 kev gamma ray belongs in the Np is verif ied 

f38 391 241 
by a lpha-gamma coincidence m e a s u r e m e n t s * ^ on Am and by 
i t s p r e sence in the beta decay of U I » » I g_3̂ ^ u^g e lec t ron 

, „ 237 (42) capture of Pu . * ' 

The multipole o rde r of the 60 kev g a m m a r a y has been 
(391 

repor t ed as E,^ •' f rom the exper imenta l convers ion coefficient and 

a s an M,-E^ ' mix tu re from the ra t ios of L vacancies and the L, 

convers ion coefficient. 

Another abundantly confirmed gamma r ay has been r epor t ed 
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a s 26 . 43 t 0. 03 k e v , ^^^^ 26. 3 + 0 . 2 k e v , ^^^ and 26. 4 k e v . ^^^^ 

The r e s p e c t i v e a b u n d a n c e s r e l a t i v e to the 60 k e v g a m m a r a y w e r e 

31 p e r c e n t , 7 . 5 I 0 . 8 p e r c e n t , and 25 p e r c e n t ^ T h e m u l t i p o l e o r d e r 

(391 
of t h i s t r a n s i t i o n h a s b e e n r e p o r t e d a s E , . 

17 "^lil 
A g a m m a r a y of 3 3 . 36 1 0. 03 k e v ' w a s o b s e r v e d wi th a 

b e n i c r y s t a l s p e c t r o m e t e r but two l a b o r a t o r i e s ^ ' u s i n g 

p r o p o r t i o n a l c o u n t e r s did not o b s e r v e any g a m m a r a y s a r o u n d 33 k e v . 

A s o u r c e of at l e a s t a p o r t i o n of the o b s e r v e d 33 k e v r a d i a t i o n i s 

143 441 
thought to b e a l a n t h a n u m i m p u r i t y . ' 

C o n v e r s i o n e l e c t r o n s c o r r e s p o n d i n g to an L.™ c o n v e r s i o n of 

241 (35) 
a 41 . 4 k e v g a m m a r a y of A m h a v e b e e n o b s e r v e d a n d c o n v e r s i o n 

e l e c t r o n s c o r r e s p o n d i n g to L . , l^rns M-j. and N . c o n v e r s i o n of a 43 kev 

^ "̂  "7 iA.! \ 

g a m r a a in U d e c a y ' w e r e a s c r i b e d to t h e s a m e t r a n s i t i o n in 
"̂  °S 7 "^ All 

Np a s the 41 kev g a m m a r a y i n A m d e c a y , 
(141 

A g a m m a r a y of about 100 kev w a s found by M a r t i n in a n 

>4 
i n t e n s i t y of 10 p e r a lpha p a r t i c l e . 

241 
A p o s s i b l e d e c a y s c h e m e for Ami i s shown in F i g . 21a. T h e 

Q 

l i f e t i m e of t h e 71 k e v s t a t e h a s b e e n r e p o r t e d a s 6. 3 t 0. 5 x 10 s e c 

and the m a x i m u m l i f e t i m e of t h e 43 and 114 k e v s t a t e s a s l e s s t h a n 

1391 0. 3 and 1 lasec, ^ * r e s p e c t i v e l y . F r o m the l a t t e r v a l u e s i t w a s 

d e d u c e d tha t a l l t r a n s i t i o n s f r o m the 114 and 43 k e v s t a t e s w e r e M,, 

M-js o r Ep, t r a n s i t i o n s . In the c a s e of the d e c a y of 43 to the 11 k e v 

levelj, t h e t r a n s i t i o n would b e e i t h e r M-. o r E„ s i n c e a c c o r d i n g t o 

139) Be l ing j et a l . , t h e s e s t a t e s would h a v e t h e s a m e p a r i t y . 
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243 
F . C o m p l e x Alpha S p e c t r u m of A m 

243 , 241 
A m c a n be p r e p a r e d by n e u t r o n b o m b a r d m i e n t of A m 

f r o m the r e a c t i o n : 

_ 242 
C m 

. 241, , . 242m , \ 242 , . . 243 
A m (n, YI A m and A m fn^ y) A m 

e . c . Jsj ^ 
„ 242 , , J 243 
P u (n, YI F̂ u. 

P r e v i o u s to the p r e s e n t w o r k , t he m e a s u r e m e n t of a l p h a e n e r g y had 

b e e n m a d e wi th an i o n i z a t i o n c h a m b e r coup led to a p u l s e he igh t 

d i s c r i m i n a t o r for wh ich the v a l u e 5 . 27 Mev w a s r e p o r t e d . 

7 
A s p e c t r o g r a p h s a m p l e of 2 x 10 a l p h a d i s i n t e g r a t i o n s p e r 

241 243 

m i n u t e w a s p r e p a r e d f r o m a m i x t u r e of A m and A m a c t i v i t i e s 

by s u b l i m a t i o n and e x p o s e d in t h e s p e c t r o g r a p h for 87 h o u r s . Two 

new a l p h a g r o u p s w e r e o b s e r v e d wh ich had not b e e n s e e n on a n 
. A 241 

e x p o s u r e of p u r e A m 
243 

T h e e n e r g y for t h e p r i n c i p a l g r o u p of A m w a s d e t e r m i n e d 
" 241 

by c o m p a r i s o n wi th t h e m a i n g r o u p of A m „ If 5 . 4 7 6 Mev i s 
241 243 

t a k e n a s the e n e r g y of a--, of A m , t h e n t h e m a i n g r o u p of A m 

h a s an e n e r g y of 5„ 267 Mev . 

243 
A s e c o n d a l p h a g r o u p of A m w a s found 41 k e v l o w e r in 

a l p h a p a r t i c l e e n e r g y t h a n the m o s t abundan t a l p h a g r o u p and 

c o m p r i s e d abou t 10 p e r c e n t of the t o t a l a lpha p a r t i c l e s e m i t t e d by 

243 
A m 

241 243 
T h e r a t i o of A m a lpha a c t i v i t y to A m a l p h a a c t i v i t y 

w a s m e a s u r e d a s 52 , A m a s s a n a l y s i s of the s a m p l e by F . L . R e y n o l d s 
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showed t h a t t he r e l a t i v e m a s s e s of A m ^ A m and A m w e r e 

74 .15 , 0. 6l5s and 25 , 22 p e r c e n t . T h u s by t a k i n g t h e ha l f - l i f e of 

241 3 243 
Am a s 470 y e a r s , we find a ha l f - l i f e of 8. 3 x 10 y e a r s for A m 

4 
Our r e s u l t i s in good a g r e e m e n t wi th t h e 'vlO y e a r v a l u e r e p o r t e d by 

243 
S t r e e t , G h i o r s o and S e a b o r g f ro in m a s s a n a l y s i s of A m and the 

c h e m i c a l y i e ld of m i l k e d Np • 

243 G. G a m m a R a y s of A m 

(141 P r e v i o u s to the p r e s e n t s tudy , Mar t in* had r e p o r t e d a 

243 
75 kev gajaijma r a y in A m wi th an a b u n d a n c e equa l to 90 p e r c e n t 

of the a lpha t r a n s i t i o n s . In o r d e r to v e r i f y t h e s e r e s u l t s , a l p h a -

g a m m a c o i n c i d e n c e s w e r e r u n on a s a m p l e con t a in ing 700 c / m of 

241 243 
m i x e d A m and Am a c t i v i t y . An a l p h a p u l s e a n a l y s i s of the 

243 241 

s a m p l e showed 70 p e r c e n t Ami a c t i v i t y and 30 p e r c e n t A m 

a c t i v i t y . T h e c o i n c i d e n c e s w e r e r u n b e t w e e n a l p h a p a r t i c l e s and 

d i f f e r en t i a l p o r t i o n s of t h e g a m m a s p e c t r u m . In o r d e r to 

c a l i b r a t e the s y s t e m e n e r g y w i s e s i m u l t a n e o u s l y wi th the c o m c i d e n c e 
241 

m e a s u r e m e n t s , a s a m p l e of A m in a c l o s e d c a r d b o a r d c o n t a i n e r 

w a s p l a c e d n e a r t h e g a m m a c o u n t e r . S ince none of the a lpha 

241 p a r t i c l e s in t h i s s e p a r a t e A m samiple cou ld s t r i k e the Z n S s c r e e n , 

no t r u e c o i n c i d e n c e s cou ld be c a u s e d by t h i s s a i n p l e . B e c a u s e of the 

241 243 
low a l p h a count ing r a t e of t h e m i x e d A m and A m s a m p l e , t h e 

c h a n c e c o i n c i d e n c e count ing r a t e would be qui te s m a l l . F r o m t h i s 

241 
w o r k , a f t e r s u b t r a c t i n g t h o s e c o i n c i d e n c e s due to A m , a 75 k e v 

g a m m a r a y was found to be in c o i n c i d e n c e wi th 8 x 10 p e r c e n t of the 

a l p h a p a r t i c l e s . T h i s i s in e x c e l l e n t a g r e e m e n t wi th t h e p r e v i o u s 

w o r k . 
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1. Decay scheme of Am - - A decay scheme for Am is 

shown in F ig . 21b. 

The convers ion coefficient for this 75 kev gamma from the 

above data must be equal to or sma l l e r than 2 / 8 . F r o m Gel lman 's 

(221 tables one would expect convers ion coefficients of at l eas t 5 and 

15, respec t ive ly , for M|. or E^ radiat ion, while for E, radiat ion the 

convers ion coefficient i s expected to lie between 0. 09 and 0 .4 . 

That the 75 kev gamma belongs in the level scheme of 

239 Np is verif ied by the p r e sence of a 73. 6 kev gamma r ay in the 

239 (46) decay of U . F r o m this decay scheme, the total decay energy 
743 

of Am is 5. 267 + 0. 088 + 0. 075 Mev = 5,430 Mev. Using our 
243 

energy of 6.151 Mev for the total decay energy of Cm and 0. 718 
239 243 

Mev for the beta decay energy of Np , we find that Cm is 
243 unstable with r e spec t to Am by 0. 003 Mev. This is in good 

agreement with the exper imenta l ly observed beta s tabi l i ty of 

A m 2 « ^ 4 5 ^ a n d C m 2 « , C 4 7 ) 

239 
H. Complex Alpha Spectrum of Pu 

239 Soon after the availabil i ty of Pu in s u p r a t r a c e r quanti t ies , 

the alpha activi ty was found to be accompanied by gamma radia t ion 

(48 49) in low abundance, ^ ' ' These and l a t e r m e a s u r e m e n t s will be 

d i scussed below when the decay scheme i s cons idered . The complex 

alpha spec t rum p re sumed from these data was f i r s t observed d i rec t ly 

by Rosenblum, Valadares and Goldschmidt ' who employed a la rge 

pernaanent magnet spec t rograph . They found the highest energy 

group in highest abundance and a prominent group at 50 kev lower 

energy. The p r e s e n t study amplifies these r e su l t s and a t tempts to 
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243 

0.117-

O075-

Fig. 21—a) Decay scheme of Am^*^. 
b) Decay scheme of Am^^^. 
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explain the gamma r ay spec t rum which has been r epo r t ed by 

s eve ra l s o u r c e s . 

F ig . 22 shows the alpha spec t rum of isotopical ly pure 

239 (51) 239 

Pu . The source cons is ted of 2. 5 m i c r o g r a m s of Pu and 

was exposed for 110 hou r s . All th ree of the observed peaks hav^ the 

same width at ha l f -maximum (« 8 kev) and the abundances as 

indicated were found both by compar ing peak heights and by 

integrat ing the total alpha t r a c k s . 

In another exposure for 90 hours the sli t sys tem was changed 

to give higher transmig^sion in o rde r to look for r a r e alpha groups . 

The peak widths went up to 21 kev and a and a , , were no longer 

c lea r ly reso lved . The abundance of cig, was found to be 11,7 percent 

which ag ree s with the other m e a s u r e m e n t s ci ted. A careful s e a r c h 

was made for other alpha groups and the data a r e r eco rded in F ig . 23. 

The energy range covered was 4 . 82 - 5. 57 Mev which extends fromi 

330 kev below the main group to 430 kev above it . No alpha group was 

found and the l imi t s can be set as follows: from 25 kev above a to 
o 

430 kev the re is no group g rea t e r than 0.15 pe rcen t abundance; and from 

70 kev below a (20 kev below Oei) to 330 kev the re is no group in 

g rea t e r than 0. 3 percen t abundance. The plate from which F ig . 22 

was der ived was also counted over an extended range and the r e su l t s 

were substant ial ly the same although the l imi ts of detection were not 

so low because of the fewer total t r a cks r ecorded . In addition, as is 

seen in F ig . 24 an upper l imit of 0.1 pe rcen t can be set on the 

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

aci) to 190 kev below a . 'I'he source from which F i g . 24 was der ived 
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Fig. 22—Pu^^* alpha spectrum at high resolution. 
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consis ted of 4 x 10 alpha d i s i n t eg ra t i on^pe r minute . A m a s s 

analysis of the plutonium from which thei sample was made is shown 

in Table 15. 
239 

The energy for Pu a was de te rmined by compar i son with 

Po for which the alpha pa r t i c l e energy was taken as 5, 298 Mev. ' ' 

239 X 

The energy for a of Pu was found to be 5.150 * 0. 002 Mev as 

compared with the other spec t rograph value, ^ ' 5.147, obtained 

using T h e as a s tandard . 

These spec t rograph values a r e in good ag reemen t with 

r epor t ed values obtained using ionization chamber s and range m e a s u r e -
(52) m e n t s . Cranshaw and Harvey, ' using an ionization chamber with 

a pulse height analyzer , r epor ted 5.159 ("̂  0. 005) Mev and Jes se and 

Fors ta t^ * obtained 5.140 ( t 0, 005) Mev by measu r ing total 

(54) ionization c u r r e n t . An a i r range determinat ion by Chamber la in , ' 

et aL gave 5,15 Mev. 

The energ ies of the two shor te r range groups were obtained 

from the i r d isp lacements from the main group using the d i spers ion 

of the ins t rument as descr ibed in an e a r l i e r sect ion. The differences 

in energy from the main group, a , were 12. 8 t 0. 7 kev and 

49, 7 - 0, 7 kev. Rosenblum, Valadares and Goldschm^idt^ reso lved 

a--, and found i ts energy to be 50 kev lower than the main group and 

our r e su l t i s in excellent agreement for this group. Upon addition of 

a co r rec t ion of 1. 7 percen t to these alpha par t i c le energy differences 

to obtain the spacing between energy levels and rounding off |o the 

near,est kilovolts the level differeric'es, become 13 and 51 kev, hence 

a<o and etp.,. These energies would cor respond to gamma ra^ t̂ energ ies 

between the appropr ia te l eve l s . 
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T a b l e 15 
a 

M a s s A n a l y s i s of P l u t o n i u m S p e c t r o g r a p h S a m p l e s 

I so tope F i g , 24 F i g , 26 

238 1.5 

239 80.0 57.8 

240 4 .2 34.2 

241 0 . 5 6 . 7 

242 13.7 1,1 

T h e s e da t a w e r e k ind ly supp l i ed by F , L . R e y n o l d s , 

F i g . 27 

30,39 

49,39 

13,46 

6 . 7 5 
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239 1. Decay scheme of Pu - - I t will be pointed out that the 

239 

Pu alpha spect rum as observed he re cannot explain all fea tures 

of the gamma ray and convers ion e lect ron spec t ra which have been 

repor ted . F i r s t we shall examine the a r ea of agreement which 

is indicated in F ig . 25. 

A gamma ray of 50 kev was repor ted ea r ly by Ghiorso, ' 
(35) and this has been abundantly confirnned, F r e e d m a n , et a l , found 

convers ion e lec t rons of a 53 kev gamma bes ides observing the 

ganama r a y with a propor t ional counter and a scint i l lat ion spec t rome te r , 

(55 56) West and Dawson, ' using a propor t ional counter spec t rome te r , 
, „5 

found a 52. 0 X 0 . 3 kev photon in an abundance of 7 x 10 per alpha 
(14) pa r t i c l e . Mart in ' in this l abora tory has measu red this gamma 

ray as 53 i 2 kev with a scinti l lat ion spec t rome te r , while two 

l abora to r i e s have found convers ion e lec t rons corresponding to a 50 

239 kev gamma ray in coincidence with alpha t r a cks in Pu impregnated 

(57) emuls ions , Albouy and Teil lac found the e lec t rons to be p re sen t 

to the extent of I6 per 100 total alpha pa r t i c l e s while Dunlavey and 

Seaborg^ ' found 12, 5 e lec t rons per 100 alpha p a r t i c l e s . It s eems 

a lmost ce r ta in that this gamma ray r e p r e s e n t s the t rans i t ion between 

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

and modera te agreement in abundance. Rosenblum and co -worke r s ' 

repor ted a much higher abundance than ours for ar-i, but the i r 

resolut ion would have been rojre difficult. 

West and Dawson also found a gamma r ay of 38. 5 * 0, 5 

kev in an abundance of 2/7 of thei r 52, 0 kev gamma. F reedman , 

(35) 
et a l . s imi l a r ly repor ted a 39 kev gamma ray in an abundance 
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of 2/7 of the i r 53 kev gamma. In addition, some of the convers ion 

135) l ines at t r ibuted by F reedman , _e£ aL to L_ and L™ convers ion 

of a 53 kev gamma could be due, at leas t in pa r t , to M convers ion 

of thei r 39 kev gamma. 

The preceding discuss ion shows that the re need be no sharp 

d i sagreement between our alpha spect rum and the gamma ray 

t rans i t ions so far cons idered . However, t he re i s ha rde r gamma 

radiat ion which is more difficult to explain. There have been 

repor ted gamma rays of 384 kev, ^^^^ 300 kev, ^^^^ and 420 kev^^^^ 

in ve ry low abundance and these could well cor respond to low 

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

135) addition, F reedman , et al.* ' found gamma rays of 100 and 124 kev, 

and another gamimia ray can be deduced from the work by Albouy 

and Teillac* ' and by Dunlavey and Seaborg ' ^ who both 

m e a s u r e d e lec t ron t r a c k s s temming from alpha t r a cks in nuclear 

emuls ions . Albouy and Teil lac repor ted t he i r s as the "K convers ion 

e lec t rons from a 200 kev gamma ray" which would mean that the 

e lec t ron line was 100 kev and the abundance as Ool-l pe rcen t of the 

alpha p a r t i c l e s . It is doubtful that these e lec t rons a r e K shel l 

converted because the corresponding K x - r a y s have not been seen in 

159) the requis i te abundance. West, et a l . ' r epo r t 101 and 115 kev 

•»5 K x - r a y s in an intensi ty of 2 x 10 pe r alpha pa r t i c l e , Dunlavey and 

Seaborg found s imi l a r e lec t rons in the energy range 100 "t 20 kev in 

0, 5 percent abundance. 

It s eems likely that these e lec t rons a r e L convers ion l ines 

of «»»120 kev gamma rays corresponding to the 124 kev gamma found 
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(35) by Freedman^, et_ a l . '̂  If the abundance of the e lec t ron is c o r r e c t , 

the corresponding alpha group should have been seen . According to 

the data of F ig . 23, an alpha group of lower energy than a by 70 kev 

or m o r e would be detected if p resen t in 0. 3 percen t abundance or 

g r e a t e r . A s t i l l lower l imi t was obtained according to the data in 

F ig . 24. F r o m 90 kev below a to 190 kev the re i s no alpha group 

g rea t e r than 0,1 pe rcen t . The d i sc repancy between the abundance of 

the 120 kev t rans i t ion and the absence of a corresponding alpha group 

is l a rge enough to cause some doubt as to the ground s ta te t r ans i t ion 

of P u " ^ 

A poss ible decay scheme is shown in F ig , 25, The U 35 

239 level populated by the tnost abundant alpha group of Pu would be 

a me tas tab le s t a t e . A s e a r c h is being made for any long-l ived 

radiat ion which might occur f rom th is l eve l , 

240 241 

I. Complex Alpha Spectra of Pu. and Pu 

This isotope of plutonium is an alpha emi t t e r of 6600*year 

half-life^ ' and i s bes t p r e p a r e d by neutron capture by Pu , Its 
239 

alpha energy is known to be v e r y close to that for Pu and had 
not been previous ly reso lved for sxire. 

5 A sample containing 5 .x 10 dis integrat ions pe r minute of 

239 240 

mixed Pu and Pu act ivi t ies was exposed for 46 hourSj, and the 

spec t rum shown in F ig . 26 was r e g i s t e r e d . The peaks were readi ly 

ass igned to the i r respec t ive isotopes because the m a s s spec t rographic 
240 

analys is shown in Table 15 indicated that Pu was in abundance 

such that i ts alpha act ivi ty should predominate and the energy 

differences and re la t ive abundances of the t h r ee peaks ass igned to 
239 239 

Pu were in close ag reement with those for Pu (see F ig . 22). 
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Fig. 23—Pu^^^ alpha spectrima. showing extended 
energy regions. 



-95-

150 

) 0 0 

5 0 
P g " * « i , 9 ? 

4 8 5 4 MEV 

^^^^^.y^"^ 

P u * * ' « o 
4 .B98 MEV 

A /" -A-.' 

. • . : : : t 

P.- . . , A 
S I 5 0 MEV / 1 

/ 1 
1 / \ 

^\ J ' 

— ^ y~^J \ 
\ -

\ 

POSITION OH PHOTOGRAPHIC PLATE (mm I 

Fig. 24—pu238,239,242 alpha spectra. 
Full microscope scan. 
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Fig. 25— Pu^̂ ^ decay scheme. 
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Fig. 26—pu ŝs.MO alpha spectra. 
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The energy of the main group of Pu is 12 * 2 kev g r e a t e r 

239 than that for Pu , Using o\ir value, 5.150 Mev for the energy of 

239 ' 240 

the a group of Pu , the energy fOr Pu a group is 5.162 Mev. 

Since we a r e fa i r ly ce r ta in that the mos t abundant group of an even-

even alpha emi t te r r e p r e s e n t s the ground state t rans i t ion , we may 
240 then calculate the decay energy for Pu as 5. 250 Mev, 

The second alpha group of Pu is 43 , 5 - 2 kev lower in 

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

that it leads to a s ta te 44 kev above the ground s ta te . Its 

abundance is 24 percen t , therefore the pa r t i a l alpha half- l ives for 

the two groups , based on the 6600 year m e a s u r e d half-life a r e 

8700 y e a r s and 27, 000 y e a r s , 
241 

The isotope Pu is genera l ly made by neutron i r r ad ia t ion 

239 
of Pu by the reac t ion: 

„ 239, , „ 240, , „ 241 
Pu (n, Y)PU (n, y)PvL 

It is a beta emi t te r with a 14-year half-l ife, ^ ' Work done 

previous to this study indicated a pa r t i a l alpha half-life of about 

cle 

(61) 

5 
4 X 10 y e a r s and an alpha par t i c le energy of 4. 91 Mev as 

m e a s u r e d with an ion chamber . 

A sample of 10 alpha dis in tegra t ions per minute of mixed 

„ 239, 240, 241, 242 ^ * oo i, ^ *u 

Pu was exposed for 88 hours and the spec t rum 

shown in F ig , 27 was r eg i s t e r ed . The m a s s analysis is given in 

Table 15. The peaks all have a half -thickness of about 7 mm or 

24 kev. This comparat ively la rge half- thickness is due to the l a rge 

sli t opening used at the source , 1/8 in, x 1 in. 
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The two i n t e n s e a l p h a g r o u p s shown in Fig„ 27 a r e 

240 s e p a r a t e d by 45 k e v and a r e due to P u w i th a s m a l l c o n t r i b u t i o n 

239 
f r o m P u a s d e d u c e d f r o m the m a s s a n a l y s i s . The p a r t i c l e 

e n e r g i e s of a l l g r o u p s sho-wn in F i g , 27 w e r e d e t e r m i n e d u s i n g 

240 
5«l62 Mev a s t h e e n e r g y of P u a » 

240 
T h e t h r e e r e m a i n i n g a lpha g r o u p s cou ld b e due to P u o r 

241 242 
P u , P u i s r u l e d out b e c a u s e of h a l f - l i f e c o n s i d e r a t i o n s » In 

240 241 

o r d e r to e s t a b l i s h a def in i te a s s i g n m e n t t o e i t h e r P u o r P u 

a n o t h e r e x p o s u r e wi l l b e m a d e wi th a v e r y a c t i v e s a m p l e wi th 

i s o t o p i c c o m p o s i t i o n a s shown in F i g , 26 , Un t i l t h i s e x p e r i m e n t i s 

c o m p l e t e d , t he a lpha g r o u p s a t 4„ 893 and 4 , 848 Mev a r e t e n t a t i v e l y 
241 

a s s i g n e d to P u and t h e a l p h a g r o u p a t 5» 014 Mev i s a s s i g n e d to 
240 240 

P u „ T h i s a s s i g n m e n t to P u i s b a s e d on t h e s i m i l a r i t y of t h e 
240 ' 242 

P u a lpha s p e c t r u m to t h e C m a l p h a s p e c t r u m . By a c o m p a r i s o n 

of p e a k h e i g h t s t h e a l p h a g r o u p a t 5 , 014 Mev i s 0 ,1 p e r c e n t of t h e 

240 
t o t a l P u a l p h a p a r t i c l e s . S ince t h i s g r o u p i s 151 k e v l o w e r in 

240 d e c a y e n e r g y t h a n the m a i n g r o u p of P u s i t i s d e s i g n a t e d a-jc-,. 

241 
T h e two a l p h a g r o u p s a s s i g n e d t o P u a r e s e p a r a t e d by 

46 k e v in d e c a y e n e r g y . The g r o u p a t 4 , 848 Mev c o m p r i s e s abou t 

241 
25 p e r c e n t of the g r o u p s a s s i g n e d to P u 

241 
The P u a l p h a b r a n c h i n g r a t i o m a y b e d e t e r m i n e d f r o m t h e 

240 241 
r a t i o of t h e P u and P u m a s s e s j t h e i r a l p h a a b u n d a n c e s and 

5 t h e i r half •='lives. F r o m t h i s d a t a an a l p h a ha l f - l i f e of 3 x 10 y e a r s 

i s in e x c e l l e n t a g r e e m e n t wi th the p r e v i o u s l y r e p o r t e d v a l u e of 

4 X 10 y e a r s . 
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Fig. 27—pu2*''.24i alpha spectra. 
Full scan. 

About 1/140 full scan. 
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1. Decay schemes of Pu and Pu . - - F r e e d m a n , et al„ ' 

r epor ted convers ion l ines of a 49. 6 kev gamma r ay and m.easured 

the energy of the gamma quantum with a Nal c ry s t a l spec t rome te r 
(59) 

and a propor t ional counter as 47 and 48 kev. West r e p o r t e d a 

45 . 0 ^ 0. 2 kev gamma r a y p re sen t in the alpha decay of ei ther Pu 

238 

or Pu , These t rans i t ions may co r re spond to the t r ans i t ion 

f rom the excited s ta te in U populated by Pu a^A to the ground 

state of U as shown in F ig , 28a, F r o m the ra t io of L x - r a y s to 

gamma quanta de te rmined by F r e e d m a n , et a l , j, a lower l imit of 35 

can be set on the convers ion coefficient of this t r ans i t ion . The 

actual value of the convers ion coefficient would depend on the L Auger 

coefficient and the extent of the absorpt ion of L x - r a y s before they 

enter the active body of the Nal c r y s t a l . No rad ia t ion has been 
240 observed from the level populated by Pu Qici» 

(351 Freedman^ et a l . r epor t 100 kev and 145 kev gamma r a y s 

241 
in Pu with abundances, respec t ive ly , of 0. 35 and 0, 07 per alpha 

pa r t i c l e . Because of i ts high abundance^ the 100 kev radia t ion is 

probably in coincidence with the alpha group at 4. 893 Mev. F r e e d m a n 

repor t ed that the half-width of the 100 kev radia t ion appeared to be 

too la rge for a single gamma r ay , and that this width was ve ry 

nea r ly equal to that expected for uranium x - r a y s , J£ the 100 kev 

t rans i t ions a r e K x - r a y s due to K convers ion of the 145 kev gamma 

ray^ the K convers ion coefficient would be about 35/7 = 5 (the K Auger 

coefficient is a s sumed to be smal l ) . This value of the convers ion 

121) coefficient may be in te rpre ted from Rose ' s tables as corresponding 

to an M_ t rans i t ion . 

A possible decay scheme is shown in F ig , 28b. 
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242 
J. Complex Alpha Spectrum of P u " 

242 Pu is general ly made by the e lec t ron capture decay of 

Am by the react ion; 

Am^^^K y) Am^^^ (16 h r | Am^^^ (100 y) 

i 
Pu 

e, c, 

242 

It is a beta stable alpha emi t te r with a par t i c le energy of 

4, 88 Mev as determined with an ion chamber previous to this study. 

7 
A sample of 3, 7 x 10 plutonium alpha d i s / m i n was exposed for 37 

hour s . This is the sample whose alpha spec t rum is shown in F ig . 24 

and whose m a s s analysis is shown in Table 15, 

The energy of the alpha group at 4, 89S Mev was determined by 

239 239 
compar ison with the Pu a peak on the same p la te . The Pu a 

240 239 
peak would be affected by the Pu a peak and the Pu a, ^ peak. 
These effects, howeverj tend to cancel each other outj, so the energy 

239 of the Pu a was taken as 5,150 Mev. The 4. 898 Mev alpha group 

239 
could not be due to Pu as it would have been seen in Fig» 23, L ike -

240 
wise it could not be due to Pu as it would have been seen in Fig , 27 
in about four t imes the abundance of any group in that region. If the 

241 group were due to Pu it should have been seen in F ig , 27 in about 

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

242 
alpha group shown at 4. 898 Mevg thereforeg, must belong to Pu 

A second alpha group 44 kev lower in par t ic le energy than 

242 Pu a was found with an abundance of about 20 percent of all the o "̂  
242 

groups assigned to Pu , By s imi la r reasoning to that used aboveg 
240 241 

this^ alpha group cannot belong to ei ther Pu or Pu , It could, 
239 242 

however, be a low energy alpha group of Pu or Pu , Pending 
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240 

0.151 

0.044 

x+0.046-

x+0-
aicx) 

Jz7 

Pu 241 

T5% 

242 

ao4& 

Fig. 28—a) Pû *® decay scheme. 
b) Pû *̂ decay scheme. 
c) Pû ^̂  decay scheme. 
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239 further exper iments on pure Pu , the alpha group at 4 . 854 Mev 

242 242 

is tentatively ass igned to Pu . This ass ignment to Pu is 

made because of the s imi la r i ty to the alpha decay cha rac t e r i s t i c s 

of other even^even nuclides as d i scussed in a la ter sect ion, 
242 

The half "life of Pu can be determined froin the re la t ive 
239 242 

atomic m a s s e s and alpha activity of Pu and Pu in the sample . 
239 

Using a half =life of 24, 360 yea r s for Pu , we find the half-life 
242 5 

of Pu to be 9 X 10 y e a r s . This compares with the value of 
5 X 10 yea r s ^ found by Thompson, et a l . 

242 
A decay scheme for Pu is shown in F ig , 28c. 

238 
K. Complex Alpha Spectrum of Pu 

238 242 

Pu is most easi ly p r epa red by milking i ts parent^ Cm 

It has a half-life of 89. 6 y e a r s , ^ ' Previous to this study the alpha 

par t ic le energy had been determined by the range of the pa r t i c l e s in 

a i r giving values of 5. 47^ ' and 5. 51 Mev. ^ 
•7 2 3 8 

A sample of 7 x 10* alpha dis integrat ions per minute of Pu 
was exposed in the spec t rograph for 114 hou r s . Its spec t rum is not 

242 
shown. The sample mientioned before in connection with Pu (see 

238 
F ig , 24| contained a la rge amount of Pu alpha activity. The 

238 
spect rum of Pu shown in F ig . 24 was in good agreement with 

238 
re spec t to energy separa t ion and re la t ive abundances with the Pu 

spectrum which is not shown, 

a- ^-u r T^ 239 „ 240 , „ 242 . , , 
Since the m a s s e s of Pu ^ Pu , and Pu var ied by over 

238 an order of magnitude in the two samples re la t ive to Pu ^ the 

238 ass ignment of the groups to Pu is pos i t ive . 

The inost energet ic alpha group has an abundance of 76 percent 
T-j o 2 3 8 

of the total Pu alpha emiss ion and will be designated a of Pu 
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The alpha par t i c le energy of a was de termined by compar i son with 

239 the main alpha group of Pu as shown in F i g , 24. The energy of 
239 

the Pu group was taken as 5,150 Mev giving an energy of 

5,497 Mev for Pu^^^, 

Another energy determinat ion was miade by exposing an old 

sample of 10 alpha dis in tegra t ions per minute of Cm . The two 
238 

intense Pu peaks were eas i ly detectable^ and the ene rgy of the 
238 242 

Pu u was m e a s u r e d as 5, 492 Mev, The energy of Cm a 
0 a / 0 

was taken as 6.110 Mev, With an averaged pa r t i c l e energy of 
238 5,495 Mev, the resu l t ing decay energy of Pu is 5, 589 Mev, 

A second alpha group 42 kev lower in par t i c le energy than 

238 238 

Pu a has an abundance of 24 percen t of the total Pu alpha 

emiss ion . Adding a co r rec t ion of 0, 7 kev to the pa r t i c l e energy 

separa t ion and rounding off to the n e a r e s t kilovolt, f we find an energy 

of 43 kev for the cor responding s ta te in the r e s idua l nuc leus . This 
238 alpha group is designated a , , of Pu 

The th i rd alpha group is 144 kev lower in pa r t i c l e energy 

than the main group and has an abundance of 0.15 pe r c e n t of the total 

238 
Pu alpha emiss ion from peak height c o m p a r i s o n s . Adding a 

co r rec t ion for nuc lear reco i l , the decay energy separa t ion becomes 
7 •a Q 

146 kev and the alpha group is designated Pu ^lAk-

L, Gamma Rays of Pu 

238 
The samiple of Pu whose alpha spec t rum is not shown was 

gamima analyzed, and gamma rays of 17, 44, 101 and 149 kev were 

observed as shown in F ig , 29. The respec t ive re la t ive gamma 

in tens i t ies for the 44, 101 and 149 kev radia t ions were 100, 27 and 3, 3. 
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No c o r r e c t i o n was made for changes in c ry s t a l counting efficiency 

with energy. The effect i s expected to be sma l l . The abundance of 

the 44 kev gam^ma quanta was m e a s u r e d a s 3, 8 x 10 per alpha "" 

pa r t i c l e . The geomet ry of the alpha analyzing sys tem was deternained 

241 
with Am by assuming the 60 kev gamma r a y had an abundance of 

40 percent^ ' pe r Am alpha pa r t i c l e . 

The energy of the 44 kev gamma was the average of two 

va lues , 42 and 45 kev^ and the abundance p e r alpha par t i c le was the 

r e su l t of one m e a s u r e m e n t . 

The energy of t t e 101 kev gamina was the average of five 

values which ranged from 96 to 108 kev. The abundance of this 

gamma r a y with r e spec t to the 44 kev gamma was the average of two 

m e a s u r e m e n t s , 24 pe rcen t and 30 pe rcen t . 

The energy of the 149 kev gamma was the average- of four 

m e a s u r e m e n t s ranging from 145 to 157 kev. The abundance with 

r e s p e c t to the 101 kev gamma (12 percent ) was the average of t h r ee 

m e a s u r e m e n t s which ranged f rom 12 to 13 pe rcen t . 

The 17 kev radia t ion is probably due to L x - r a y s . Radiation 

of this energy is so strongly absorbed in the counting sys tem that 

no accura te intensi ty can be de te rmined . 

-̂  o O / A y l \ 

1. Decay scheme of Pu - - P r i o r to this study. Reed ' 

found L x - r a y s , a 42. 6 kev gamma, and a possible 166 kev gampaa 

(15) by absorpt ion m e a s u r e m e n t s . O'Kelley^ ' found e lec t rons 

corresponding to a 45 kev gamma r a y and a poss ib le 48 kev ga'mma 

r a y . Coincident with this study, Dunlavey and Seaborg^ found 

convers ion e lec t rons corresponding to a 40 kev gamma ray in 
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coincidence with 2 3 + 3 percent of the alpha p a r t i c l e s . 

The 44 kev gamma r ay observed in this study and by other 

worke r s probably cor responds to the t r ans i t ion between the 

excited state in U populated by a .o of Pu and the ground s ta te . 

The convers ion coefficient of this t rans i t ion f rom our data 

would be : 

0.24 " 0.00038 , , , „2 
— . „ ̂ .————-.̂  = 6 . 4 x 1 0 . 

3,8x10""* 
°5 /t °3 §% Ct. \ 

If the samie M / L ra t io is taken as that used for Cm , 
2 

the L convers ion coefficient would be 5. 3 x 10 , F r o m Gel lman 's 
1221 

tables^ ' one wotild expect convers ion coefficients of 1, 6 x 10, 

2 

and 6 X 10 , respect ively , for E , , M, and E- t r ans i t i ons . Because 

of the excellent agreement with the E^ t rans i t ion , a l ikely spin 

ass ignment for the f i r s t excited state is 2 even pa r i ty . 

The observed 101 kev gamma is in good agreement with the 
234 t rans i t ion f rom the level in U populated by a i^ / to the level 

populated by a.o» Assuming that a l l of this gamma r a y is caused 

by the t rans i t ion between these two levels , and that no other decay 

takes place f rom the 146 kev level , we find a convers ion coefficient of ° 

(1,5 " 0 , 1 | x l O " ^ ^ j ^ 

The ra t io of M to L» convers ion is not known, but it should not be 

l a r g e r than for the Cm 44 kev t rans i t ion , ' There fore , the L 

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

(22) F r o m Gellmian's t ab les , the theore t ica l convers ion coefficients 

for E j , Ms and E^ radiat ion a r e 0.1, 4 -* 9, and 6 -*• 26, respec t ive ly . 
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The exact shape of the theore t ica l curve is not known since 

Gel lman 's data includes only th ree points , and this accounts for the 

spread in the theore t i ca l va lues . The 101 kev gamma r ay could 

cor respond to ei ther an M, or an E^ t rans i t ion . 

If the 101 kev radia t ions were K x - r a y s of the 149 kev gamma 

rayj the K convers ion coefficient would be 2 7 / 3 . 3 = 8 , F r o m 

Rose ' s table^ of theore t ica l K convers ion coefficients, this 

would cor respond to an M. t rans i t ion or an e lec t r ic t r ans i t ion >5. 

The la t t e r case is obviously an imipossibility from lifet ime 

cons idera t ions . The M^ t r ans i t ion could not r e p r e s e n t a t rans i t ion 

f rom the level in U populated by ai4^ of Pu s ince, as s tated 

previously , a l l t r ans i t ions in even^even nuclei to the ground state 

f rom levels populated by alpha decay mus t be e lec t r i c t r ans i t i ons . 

There is not sxifficient exper imenta l evidence to de te rmine 

with cer ta in ty the place of the 101 kev rad ia t ion (or the 149 kev 

238 
radiat ion) in the Pu decay scheme . Because of empi r i ca l 

co r re la t ions to be d i scussed in a l a te r sect ion, we p re fe r the 

ass ignment of the bulk of the 101 kev radia t ion to the t r ans i t ion 

234 
from the second excited state to the f i r s t excited s tate of U as 

shown in F i g . 30. 

234 M. Complex Alpha Spectrum of U 

234 
U can be obtained from na tura l u ran ium o r e s . Before a 

234 
sample suitable for the spec t rograph can be obtained, the U mus t 

238 
be separa ted froEn the re la t ive ly l a rge amount of U m a s s . After 

234 238 
a quantity of U f ree from U was obtained, a sample of about 

8 (Jig was p r epa red for the spec t rograph by vacuum sublimation and 
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238 

0,2,4+ 

0. °X ^0 

Fig. 30—Decay scheme of Pu^^ .̂ 
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and was exposed in the spec t rograph for 19 hou r s . 

Two alpha groups were found- separa ted by 49 kev in 

par t i c le energy . An ea r l i e r m e a s u r e m e n t of this separat ion," 

de termined by extrapolat ing high energy edges , gave a value of 46 kev. 

The mos t energet ic group, designated a , compr i sed 

234 74 percen t of the observed U alpha emiss ion . The second group, 

234 
designated aen* compr i sed 26 percent of the observed U alpha 
emiss ion , 

234 
N, Gamma Rays of U 

234 
The gainma spec t rum of a l a rge sample of U was measu red 

with the s ingle-channel gamma analyzer and radia t ions of 18, 53, 90 

and 120 kev were observed . The uncor rec ted re la t ive intensi t ies of 

the 53, 90 and 120 kev radia t ions were 4. 5:1:2,1, r e spec t ive ly . 

The escape pqak of the 120 kev radia t ion would be at 87 kev 

and would compr i se a p a r t or al l of the 90 kev radia t ion . . >The ra t io 

of the in tens i t ies of the 120 kev gamma and i t s escape peak was 

241 

a s sumed to be the same as for the Am 60 kev gamma r a y and i ts 

escape peak . The resu l t ing re la t ive in tens i t ies after subtrac t ion of 

escape peaks for the 53, 90 and 120 kev radia t ions were 7:1;3„ 5. 

Unfortunately, t he re was a considerable amount of abso rbe r 
234 

between the U and the Nal de tec tor . If one a s s u m e s that the 

re la t ive ly sma l l amount of plutonium L x - r a y s observed (18 pe rcen t 

of 53 kev gamma ray) is due to absorpt ion of the L x - r a y s before 

s t r ik ing the Nal c rys t a l , the a b s o r b e r is equivalent to near ly 2 g of 

aluKsinum, Upon cor rec t ion of a l l the in tensi t ies on the bas i s of this 

quaati ty of aluminum abso rbe r , the re la t ive in tensi t ies of the 53, 90 

and 120 kev radia t ions become 15:1:3.4. 
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Macklin and Knight observed with a Geiger counter L x - r a y s 

234 of thorium in the alpha decay of U . Scharff-Goldhaber and 

McKeoun^ verif ied these r e su l t s with a propor t ional counter , 
i fil \ 

Using a m o r e intense source , Scharff-Goldhaber found gamma 

rays of 50 and 117 kev with a Nal scinti l lat ion counter . Bell , et a l , ' 

found gamma rays of 17 ±2, 53 * 2, 93 * 2, 5, and 118 * 2 kev with 

a scint i l lat ion counter . The re la t ive in tensi t ies of the 53, 93 and 

118 kev radiat ion were 1. 0, 0,11-0,31 and 0 ,42, 

The gamma rays observed by other worke r s a r e in excellent 

agreement energywise with those of this study. The re la t ive intensi t ies 

do not agree very well, but this m e a s u r e m e n t is inore difficult than 

the energy de te rmina t ions . If the 90 kev radiat ion r e p r e s e n t s the 

K convers ion of the 120 kev gamma ray, the K convers ion coefficient 

would be 0. 3 from this study and 0. 26 -*> 0, 74 from the work of 

(211 Bell , et_al. F r o m Rose ' s tables* ' of theore t ica l K convers ion 

coefficients, the values for E, , E^, E„ and E^ multipole o r d e r s a r e 

0 ,2 , 0 ,4 , 0,7 and 2, respec t ive ly . Fo r an M, t rans i t ion the K 

conversion coefficient would be near ly 10, Therefore , the 120 kev 

gamina must r e p r e s e n t an E,, E» or E., t rans i t ion r e g a r d l e s s of the 

source of the 90 kev radiat ion, 

L conversion of the 120 kev gamma should give e lec t rons of 

about 100 kev energy. The possibi l i ty exis ts that these e lec t rons 

may cor respond to those found by Teil lac and repor ted as about 

234 "the o rde r of 75 kev, " in an intensity of ~1 percent of the U alpha 

emiss ion . 

Because of empi r i ca l cor re la t ions discussed in a l a te r 

section, the 120 kev gamma ray is assumed to be in cascade with the 
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g^Hii»a f ays df about 50 kev„ Teillac^ ' found e lec t rons of 36 and 

50 kev corresponding to L and M convers ion of a 55 kev gamma r ay 

in coincidence with 32 percent of the alpha p a r t i c l e s . 

Dunlavey and Seaborg ' r epor ted e lec t rons of 30 and 45 kev 

corresponding to L and M convers ion of a 50 kev gamma ray in 

coincidence with 25 percen t of the alpha p a r t i c l e s , P r o h a s k a ' " 

found 40 kev e lec t rons in coincidence with 17 percen t of the alpha 

p a r t i c l e s . 

234 1, Decay scheme of U -=The gammia r a y s of about 50 kev 

probably cor respond to the t rans i t ion between the two levels in 

230 Th populated by alpha decay. A poss ible decay scheme is 

shown in F ig . 32a.. 

233 O, Complex Alpha Spectrum of U 

233 232 
U can be obtained from neutron bombardment of Th 

233 followed by two success ive beta decays . A sarople of U adequate 

for the spec t rograph was p r epa red by sublimation and exposed for 

94 hour s . The spec t rum is shown in F i g . 31. Three alpha groups 

were observed with abundances if 83, 15 and 2 pe rcen t . The group 

compr is ing 83 pe rcen t was the mos t energet ic and is designated a » 

The group of 15 percen t abundance is 42 kev lower in decay energy 

than Q and is designated a^^. The group of 2 pe rcen t is 96 kev 

lower in decay energy than a and is designated agA* 

233 C59I 
^' D^c^y schexne p£ P « »*• West^ et aL ^ ' r epor t L x - r a y s 

of thorit tm and gamma rays of 42« 8 t 0* 3 a.T^d 56,1 * 0»4 kev in 
M ml «»4 - 4 

in tensi t ies of f4 f 1) x 10 , 5 x 10 , and 1 x 10 pe r alplia par t ic le^ 

and Bisgard^ ' found convers ion e lec t rons corresponding to 



-114-

A 

..•••• 
•.„.•••••.•/. Y '" 

ON PHOTOGRAPHIC PLATE ( m m ) 

T233 Fig. 31—U^^^ alpha spectrum. 
14 ^gm sample. 

0.3 ^gm sample. Ordinate is 200 
times full scan. 
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233 
g a m m a r a y s of abou t 43 and 5 6 ' k e v in c o i n c i d e n c e wi th U a l p h a 

(58) 
p a r t i c l e s . Dunlavey^ ' found e l e c t r o n s c o r r e s p o n d i n g to a 40 k e v 

ganama in c o i n c i d e n c e wi th 9 p e r c e n t of t h e a l p h a p a r t i c l e s and 

Studier^ o b s e r v e d a g a m m a r a y of 40 k e v and c o n v e r s i o n e l e c t r o n s 

(14) c o r r e s p o n d i n g t o t h i s g a m m a r a y . M a r t i n o b s e r v e d a 39 k e v 

(381 
g a m m a r a y in a n i n t e n s i t y of 1 p e r c e n t of the L x = r a y s . P r o h a s k a * 

found a g a m m a r a y of 39 k e v i n c o i n c i d e n c e wi th 0 , 2 p e r c e n t of t h e 

a l p h a p a r t i c l e s . T h e 43 k e v t r a n s i t i o n p r o b a b l y t a k e s p l a c e b e t w e e n 

the l e v e l p o p u l a t e d by 0,.^ and a and t h e 56 k e v t r a n s i t i o n p r o b a b l y 

t a k e s p l a c e b e t w e e n t h e l e v e l s p o p u l a t e d by u.nL and a ^ , " 

S tud ie r* ' found g a m m a r a y s of 80 k e v and c o r r e s p o n d i n g 

(141 c o n v e r s i o n e l e c t r o n s , Mar t in^ found an 85 k e v r a d i a t i o n i n a n 

1581 
i n t e n s i t y of 1 p e r c e n t of t h e L x - r a y s , D u n l a v e y ' found e l e c t r o n s 

c o r r e s p o n d i n g to a 90 k e v g a m m a i n c o i n c i d e n c e wi th 0 , 4 p e r c e n t of 

t h e a l p h a p a r t i c l e s and B i s g a r d * ' found e l e c t r o n s c o r r e s p o n d i n g 

1381 
t o a 99 k e v g a m m a in c o i n c i d e n c e wi th t h e a l p h a p a r t i c l e s . P r o h a s k a * ' 

found a g a m m a r a y of 88 k e v . T h i s 80-100 k e v r a d i a t i o n m a y 

c o r r e s p o n d to the t r a n s i t i o n b e t w e e n t h e l e v e l s p o p u l a t e d by aq / and 

% • 

In a d d i t i o n , S t u d i e r ' found a 0. 31 Mev g a m m a r a y in a n 

a b u n d a n c e of 0 ,1 p e r c e n t . The d e c a y s c h e m e i s shown in F i g , 32b , 

232 
P„ C o m p l e x Alpha S p e c t r u m of U 

232 230 
U c a n b e p r e p a r e d b y n e u t r o n b o m b a r d m e n t of T h 

b y the r e a c t i o n : 
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234 

,233 

Fig. 32—a; U^^ decay scheme. 
b) Û ^̂  decay scheme. 
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.232 

P 

^ 231, , ^ 232 P a (n, y) P a 

Th^30^^^ ^^ ^1^231 

5 232 

A sample of 10 alpha dis integrat ions per minute of U 

was p r e p a r e d by vacuum sublimation and exposed for 46 h o u r s . 

Two alpha groups separa ted by 57 kev in alpha par t i c le energy were 

observed . The most energet ic group had an abundance of 
232 

69 percen t of the total U alpha pa r t i c l e s and was designated a , 
The other alpha group was 58 kev lower in decay energy and was 

232 designated Ocg- It consti tuted 31 pe rcen t ©f the U alpha emiss ion , 

8 232 
Another sample of 3 x 10 c / m of U was p repa red by 

vacuum sublimation and exposed in the spec t rograph for 14 h o u r s . 

An additional alpha group was observed 189 kev lower in 

decay energy than a and in an abundance of 0. 3 pe rcen t of the total 

232 
U alpha emission^ It is designated a-, on' 

232 The alpha par t i c le energy of U was de termined by 

228 232 
compar i son with i t s Th daughter . The energy of o of U was 

228 
5, 318 Mev. Only one alpha group of Th was observed . We 

228 a s sumed this group was a of Th 
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Q. Complex Alpha Spectra of P p Th and Ra 

230 
U can be prepared by the reaction: 

^ 2 3 0 

/N P" 

^ , 2 3 2 . , . 1 - ^ 2 3 0 T h (p, 3 n | Fa. 

y* 9 A y y ^ 

Th and Ra a r e formed by succeeding alpha decay p r o c e s s e s of 

230 A sublimed sample of U was exposed in the spec t rograph 

for 111 hours and the resul t ing spec t rum is shown in F ig . 33, The 

mos t intense alpha groups in near ly equivalent abundance were 

identified by comparing their energy separa t ions with those 

de termined by other worke r s from ion chamber m e a s u r e m e n t s . The 

sma l l e r intensi ty groups were a s sumed to belong to the isotope whose 

main group was nea re s t in energy on the high energy s ide . 

230 
U has two alpha group,s separa ted by 71 kev in decay 

energy. The most energet ic group compr i s e s 77 percent of the 

230 230 
total U alpha emiss ion and is designated o of U . The lower 

^ T o / ^ 

energy group compr is ing 23 pe rcen t of the U alpha emiss ion is 

designated o - , . An e a r l i e r measure inen t was made by compar ing the 

differences between the extrapolated edges , and the resul t ing alpha 
230 decay separa t ion between the U groups was given as 70 kev. 

Later r e su l t s indicate this value may be ~35 percen t . The 

230 
l is ted measu remen t was made with U a_, at the extrenae edge 
and par t ia l ly off of the photographic p la te . 
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POSITION ON PHOTOSRAPHIC PLATE (min.l 

Fig. 33—U^̂ ®, Ttf̂ ®, Râ ^̂  alpha spectra. 



226 
The main group of Th was 456 kev higher in pa r t i c l e 

230 energy than a of U and compr i s e s 78 percent of the total 

Th alpha emiss ion . This group is designated a of Th 

A second graip 110 kev lower in decay energy than a compr i s e s 

22 percent of the total alpha emiss ion and is designated a,,„ of 
??6 

Th , An ea r l i e r m e a s u r e m e n t using the difference in 

extrapolated high energy edges resu l ted in a difference of 117 kev 

between the decay energies of the Th alpha groups . 

222 The only observed alpha group of Ra was found 681 kev 

230 higher in energy than a of U . F r o m cor re la t ions made in a 

222 
l a te r section, the second alpha group of Ra is expected to be at 

"?"? fi 

about the s a m e e n e r g y a s a.,,^, of Th but in m u c h l o w e r i n t e n s i t y , 

nm. • r TT230 „,, 226 , _ 224 , , 
T h e e n e r g i e s of U , Th and Ra w e r e m e a s u r e d by 

(71) a n o t h e r w o r k e r ^ ' w i th a n ion. c h a m b e r a s 5 , 8 5 , 6. 30 and 6, 51 Mev, 

r e s p e c t i v e l y . The e n e r g y s e p a r a t i o n s of Th and Ra froiB 

230 
U a r e 0. 45 and 0, 66 Mev, in e x c e l l e n t a g r e e m e n t wi th o u r 

r e s u l t s , 

t? "? Q "y "y A 

R, Complex Alpha Spectra of Th and Ra 

Th^^^ CRdTh) is an alpha emi t t e r of L 9 year half^life, "̂̂ ^̂  

228 
It can be obtained as a daughter product of Ra by two success ive 

228 
beta emi s s ions . The source of Ra (MsThI) is na tu ra l thoriuin o r e s , 

224 228 
Ra (ThX) is formed by the alpha decay of Th and has a 

3,64 day half- l ife. ^''^^ 
228 

A 67 mc source of Ra was obtained from the R a r e Minera ls 

and Metals Company, Inc . , d issolved in 0, 6 N HNO- and placed on 

a Dowex 50 ion exchange column, Radiunn and thorlumi would both 
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adhere to the column under these condit ions. Then 4 N HNO., was 

pas sed through the column and mos t of the rad ium and actinium 

would have pas sed through the column leaving the thoriuna stuck 

on the r e s in . About 1 mc of the thor ium was removed from the 

r e s in with 1 ml of l6 N HNO,, evaporated to a few m i c r o l i t e r s and 

vapor ized from a tungsten filament onto a platinum p la t e . The sample 

was exposed for 19 hours in the spec t rograph and the alpha spec t rum is 

shown in F ig . 34. 

224 The main group of Ra was chosen as an energy s tandard 

because it had been m e a s u r e d ve ry accura te ly by Br iggs . ' If the 

224 228 
energy of a of Ra is taken as 5. 681 Mev, the ma in group of Th 

228 
has an energy of 5.421 Mev. This group is designated a. of Th 

228 
and has an abundance of 71 percen t of the total Th alpha emiss ion . 

(73) This is in excellent agreement with the value repor ted by Rosenblum,^ ' 

228 
5.423 Mev, The second alpha group of Th is 84 .3 kev lower in 

228 
alpha decay energy than a. of Th and is there fore designated 0.04-
Its pa r t i c l e energy was m e a s u r e d as 5. 338 Mev in exact ag reement 

173) with the value r epor t ed by Rosenblum. ^ ' The abundance of Q.OA °f 

228 228 
Th was m e a s u r e d as 28 percen t of the total Th alpha emiss ion 

£73) in exact agreement with the value repor ted by Rosenblum. * ' 

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

(74) 224 
5.448 Mev, which Rosenblum^ ' has a t t r ibuted to Ra . We have 

not de te rmined the intensity of this group accura te ly as yet, but it 

(74) appears to be in reasonable ag reement with Rosenblum's* ' value 

of 4. 6 pe rcen t . Since this group is separa ted by 240 kev in decay 

224 224 
energy from a of Ra it is designated a,4^0 of R -̂
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600) 1— 

^ ZOO -

T h » " ? 

5 ITS MEV 

5 4 4 5 MEV 

POSITION ON PHOTOGRAPHIC PLATE ( m m ) 

Fig. 34—Th^^*' alpha spectrum. 
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The groups at 52 08 and 5.173 Mev could have belonged to 

ei ther Th or Ra • . In o rde r to decide between these nucl ides , 

228 224 
another sample of mixed Th and Ra act ivi t ies was p r e p a r e d , 

7 This sample contained 5 x 10 alpha dis integrat ions p e r minute and 

was exposed in the spec t rograph for 64 hou r s . The peak height of 

^24a 
224 of Ra was the same on this exposure as on the run shown in 

228 F ig . 34, The peak height of ao4 of Th was one-fifth i t s peak 

height in the run shown in Fig„ 34 and the maximurt) peak height of 

any peaks in the region of 5. 208 and 5.173 Mev were one-fourth and 

one- th i rd , respect ive ly , of the values shown in F ig , 34, There fore , 

we have concluded that at leas t the bulk of these alpha groups a r e 

emit ted by Th^^®. 

The alpha group at 5.208 Mev is separa ted by 217 kev in decay 

228 energy from a of Th and is designated a._,™. It compr i se s 
228 

0.45 pe rcen t of the Th alpha emiss ion . The 5.173 Mev group is 

228 
253 kev in decay energy from a of Th and is designated aTcq,» 

228 
It compr i s e s 0.22 percen t of the Th alpha eimission, 

(74) 224 
Rosenblum^ ' r epor ted an alpha group of Ra at 5,194 Mev 

and 0.4 pe rcen t abundarce. In F ig , 34 the re is no alpha group seen 
224 at 5,194 Mev g r e a t e r than 0.1 percen t of the Ra alpha emiss ion . 

Another exposure was made with the sample whose spec t rum 

is shown in F i g . 34 at a different laagnetic field sett ing, and no alpha 

group was observed from 5.145 Mev to 4, 797 Mev g rea t e r than 

228 224 

0, 04 pe rcen t of the Th alpha emiss ion and 0. 08 pe rcen t of the Ra 

alpha emiss ion . We have at t r ibuted a group at 4, 776 Mev in about 

4 pe rcen t abundance re la t ive to Th to Ra (energy = 4. 777 Mev),* 
226 

s ince MsThI always contains s-ome Ra and the Th-Ra chemica l 
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p u r i f i c a t i o n w a s not v e r y s u c c e s s f u l , 

A g roup at 5. 297 Mev w a s a l s o o b s e r v e d in t h e s a m p l e w h o s e 

s p e c t r u m i s shown i n Fig„ 34, b u t p e n d i n g f u r t h e r e x p e r i m e n t s , t h i s 

g r o u p i s a s s u m e d to be P o ( e n e r g y - 5= 298 Mev)„ ^ ^ 

228 
So G a m m a R a y s of Th 

In o r d e r to m a k e a p o s i t i v e i den t i f i c a t i on of the g a m m a r a y s 

228 
of Th , a qu ick and q u a n t i t a t i v e p r o c e d u r e w a s n e e d e d for the 

228 

s e p a r a t i o n of T h f r o m i t s d a u g h t e r p r o d u c t s » The t h o r i u m w a s 

p l a c e d on a Dowex 50 r e s i n co lumnj h e a t e d to 87 C wi th t r i c h l o r o -

ethylene^ in d i lu te n i t r i c acid^ and the r a d i u m r e m o v e d wi th 

4 N HNO^. The t h o r i u m w a s s t r i p p e d off t he c o l u m n r a p i d l y wi th 

a one to one v o l u m e r a t i o of l a c t i c a c i d a t a pH of 3„ T h e s t r i p p e d 

so lu t i on w a s e v a p o r a t e d down;, a l p h a counteda and p u l s e a n a l y z e d 

on a 5 0 - c h a n n e l g a m m a s c i n t i l l a t i o n c o u n t e r . The a l p h a a c t i v i t y of 

the s a m p l e w a s 3 x 10 a l p h a d i s / m i n » 
228 T h e g a m m a a n a l y s i s showed four g a m m a r a y s due to T h 

241 235 
The e n e r g i e s d e t e r m i n e d wi th A m 60 k e v and U 184 k e v 

s t a n d a r d w e r e 899 137i, 169 and 212 kev„ S ince the s t a n d a r d s w e r e not 

228 

r u n c o n c u r r e n t l y wi th the Th s the e n e r g i e s w e r e s t t s c e p t i b l e to 

s l igh t sh i f t s in p h o t o m u l t i p l i e r vol tage^ In p r a c t i c e i t h a s b e e n found 

t h a t t h e s e sh i f t s a m o u n t to l e s s t h a n one c h a n n e l o r 8 k e v in t h i s case„ 
241 

A s s u m i n g t h a t one 60 k e v A m g a m m a r a y i s a s s o c i a t e d wi th 
241 

40 p e r c e n t of the A333 a lpha e m i s s i o n ^ we found the u n c o r r e c t e d 

r e s p e c t i v e a b u n d a n c e s of t h e 899 137, I69 a n d 212 k e v g a m m a r a y s to 

228 
b e 1.6s Oo 278 0^12 and 0 . 2 2 p e r c e n t of the Th a l p h a e m i s s i o n . 

Af ter c o r r e c t i o n s f o r count ing e f f ic iency w e r e applied^ t h e r e s p e c t i v e 
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i n t e n s i t i e s w e r e 1.6, 0. 27, 0.14 and 0»32 p e r c e n t . 

T h e e s c a p e p e a k of t h e 212 k e v r a d i a t i o n w a s coun ted a s p a r t 

of the 169 kev r a d i a t i o n s and the e s c a p e p e a k of the 169 k e v 

r a d i a t i o n w a s c o u n t e d a s p a r t of the 137 k e v r ad i a t i on^ The e s c a p e 

p e a k of t h e 89 k e v r a d i a t i o n c o m p r i s e s 16 p e r c e n t of t h e a b u n d a n c e 

of the peaks» A s s u m i n g t h i s r a t i o app l ies to a l l of the p e a k s s t h e 

f ina l i n t e n s i t i e s for t h e 89s 137, 169 and 212 k e v r a d i a t i o n s w e r e 

1.6, 0 , 2 5 , 0. 09 a n d 0« 32 p e r c e n t . 

228 
T h e a s s i g n m e n t of t h e s e g a m m a r a y s to Th s e e m s c e r t a i n 

212 s i n c e t h e r a t e a t w h i c h the 2 3 8 . 6 k e v g a m m a r a y of P b g r e w in 

c o r r e s p o n d e d to a c o m p l e t e s e p a r a t i o n of t h o r i u m f r o m r a d i u m and 

212 l e a d on t h e ion e x c h a n g e c o l u m n s . S ince the g a m m a r a y s of Bi 

w e r e a l s o o b s e r v e d g r o w i n g in a t t h e i r p r e s c r i b e d e n e r g i e s ^ t h e 

s e p a r a t i o n of t h o r i u m f r o m b i s m u t h w a s a l s o e f f e c t i v e . 

228 
Al though i t had b e e n s u p p o s e d for s o m e t i m e t h a t Th 

c o n t a i n e d two g a m m a r a y s b e t w e e n 80 and 90 kev , r e c e n t 

e x p e r i m e n t s jus t i fy t h e c o n c l u s i o n t h a t on ly one 83 o r 84 k e v g a m m a 

r a y e x i s t s . R o s e n b l u m ' h a s r e p o r t e d s i x c o n v e r s i o n l i n e s 

(77) c o r r e s p o n d i n g to an 84, 3 k e v g a m m a ray^ and Riou h a s found 

228 
t h a t on ly a g a m m a r a y of 83„ 3 kev b e l o n g s to Th , t he o t h e r g a m m a 

r a y of 86» 8 k e v be long ing to one of the d a u g h t e r p r o d u c t s . 

T h e a b u n d a n c e of t h e 83 kev g a m m a r a y h a s b e e n 

178) 
d e t e r m i n e d a s 2 .1 p e r c e n t by a b s o r p t i o n m e a s u r e H i e n t s . Our 

g a m m a r a y of 89 k e v t indoubtedly c o r r e s p o n d s to t h e g a m m a r a y s 

m e n t i o n e d above» t h e d i f f e r e n c e in e n e r g y be ing wi th in o u r e x p e r i m e n t a l 

e r r o r . 
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228 L Decay scheme of Th , - -The gamma ray l is ted by 

the workers mentioned above as 83 and 84 kev and measu red by us 

as 89 kev very probably cor responds to the t rans i t ion from the 

levels in Ra populated by aoA °f Th to the ground state„ 

The conversion coefficient de termined from our work is 17 ± 2„ Other 
(79) 

workers by absorpt ion inethods have found values of 12^ ' and 

1781 ^lOo " The theore t ica l L convers ion coefficients for E p E^ and 

M, radiat ion a re 0„ 07 -* 0. 25s, 9 -* 35, and 5 -*• 12, respectively., 

F r o m our data the multipole o rde r of the t rans i t ion would be E_ in 

agreemient with the conclusions by Rosenblum* ' froxn compar i sons 

of the conversions in the var ious L she l l s . The spin of the 84 kev 

level would therefore ' be 2 even par i ty , 
224 

The 212 gamma ray must drop from the state in Ra ' populated 
228 

by a ,̂™ of Th , since that is the only state populated by sufficient 

alpha par t i c les to account for the 0„ 32 percen t abundance of the gamina 

rayo Within exper imenta l e r r o r in measur ing the gamma energieSj, the 

212 kev radiat ion ag rees with the t rans i t ion from the 217 level to the 

ground state» li no other radiat ion took place from this s tate and if it 

228 were populated by only a^ij of Th g the convers ion coefficient would 

be 0„ 29o The sum of the theore t ica l K and L convers ion 

coefficients for E, , E^ and M^ radiat ion would be 0. OSj, 0„ Bj, and 2, 8, 

respec t ive ly . The c loses t agreeinent would be with the E_ radia t ion. 

The 137 kev gamma ray^ however, probably also descends from the 

217 kev level . F r o m i ts energy and abundance it could descend 

only from the 253 or 217 kev leve l s . Since an appreciable 

port ion of the population of the 253 kev level probably 
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c a s c a d e s down by t h e 169 k e v r a d i a t i o n , i t i s d e d u c e d t h a t t h e 137 k e v 

g a m m a m a y c o m e f r o m the 217 k e v T e v e l . T h e t r a n s i t i o n would t a k e 

p l a c e b e t w e e n the 217 and 84 k e v l e v e l s . The t o t a l i n t e n s i t y of t h e 

137 and 212 k e v r a d i a t i o n s i s 0. 57 p e r c e n t . S ince the a lpha 

p o p u l a t i o n to t h e 217 k e v l e v e l i s 0, 45 p e r c e n t , t h e c o n v e r s i o n 

coef f ic ien t i s v e r y s m a l l . T h e d i f f e r e n c e b e t w e e n 0» 45 p e r c e n t 

and 0. 57 p e r c e n t m a y b e due to e x p e r i i m e n t a l e r r o r . T h e 212 and 

137 k e v t r a n s i t i o n s a r e t h e r e f o r e E , and t h e 217 k e v l e v e l h a s a sp in 

of 1 odd p a r i t y . 

T h e e n e r g y of the 169 k e v g a m m a r a y a g r e e s e x a c t l y to the 

224 
s e p a r a t i o n b e t w e e n t h e l e v e l s i n Ra p o p u l a t e d b y o-,eo and a n ^ . 

T h e c o n v e r s i o n coef f ic ien t fo r t h i s r a d i a t i o n would b e 1. 4 , T h e s u m 

(211 (221 

of K ' and L< t h e o r e t i c a l c o n v e r s i o n coe f f i c i en t s fo r E , j E ^ and 

M r a d i a t i o n would b e 0 , 1 , 1,1, and 4 . 7. The r a d i a t i o n j t h e r e f o r e , 

i s E » and- the sp in of t h e 253 k e v l e v e l i s 0, 2 o r 4 e v e n p a r i t y , 

A d e c a y s c h e m e i s shown in F i g , 35a , 

2» D e c a y s c h e m e of Ra - - R o s e n b l u ' r r r ' h a s m e a s u r e d 

K and L c o n v e r s i o n l i n e s of a 241 kev g a m m a r a y and a s s i g n e d i t to 

t h e t r a n s i t i o n b e t w e e n t h e E m l e v e l p o p u l a t e d b y a^^^A of R a 

and t h e g r o u n d s t a t e , A d e c a y s c h e m e i s shown in F i g . 35b, 
223 

T , Comiplex Alpha S p e c t r u m of Ra 

223 

R a c a n be o b t a i n e d f r o m n a t u r a l u r a n i u m b y r e m o v i n g and 

p u r i f y i n g the ac t in ixun a n d t h e n r e m o v i n g t h e r a d i u m d a u g h t e r that i s 

f o r m e d b y c o n s e c u t i v e b e t a and a l p h a d e c a y . 

In t h i s s t udy , the r a d i u m w a s r e m o v e d f r o m t h e a c t i n i u m and 

thoriuKJ by f i r s t p l a c i n g t h e a c t i v i t y on a c o l d Dowex 50 ion e x c h a n g e 
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228 

0,2,4 + 

224 

0.240-

Fig. 35—-a) Ttf̂ ® decay scheme, 
b) Bâ ^̂  decay scheme. 



226 
column and then eluting with 2 N Jll^fO-. The Ra comes off the 

column before the act inium, 

8 223 

A saihple of about 2 x 10 alpha d i s / m i n of Ra was 

exposed in the spec t rograph . Because the half-life of the emanation 

gas is too shor t to be puimped out of the spec t rograph before 

decaying and too long to decay before leaving the a r e a of the s p e c t r o 

graph source , the photographic p la tes had a t r emendous number of 

randonn t r a c k s . By a tedious job of alpha t r ack counting a number of 

alpha groups were reso lved . Five groups were observed whose 

respec t ive pa r t i c l e energy separa t io i s ficira the highest energy group 

a r e 0 kev (11 percent ) , 31 kev ( 53 percen t ) , 140 kev (25 percen t ) , 

207 kev (9 percen t ) , 315 kev (2 pe rcen t . These r e su l t s compare 

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

26 kev (53 pe rcen t ) , 134 kev (24 percent ) , 202 kev (9 percent ) , 

243 kev (2 percent)^ and 311 kev (3 pe rcen t ) . In addition^ Rosenblum 

repor t ed an alpha group at 5, 860 Mev in weak Intensi ty, 

No at tempt was made to m e a s u r e the atlpha pa r t i c l e ene rg i e s . 

In an e a r l i e r r epo r t the energ ies were l i s ted using an accepted 

value of 5. 719 Mev ' for the mos t intense alpha group. Since that 

t ime , the published energy of the jsiost intense alpha group has been 

changed to 5. 704 Mev, ^^^^ 
0 , Complex Alpha Spectrum of Ra 

226 Ra can be obtained in" l a rge quantit ies f rom na tura l u ran ium 
", ^1 J fa I, 

o r e s . It i s an alpha emi t te r M t h p.r#22 year h&lf-Iffe. * ** 

That Ra h a s c6 iap |ex ^trSxcture could be'^inf^rf e<| from the 

e a j l y m e a s u r e m e n i of a 188-kev gamma r ay of Hahn and Meitner.^ ' 



"130-

(851 
This gamma ray was shown to be par t i a l ly converted and the 

gamma r ay energy determined as 186 kev by spect rographic 

measu remen t of the conversion e l ec t rons . 

The alpha par t i c le group for the t rans i t ion to this excited 

state was observed with an alpha ray spec t rograph by Rosenblum and 

f 871 c o - w o r k e r s , who repor ted its abundance as " 6 , 5 pe rcen t . The 

abundance was confirmed as 6. 5 percen t in another m e a s u r e m e n t by 

(881 Bastin-Scoff i e r , ' Using an ionization chamber coupled to a p u l s e -

height analyzer , m e m b e r s of this labora tory ' r epor ted a lower 

value (4, 8 percent ) for the abundance of the low energy group. In 

(87 881 addition to this well-defined group, Rosenblum and co-workers^ ' 

found some evidence for a weak group of 600 kev lower energy than 

the main group. 

The source employed in the p resen t mieasurement consis ted 

226 
of 14 xnicrograins of Ra as radium chloride sublimed in vacuum 

onto a l / 8 x 1 in, band on a platinuin p la te . 

The solid curve of F ig . 36 shows the r e su l t s of a 21-hour 

exposure for the alpha par t ic le spec t rum in the range ~4. 5-4. 8 Mev 

with the ordinate showing the number of alpha t r a c k s in each l /4 mm 

wide (one field of view of the microscope) scan a c r o s s the r ece ive r 

photographic p la te . Because of the d ispar i ty in t r ack counts for the 

two peaks , the ordinate sca les have been made tenfold different. 

Because of source th ickness , the half-width of the peaks a r e about 

28 kev, as coinpared with 5-8 kev obtained with other sources in this 

ins t rument under bes t conditions. Never the less , the resolut ion of 

the two peaks in F ig . 36 is complete , and the abundances of the alpha 



-131-

groups (5. 5 pe rcen t i 0. 2 for the low energy group) should be 

re l iable within the indicated l imi ts of e r r o r . 

The abundances (Fig. 36) were de termined by counting al l of 

the t r a cks in the low energy peak (almost 26, 000) and those in every 

fourth 1/4 m m scan for the pr inc ipa l peak (109, 000), The m e a s u r e d 

abundance of the low energy was 5. 6 pe rcen t , but this was rev i sed 

downward to 5, 5 percen t because of the different geometry factor 

applicable to the two groups . This difference i s a consequence of 

the longer path followed by the high energy pa r t i c l e s because the 

photographic plate is not no rma l to the t r a j ec to ry of the alpha pa r t i c l e s 

but is 60 to the n o r m a l . Abundance m e a s u r e m e n t s were also made 

on th ree other samples for al l of which fewer t r a c l ^ were r e g i s t e r e d . 

The values obtained were 6, 0, 5, 8 and 5. 5 pe rcen t for the 

abundance of the low energy group. The value that we shal l adopt is 

5,7 - 0. 3 pe rcen t , which is the average of the fo-^ m e a s u r e m e n t s 

and the l imi t of e r r o r encompasses al l of them. 

In o rde r to i l lus t ra te the resolut ion at tainable with thinner 

s o u r c e s , an analys is of the main peak was made with a source 
? ?6 

consist ing of only 0. 3 m i c r o g r a m Ra . The peak i s shc%n with 

a broken line in F ig , 36 and the width at half-maximurr^ is only 6 kev 

as compared with .26 kev for the th icker sou rce . In this pa r t i cu la r 

m e a s u r e m e n t the magnet ic field was such that the low energy group 

d|d not r e g i s t e r on the photographic p la te . 

As mentioneds .a weak group of about 600 kev lower energy 

than the ground s tate t r ans i t ion has been repor ted , and i t s abundance 

was given in the second publication at 0.17 pe rcen t . This group would 
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p l a c e d at 4 , 20 Mev , and in t h e p r e s e n t e x p e r i m e n t s t h e r e g i o n f r o m 

4 , 0 to 4 . 5 Mev w a s e x a m i n e d . T h e r e s u l t s a r e shown i n F i g , 37 , 

f r o m w h i c h i t i s d e d u c e d t h a t no p e a k of g r e a t e r t h a n 0 .1 p e r c e n t 

a b u n d a n c e cotild b e p r e s e n t . 

A s s e e n in F i g , 37, t h e i n a b i l i t y t o d i s t i n g u i s h g roups i n 

l o w e r a b u n d a n c e t h a n 0 ,1 p e r c e n t so d i s t a n t f r o m t h e ixiain g r o u p s 

i s due to an e x t e n s i v e and n e a r l y c o n s t a n t t a i l i n g o n t h e low e n e r g y 

s i d e of t h e peaJks . T h i s phenonaenon i s a s ye t u n e x p l a i n e d . 

I n c i d e n t a l l y , t h e i n t e g r a t e d nuKiber of a l p h a - t r a c k s o v e r t h i s wide 

r a n g e i s c o n s i d e r a b l e ^ bu t by t h e s a m e t o k e n t h e y m u s t c o m e 

p r o p o r t i o n a l l y f r o m b o t h a l p h a g r o u p s so t h a t t h e r a t i o of a b u n d a n c e s 

of t h e two g r o u p s i s no t a f f ec t ed . S ince t h e l i m i t a t i o n of d i s c r i m i n a t i o n 

of a n a l p h a g r o u p i n t h i s r e g i o n i s no t a g r e a t d e a l l o w e r t h a n the 

r e p o r t e d i n t e n s i t y of t h e p e a k a^^Qs a def in i te d i s a g r e e m e n t canno t 

be s u g g e s t e d . Howevey , A. G h i o r s o in t h i s l a b o r a t o r y h a s m a d e a 
*?"? A 

c a r e f u l e x a m i n a t i o n of Ra wi th a n a l p h a p ' ^ r \ i c l e p u l s e a n a l y z e r 

o v e r t h e e n e r g y r a n g e 3 , 6 - 4 . 4 Mev and s e t a l i m i t of 0. 02 p e r c e n t 

fo r t h e a b u n d a n c e of any g r o u p i n t h i s i n t e r v a l , 
226 

T h e e n e r g y of a of Ra w a s m e a s u r e d a s 4 , 775 Mev, 

u s i n g P o (5 . 298 Mev) a s a s t a n d a r d . T h i s and the 4„ 776 Mev 

228 
v a l u e ob t a ined in the e x p e r i m e n t s on Th a r e in e x c e l l e n t 

C75| *" 
a g r e e m e n t wi th the e n e r g y g iven by B a s t m - S c o f f i c r a s 

4 . 7 7 7 Mev . 
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Fig. 37—Ra^^^ low energy alpha spectrum. 
Alpha tracks per 1/4 mm scan. 
Curve indicating the position and the 

abundances calculated for a^ and Ofigs from a 
short exposure. 

Average background below ajgg. 
A straight line parallel to the average 

bacl^round and 0.10 percent of the a^ peak height 
above the average background. 

A straight line parallel to the average 
background and 0.17 percent of the a^ peak height 
above the average backgroimd. 
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212 V, C o m p l e x Alpha S p e c t r u m of F r 

F r a n c i u m 212 c a n be p r e p a r e d a s a t h o r i u m s p a l l a t i o n 

p r o d u c t . It h a s a ha l f - l i f e of 19. 3 m i n u t e s ' and 56 p e r c e n t 

212 
of t h e d e c a y goes by e l e c t r o n c a p t u r e to E m and 44 p e r c e n t by 

, 1 , • • (90) 
a l p h a e m i s s i o n , 

212 A s a m p l e of F r a d e q u a t e for t h e s p e c t r o g r a p h w a s 

p r e p a r e d by v a c u u m s u b l i m a t i o n f r o m a t u n g s t e n f i l a i n e n t . The 

s a m p l e w a s e x p o s e d in the s p e c t r o g r a p h for 3 h o u r s , and a g r a p h 

212 212 
of the F r and E m a lpha s p e c t r a i s shown in F i g . 3 8 . 

212 The e n e r g y d e t e r m i n a t i o n s w e r e m a d e u s i n g the E m 

212 
(6. 262 Mev) g r o u p a s a s t a n d a r d . The g roup p i c k e d a s E m 

w a s c h o s e n on t h e b a s i s of i t s i n t e n s i t y . F u r t h e r m e a s u r e m e n t s 

have b e e n m a d e on t h e d e c a y r a t e of t h e v a r i o u s p e a k s bu t t h e 

r e s u l t s have not b e e n e v a l u a t e d , 

212 
The m o s t e n e r g e t i c g r o u p of F r i s a t 6. 408 M e v , I ts 

212 
a b u n d a n c e i s abou t 37 p e r c e n t of the F r a l p h a e m i s s i o n . T h i s 

g roup i s d e s i g n a t e d a , 

A s e c o n d a l p h a g roup i s 22 k e v l o w e r in p a r t i c l e e n e r g y 

t h a n a and i s d e s i g n a t e d a.,-,. I ts a l p h a p a r t i c l e e n e r g y i s 6 . 3 8 6 Mev 

and i t s a b u n d a n c e i s 39 p e r c e n t . 

A t h i r d g r o u p i s found 70 k e v l o w e r i n p a r t i c l e e n e r g y t h a n 
" », 

a and i s d e s i g n a t e d a™,. I ts a lpha p a r t i c l e e n e r g y i s 6 . 3 3 9 Mev 

and i t s a b u n d a n c e i s 24 p e r c e n t . 

I 
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Fig. 38—Fr^*^ alpha spectrum. 



W. Complex Alpha Spectra of Enn 

137-

208, 210, 211, 212 

The light emanation isotopes can be p repa red by bombarding 

., . ... , .„ , , . (91) ^ 208 ^ 210 _ 211 , 
thor ium with 340 Mev pro tons . Em , Em , Em and 
Em^^^ have half- l ives of 23 minutes , *̂̂ ^̂  2. 7 hours , ^^^^ 

(93) (93) 
16, hours , * ' and 23 minutes , ' ' r espec t ive ly . 

A sample 5 x 10 alpha c / m was p r e p a r e d on a 0. 0125 in, 

(91) 

chromel wire by a glow discharge method. ' 

Five separa te exposures of 15 minutes each were made from 

the sample in o rde r to observe the decay of the var ious alpha groups. 

The energ ies of the groups were determined using as a s tandard 

At (5» 862 Mev), The alpha par t i c le energy of Em was 

6.138 Mev. This compares with the ion chamber value of 

6.14 t - 0 . 02 Mev. ^̂ ^̂  

The alpha pa r t i c l e energy of E m was 6. 036 Mev. This 
compares with the ion chamber value of 6, 02 ^ 0. 02 Mev, (93) 

The most energet ic alpha group of Em had a par t i c le 

energy of 5, 847 Mev and an abundance of 33 percen t . A second alpha 

group of Ero had an energy of 5. 778 Mev and is designated a - „ . 

Its abundance is 67 percen t . 

212 The alpha par t ic le energy of Ears was 6. 262 Mev. This 

compares with ion chamber m e a s u r e m e n t s of 6. 23 i 0. 02 Mev. 

All of the above measu remen t s were made by determining 

peak separa t ions from extrapolation of the high energy edges down 

to the background. 
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211 X, Alpha-Gamma Coincidences of Em 

Alpha-gamma coincidence m e a s u r e m e n t s were made on 

E m with the s ingle-channel analyzer descr ibed in an e a r l i e r 

sect ion, A gamina ray of 72 kev was found to be in coincidence with 

211 alpha pa r t i c l e s in the Em sample . By observing the decay of the 

coincidence peak it was de termined that the At and Po could 

not be causing the coincidences . Since the coincidences decayed with 

a l6»hour half-life, the 72 kev gamma was ass igned to Em 

The convers ion coefficient of the 72 kev gamcma assuming it 

211 belongs to E m was about 60, This radiat ion probably r e p r e s e n t s 

207 
the t rans i t ion between the levels in Po populated by a„Q and a of 

Y, Complex Alpha Spectra of At , Po and At 

At and At can be p r epa red by bombarding b ismuth with 

211 (94) 
alpha p a r t i c l e s . At has a half "life of 7. 5 hours^ ' and decays 

(95) 59,1 percen t by e lec t ron capture and 40. 9 percen t by alpha emission,^ ' 

Po is formed by the e lec t ron capture decay of At and decays by 

alpha emiss ion with a 0. 52 second half- l ife. ^^^ At has a half-Mfe 

(97) of 8,3 hours^ ' and decays mainly by e lec t ron capture with some 

slight alpha branching, ' 

A nusssber of samples of At and mixed as ta t ine isotopes were 

p r e p a r e d by subliining the as ta t ine d i rec t ly from the bismiuth t a rge t 

onto a platinum p la te . Only one alpha group of At was observed . 

Its energy, de te rmined against Am and Po s t anda rds , was 

5, 862 Mev. F r o s i ion chaimber m e a s u r e m e n t s values of 5. 85 

(99) and 5. 89 Mev^ ' have been r epor t ed . 

(91) 
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A graph of the spec t rum of a sample containing mixed 

as ta t ine isotopes is shown in F ig . 39. Three posi t ive alpha groups 

of At were found at 5,519 (32 percent ) , 5.437 (31 percen t ) , and 

5. 355 (37 percent ) Mev, These energ ies were de termined using 

Po (5. 298 Mev) as an in terna l s tandard . Using the Po as a 

c r i t e r ion of the amount of At e lec t ron cap ture , we found 

0.17 percen t of the At decay is by alpha emiss ion . The Po 

peak was identified as such since it did not decay noticeably in one 

day. 

211 

Bes ides the main group, the Po spec t rum showed two alpha 

groups at 6. 88 (0, 50 percent ) and 6. 56 (0. 53 percent ) Mev, in 

excellent agreement with the previous r e su l t s of 6.90 fO. 6 percen t ) 

and 6. 57 (0. 5 percent ) Mev. ' A group repor t ed at 6. 34 Mev in 

0.1 pe rcen t abundance was not observed . Its maximum intensi ty would 

have been 0. 02 pe rcen t . The l imi ts of e r r o r for the energy of the 

6,34 Mev group, however, were given as 60 kev^ and our m e a s u r e = 

ments did not encomipass the ent i re range of the l imi t s of e r r o r , 

Z. Alpha Spectra of Po^^^ and Po^^^ 

The alpha pa r t i c l e energ ies of Po and P o were de termined 

as 5.108 and 4 .874 Mev, respec t ive ly , using Po as a s tandard . A 

graph of these spec t r a is shown in F ig . 40 to indicate the absence of 
1 * * . .„ 208 any complex s t ruc tu re m Po 

204 F r o m e lec t ron capture of Bi , the f i r s t excited s ta te of 

Pb is deduced as 384 kev. ^ ' The maximum intensi ty of any 

208 
alpha group of Po corresponding to this energy difference is 

208 
0. 016 pe rcen t . Other values for the par t i c le energy of Po a r e 

5.109 Mev, ^^°^^ and 5.10 Mev}^°^^ while another value for Fo^^^ is 

4.86 Mev. ('"^l 
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Fig. 39—At^i^ Po^io alpha spectra. 
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Fig. 40—Pô *®'̂ ®® alpha spectra. 
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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 

nuclei. The only parameter which cannot be measured explicitly is 

the nuclear radius. The validity of the various equations is 

determined by the invariance of the calculated parameter, r , in the 

equation 
/A 1/3 r^ - r/A / , 

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 l6. 

The equation used was the Kaplan ^ adaptation of the Preston 

formula. The data not obtained in this research were taken from 

"The Table of Isotopes" (see reference 27), 

2 2 
^ 2v u. tan a - 8s Z (a - sin a cos a) 

T 2 2 ^v 
ji + tan a 

, -. i-^j cos a = (-^j 

Z = charge of the daughter nucleus 

m = r'educed mass 

/2E ^ ^/2 
V - alpha velocity = 1-^ 

e = the electrostatic unit of charge 

h 
\ ~ --— h = Planck's constant 

2ir 
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T h e e n e r g y , E , i s t h e s u m of t h e a l p h a p a r t i c l e e n e r g y , t h e n u c l e a r 

r e c o i l e n e r g y , and a c o r r e c t i o n of t h e t ype d e s c r i b e d by A m b r o s i n o 

and P i a t i e r ^ ' wh ich t a k e s in to a c c o u n t t h e o r b i t a l e l e c t r o n s in t h e 

n u c l e u s . The v a l u e s of t h i s c o r r e c t i o n wh ich we u s e d a r e shown in 

c o l u m n 3 of T a b l e 16 and w e r e d e d u c e d by D r . J . O, R a s m u s s e n of 

t h i s l a b o r a t o r y f r o m a n a r t i c l e b y D i c k i n s o n . ^ ' 

In T a b l e 17 a r e shown the v a l u e s of r fo r t h e n u c l i d e s wi th 
o 

the b e s t known e n e r g y and h a l f - l i f e . It i s s e e n t h a t a s Z i n c r e a s e s 

f r o m e m a n a t i o n t o c u r i u m , the v a l u e of r d e c r e a s e s by about 
o ' 

4 pe rcen t . This is outside the exper imenta l e r r o r of the m e a s u r e -

inents . 

A recons idera t ion of the data in Table 16 shows that for a 

given element the value of r i s constant to 1 percen t except for 
„ 242 „ 2 3 8 „ , 232 , ,̂ „230 , . . ^ .^, ^, 
Pu , U , Th , and the u s e r i e s . Measurements with the 

230 alpha pa r t i c l e spec t rograph indicate that the energy of U a 

may be 5. 89 ins tead of 5. 85 Mev. This would br ing the respec t ive 

values of r for U , Th , and Ra into c lose ag reement with 

238 232 

the other i so topes . The energ ies of U and Th a r e not known 

with any accuracy since ion chamber m e a s u r e m e n t s in this region 

a r e unre l iab le . One might predic t that the l i s ted energy values a r e 
242 

low by about 30 kev. The half-life of Pu i s not known with 

accuracy and this might account for the r a the r l a rge deviation of i ts 

r from the other plutonium i so topes . 
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P a r e n t 
nucleus 

^ 244 
^""242 Om 
„ 242 
5^240 
^^238 
^^236 Pu 

238 
^236 
U234 
Jj232 
U230 

™, 232 

?h228 
?;;226 

^J224 

„ 222 
^™220 

Alpha p a r t i "̂  
cle energy 
(Mev) used in 
calculat ions 

5.798 
6, 110 
4 ,898 
5, 162 
5„492 
5o75 
4 . 18 
4 ,499 
4„767 
5 ,31 
5,85 

3,98 
4«682 
5,423 
6.30 

4 ,777 
5 .681 
6 ,51 

5.486 
6.282 
7. 12 

Ambrosino* 
P ia t i e r 
cor rec t ion 

0.040 
0.040 

0,039 
0,039 
0,039 
0.039 
0,037 
0,037 
0,037 
0,037 
0,037 

0.036 
0.036 
0.036 
0,036 

0,035 
0.035 
0,035 

0,034 
0,034 
0.034 

Table 16 
Radii of Even-Even Nuclei 

Exper imen ta l 
half-life 

19 y 
162,5 d 
9 X lO^y 
6580 y 
89 ,6 y 
2 , 7 y 

4 ,49 X 10^ y 
2,39 X 10 y 
2 ,48 X 105y 
70 y 
20.. 8 d 

1,39 xlO^^ y 
8, 0 X 104 y 
1,90 y 
30,9 m 

1622 y 
3 .64 d 
38 s 

3,825 d 
54 ,5 s 
0, 019 s 

Exper i inenta l 
pa r t i a l half-
life of highest 
energy alpha 
group 

25,3 y 
220,5 d 

1 X l o S 
8,66 X 103 y 
118 y 
3,37 y 
5, 76 X l o \ 
3.27 X lo'^y 
3.35 xlOSy 
100 y 
27,0 d 

L 8 3 X IC^^y 
1,07 x l o S y 
2 ,64 y 
39,6 m 

1.72 X 10^ y 
3,83 d 
_- = 

»>«.«. 
«= .» 
- - -

Radius 
10-13 
10 cm 

9 .32 
9 ,32 
9 .22 
9.41 
9 ,33 
9,39 
9 ,55 
9.36 
9 .37 
9.35 
9 ,48 

9.54 
9 ,35 
9 ,32 
9 ,42 

9 ,35 
9 ,33 
9 .42 

9 ,34 
9.36 
9 ,52 

Radius 
i / 3 , „-13 A ' 10 cm 

r o 

1.500 
1.504 
1.488 
1.522 
1,514 
1.528 
1,550 
1.524 
1.529 
1,531 
1,557 

1.562 
1,535 
1,535 
1,556 

1,545 
1.546 
1,566 

1,552 
1.561 
1,591 

Calculated 
par t i a l 
half-life 

25 ,3 y 
222 d 
1.05 x l O ^ y 
8.67 X 10 y 
119 y 
3 ,31y 
5.75 x lO^ y 
3. 2) xio'7 y 
3.34 x 105 y 
101 y 
26.6 d 

1, 84 X 10^° y 
1.06 X 105 y 
2,63 y 
40. 0 m 

1,74 x lO^ y 
3,89 d 
38 s 

3,80 d 
54,2 s 
0. 019 s 
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Table 16 (Cont'd) 
Radii of Even-Even Nuclei 

P a r e n t 
nucleus 

„ 218 

^^214 
S*'212 

S 208 

Alpha p a r t i ~ 
cle energy 
(Mev) used in 
calculat ions 

5.998 
6,774 
7.680 
8.776 
5,298 
5. 108 
5,21 

Ambros ino -
P i a t i e r 
c o r r e c t i o n 

0.033 
0.033 
0.033 
0.033 
0.033 
0,033 
0,033 

Expe r imenta l 
half -life 

3.05 m 
0.158 s 
1,637 xlO' 
3.04 xlO° 
138. 3 d 
2.93 y 
9 d 

•4 s 
•'̂ s 

Expe r i m ental 
pa r t i a l 
life of ; 
energy 
group 

. = = 
»_<, 
-- .« 
B _ _ 

_ « , C . 

- „ » 

90 d 

half-
highest 
alpha 

Radius 

10*° ^ cm 

9-23 
9,20 
9. 18 
9,05 
8,40 
8.49 
8.77 

Radius 

A ' 10 cna 
r o 

1..543 
1.543 
1.545 
1.527 
1.423 
1.442 
1.495 

Calculated 
pa r t i a l 
half-life 

3.04 m 
0.152 s . 
1. 64 X 10" s 
3,02 x l 0 - 7 s 
138.1 d 
2 .93 y 
90 .0 d 
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Table 17 

Radii of Even-even Nuclei for Which P r e c i s i o n Energ ie s 
and Half-l ives Are Available 

Pa ren t 
Nucleus o 

C m " " " 
„ 240 
5^238 Pu 

„ , 2 3 0 
?^228 

Ra226 

„ 222 
5"^220 Em 

„ 218 

1,504 

1.522 
1.514 

1.535 
1,535 

1.545 
1.546 

1,552 
1,561 

1.543 
1,543 
1,545 
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B. Alpha Trans i t ions to the F i r s t Exci ted State of 

Even-Even Nuclei 

In Table 18 a r e seen the energ ies of the f i r s t excited s ta te 

as detected by alpha decay m e a s u r e m e n t s . Included in the table a r e 

r e su l t s from beta decay and e lec t ron capture in the region of in t e re s t . 

In F i g . 41 these data a r e plotted on a graph of energy v e r s u s neutron 

number . The data in Table 18 for which no r e fe rences a r e given 

were taken from this r e s e a r c h or from "The Table of Isotopes" 

(see re fe rence 27). 

The pa r t i a l half - l ives of the alpha t r ans i t ions to the f i r s t 

exci ted s tate were calculated by the Kaplan formula mentioned e a r l i e r 

using the nuclear rad ius de termined for the ground s tate t rans i t ion . 

Table 19 shows a l is t of the ra t ios of exper imenta l half-life 

divided by the theore t i ca l half- l i fe. These ra t ios a r e shown in 

F ig . 42, A s imi l a r plot has been made by another worker . These 

ra t ios a r e about equal to one or l a r g e r . The ave rage of the ra t ios 

for a given eleinent s e e m s to r e a c h a min imum in the region of 

thor ium and then r i s e s at higher and lower atomic n u m b e r s . It is 

s t r iking that the min imum ra t io for the alpha decay of Po to Pb 

is 32. This is especia l ly noticeable since the ra t ios for Po and 

„ 206 ., , 
Po a r e quite low. 

242 238 

In two c a s e s . Cm and Pu alpha decays the spin of the 

f i r s t excited s tate was measu red and found equal to 2 even par i ty in 

ag reemen t with expectat ions . 
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T a b l e 18 

E n e r g i e s of F i r s t E x c i t e d S t a t e s o f>Even-Even N u c l e i 

Nuc l ide 
E n e r g y of F i r s t 
E x c i t e d S ta te (Mev) 

" P a r e n t of Nuc l ide 
and Type of D e c a y R e f e r e n c e 

C m 
242 

P u 
P u 
P u 

242 
240 
238 

U 
U 
U 
U 
U 

238 
236 
234 
232 
230 

T h 
Th 
Th 
T h 

Ra 
Ra 
Ra 
Ra 

234 
232 
230 
226 

228 
226 
224 
222 

E m 
E m 

222 
220 

P o 
P o 
P o 
P o 

P b 
P b 
P b 
P b 

214 
212 
210 
208 

208 
206 
204 
202 

0.042 

0, 
0. 
0. 

0, 
0. 
0. 
0. 
0. 

0. 
0, 
0, 
0, 

0» 
0. 
0. 
0. 

0, 
Oo 

> 0 . 
> 0 . 

1. 
0„ 

2 . 
-0. 
0„ 
0, 

, 045 
,043 
,044 

,045 
,044 
,043 
,045 
,047 

,045 
050 
050 
071 

055 
068 
084 
110 

188 
240 

609 
72 
15 
66 

614 3 
800 
374 
163 

Am7/(16 h) p-

^ 2 4 2 , , , , , 
Am (15 h) e . c . 
C m 2 4 4 a 
C m 2 4 2 a 

„ 242 
^ ^ 2 4 0 *̂  

^ ^ 2 3 6 ^ 
2^234 ^ 
P u a 

„ 2 3 8 
" 2 3 6 ^ 
J!234^ 
!!230 ^ 
U a 
„ , 2 3 2 

i n _ , Q a 

„ 226 

A t ^ Q g C e . c . ) 
At ( e „ c . ) 

™,208 -
" 2 1 0 P 
P o a 
Bi204 

Po^O^ a 

(107) 
(108) 

(107) 

1108) 

(109) 

(110) 
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T a b l e 19 

Ra t io of E x p e r i m e n t a l to T h e o r e t i c a l Ha l f - l i f e for 
Alpha E m i s s i o n to t h e F i r s t E x c i t e d S ta te of E v e n - e v e n N u c l e i 

P a r e n t a l p h a T 1 / 2 E x p e r i m e n t a l E n e r g y of f i r s t e x c i t e d 
e m i t t e r l ^ T T T h e o r e t i c a T " s t a t e u s e d in 

V 2 c a l c u l a t i o n 

^^246 

r. 244 
^ " ^ 2 4 2 C m 

„ 242 
S^240 
^ ^ 2 3 8 
^ ^ 2 3 6 
S''234 
P u 

238 
§ 2 3 6 
§ 2 3 4 
§ 2 3 2 
§ 2 3 0 

„ , 2 3 2 

3.228 

^ ^ 2 2 4 Ra 

„ 210 

Po^OS 

5 

1„8 
L 7 

2 . 2 
L 7 
L 9 
2 . 2 
3>.S 

1.5 
1. 1 
L 3 
1. 1 
1.5 

L O 
L O 
0 . 9 
1. 1 

0 . 9 
L 2 5 

1.6 
>32 

3 . 1 

0„04 

0»043 
0 . 0 4 4 

0^045 
0 . 0 4 4 
0 . 0 4 3 
0 . 0 4 7 
0 . 0 4 7 

0 . 0 4 5 
0 . 0 5 0 
0 . 0 4 7 
0 . 0 5 8 
0 . 0 6 9 

0 . 0 5 5 
0 . 0 6 8 
0 . 0 8 4 
0. 117 

0, 188 
0 , 2 3 7 

0 . 8 0 0 
0 . 3 7 4 
0 . 1 6 3 
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C. Alpha Trans i t ions to Higher Excited States of Even-Even Nuclei 

In F ig . 43 the rat io of the energy of the var ious excited s ta tes 

to the f i r s t excited state as a function of neutron number of the 

daughter nucleus is plotted. F r o m gamma r a y data on the alpha 

242 238 

decay of Cm and Pu it was observed that the second excited 

state decayed to the f i r s t excited s t a te . F o r U and Th alpha 

decays the energy of the second excited s tate was taken as equal 

to the sum of the gamma ray corresponding to decay of the f i rs t 

excited s tate and the next highest energy gamma. In the case of 
230 Th J, gamma rays of 685 140 and 240 kev were observed by 

Curie;^^^^^ 70 t 2, 145 ± 3, and 235 * 5 kev by Raset t i and Booth;^"^^^^ 

and 698 146 and 246 kev by ou r se lves . Rosenblum* repor ted 

conversion l ines of a 67. 8 kev gamma ray and an e lec t ron line 

corresponding to K convers ion of a 228 kev gamma r ay . This l a t t e r 

line could correspond^ howeverg to an L^ convers ion of a 141 kev 

gamma ray . 

A recent theore t ica l argument in the l i t e r a tu re by 

Aage Bohr predic ted that the energies of the excited s ta tes of a 

given nucleus should be propor t ional to J( J + l)^ where J = the total 

angular momentum of the s t a t e s . The values of J were r e s t r i c t e d to 

even spins and even par i ty . The expected rat io of the energy of the 

second excited s tate to the f i r s t excited state would then be 

m 1414 + 1)1 / r 2 ( 2 + 1 ) 1 - 3 . 3. It is seen from F ig . 43 that this is 

228 
excellent agreement with the exper imenta l r e su l t s above Th alpha 

^ o Q "y "^A, 

decay. The spins of the second excited s ta tes of Pu and U a r e 

probably Og 2 or 4 even par i ty . The spin of the second excited state 
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208 of Pb appears to be 4 even par i ty from analysis of i ts K convers ion 

coefficient and the lack of any c r o s s - o v e r t rans i t ion . If the decay 

234 scheme for U alpha decay is c o r r e c t , the second excited s tate of 

230 Th has a spin of 0̂  2 or 4 even par i ty . 

228 

In the case of Th alpha decays a s ta te of spin Os 2 or 4 

even par i ty is found whose energy ra t io to the f i r s t excited s ta te is 

3 . 0, in good agreement with the examples at higher neutron nuwibers. 

An additional s ta te is founds however, with a spin of one odd par i ty . 

Recent tentat ive exper iments have shown that U and Th have 
228 two observable low intensity groups like Th . Since the "ex t r a " 

alpha group appears in Th , Th and U alpha decay, but not 

230 232 
in Th or U alpha decay, it appears to be a function of the 

228 230 

number of neutrons in the nuc leus . The daughters of Th and U 

have 136 neutrons» If the next shell that fills after the c losed shell 

of 126 neutrons is the g 9/2 instead of the i 11/2* then 136 neutrons 

r e p r e s e n t a closed sub-she l l . This may be a r ea son for the dist inct 

change in na ture of the alpha emiss ion from 136 to 138 ne u t rons . 

Aage Bohr^ ' a lso stated that as one approaches a closed 

shellj i . e . 5 126 neut rons , the Jf J + 1) re la t ion might b r e a k down. 

Some unclassif ied gamma rays in Cm , Pu and Th 

r e m a i n . If the energy of these gamma r ays is divided by the energy 

of the respec t ive f i r s t excited states^ the resu l t is ve ry near ly a 

constant . In additions if one adds these energ ies to the respec t ive 

energies of the second excited s t a tes , the rat io of the resul t ing 

energ ies to the energy of the f i r s t excited state i s near ly equal to 

7 a s is shown in F ig . 43 . Recalling the J( J + 1} re la t ion, we find the 
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expected ra t io of the energy of the th i rd excited state and f i r s t 

excited state is [6(6 + 1)J / [2(2 + 1|]= 7. 

The half "lives of the alpha emiss ion to the second excited 

state were calculated fronn the Kaplan formula using the radius 

calculated for the ground state t rans i t ion . The log of the rat io of 

the exper imenta l half-life to the calculated half-life is plotted in 

F ig . 44, ve r sus atomic number . 
228 

The thi rd and fourth alpha groups of Th have about the 

same ra t io of exper imenta l half-life to calculated half-l ife. If the 

226 

spins of the second excited s ta tes of the nuclei above Ra a r e 4 as 

predic ted by Bohr, then there must be sizeable factors capable of 

hindering the alpha decay p r o c e s s bes ides spin. 

D. Alpha Trans i t ions of Odd Mass Nuclei 

These nuclei do not exhibit the same degree of regu la r i ty as 

even-even nuclei . The pa r t i a l half "l ives of the ground state 

t rans i t ion cannot be calculated with any accuracy , and the ra t ios of 

the intensi t ies of var ious alpha groups appear to va ry alnnost 

indiscr iminate ly . 

Some regula r i t i es have been observed . Lower in energy than 

the mos t intense alpha group by about the separa t ion expected for 

the f i rs t excited state of even^^even nuclei in that region is another 

alpha group. The intensity of this alpha group re la t ive to the main 

group is roughly the same as for even^even nuclei in this region. 

This effect has been observed for Cm , Am , Am , Pu , 
_, 239 , „233 ^ . 241 „ 239 , . 241 ^, ^ ^ , ^ ^ 
Pu and U , In Am , Pu and Am , the state populated 
by the lower energy group of this "even-even" pa i r , decays by a . 
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highly coaver ted t rans i t ion to the state populated by the higher energy 

alpha group. The posit ion of this pai r may va ry from very close to 

s eve ra l hundred kev above the ground s t a t e . A poss ible explanation 

for these "even-even" c h a r a c t e r i s t i c s may l ie in the concept of 

decay of the even-even core of the paren t nucleus with a minimum 

r e a r r a n g e m e n t of the odd nucleon in the nucleus , 
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V. APPENDIX I 

An even-even nucleus is general ly considered to have 0 spin 

and even par i ty . If this nucleus decays by alpha emiss ion , the 

product of the in t r ins ic pa r i t i e s of the daughter products and the 

pa r i ty assoc ia ted with the nuclear reac t ion mus t be even in o r d e r to 

conserve par i ty . Since the pa r i ty of one of the daughter p roducts , 

the alpha pa r t i c l e , is even, then the product of the pa r i ty of the 

daughter nucleus and the par i ty assoc ia ted with the nuclear reac t ion 

mus t be even. 

If the alpha pa r t i c l e leaves the nucleus with an odd number 

of units of angular naomentum, the spin of the daughter nucleus will 

be odd since the alpha par t ic le has 0 in t r ins ic spin. The par i ty 
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assoc ia ted with a nuclear r eac t ion involving a change of an odd 

number of uni ts of angular jnomentum is odd. Therefore the 

par i ty of the daughter nucleus sssust be odd, 

K the alpha pa r t i c l e l eaves the nucleus with an even number 

of units of angular ntiomentum, the spin of the daughter nucleus will 

be even. The pa r i t y assoc ia ted with a nuclear reac t ion involving 

a change of an even number of units of angular momentum is even, 

therefore the pa r i ty of the daughter nucleus is even. 

Therefore , any s ta te of an even-even nucleus populated by 

alpha decay will have even spin and even par i ty or odd spin and odd 

par i ty . 

F r o m gammia r ay select ion r u l e s , t rans i t ions involving a 

change of an even number of units of angular momentum and no 

par i ty change have an e lec t r ic inultipole o r d e r . Likewise, 

t r ans i t ions involving a change of an odd number of units of angular 

momentum and par i ty change have an e lec t r ic nnultipole o r d e r . 

There fo re , a l l gamtma ray t rans i t ions from an even-even nucleus 

excited s tate populated by alpha decay to the ground s tate a r e e l e c t r i c . 



-160» 

VI. REFERENCES 

1„ F , L, Reynolds, Rev, Sci. Ins t ruments , 22, 749 (1951) 

2. G. H. BriggSp P r o c . Roy. Soc. (London) 157A, 183 (1936) 

3, S. Rosenblum, M, Guillot and G. Bastin-Scoffier , Compt, 

rend . 22% 191 (1949) 

4, M„ G,̂  Holloway and M„ S, Livingston, P h y s . Rev. 54, 

18 (1938) 

5. W, J. Sturm and V„ Johnson, P h y s . Rev. 83, 542 (1951) 

6„ J„ K. Beling, J» O, Newton and Bo Rose , P h y s . Rev. 869 

797 (1952) 

7. Fo Asaroj Fo L, Reynolds and L Per lmans Phys , Rev. 87^ 

227 (1952) 

8. 3, Go Harveys p r iva te communicat ion to So G. Thompson 

(February 1952) and repor ted in P r o g r e s s Report , Atomic Energy 

of Canadao Limited, p , 11 (Deceroiber 1951 to January 1952) 

9. Ao GMorso, unpublished data 

lOo So Go Thompson, A. GMorso and F . L, Reynolds, unpublished 

data . 

11. So G. Thompson, Ac GMorso and G. T« Seaborgg P h y s . Rev. 

80, 781 (1950) 

12,, So G. Thompson, E . K. Hulet and A. Ghiorso, p r iva te 

communicat ion (August 1952) 

13. D, E . Muller , Ho C, Hoyt, D. J. Klein and Jo W. M. DuMond, 

P h y s . Rev, 88, 775 (1952) 

14. Do Fo Mart in, unpublished data 

15. G. D^ O'Kelley, P h . D . Thes i s , Univers i ty of California Radiat ion 

Labora tory Unclassified Report UCRL-1243 (May 1951) 



-161-

16. D. C. Dunlavey and G. T. Seaborg, Phys . Rev. 87, 165 (1952) 

17. H, Jaffe, G. I. Browne and I. P e r l m a n , r epor ted in Univers i ty 

of California Radiation Labora tory Unclassified Report , 

UCRL-1878 (July 1952) 

18. Mo S» Freednnan, F . Wagner, J r . , Do W. Engelkemeir , 

J, R, Huizenga and L, B. Magnusson, P h y s . Rev. fto be 

published) 

19. R. L. Graham and R. E . Bell, P h y s . Rev. 83, 222 (1951) (A| 

20. M. Goldhaber and A. W. Sunyar, P h y s . Rev. 83^ 906 (1951) 

21. M. E. Rose, G, H» Goer tze l and C. L. P e r r y , Oak Ridge 

National Labora tory Unclassified Report ORNL-1023 (June 1951) 

22. H. Gellmans B. A. Griffith and J. P . Stanley, P h y s . Rev, 85, 

944 (1952) 

23o H. Ful lbr ight , p r iva te communicat ion to M, S. F r e e d m a n 

24. R. Montalbetti , Can. J. P h y s . 3£, 660 (1952) 

25. M, S. F r e e d m a n , A. H. Jaffey and F . Wagner, J r . , P h y s . Rev. 

79, 410 (1950) 

26. J. Wo Mihelich, P h y s . Rev. 87, 646 (1952) 

27. J. M, Hollander, I. P e r l m a n and G. T. Seaborg, "Table of 

Isotopes, '• Univers i ty of California Radiation Labora tory 

Unclassified Report UCRL-1928 (Revised) (To be published in 

Revs , Modern P h y s . ) 

28. L, W. Nordheim, Revs . Modern Phys . 23, 322 (1951) 

29. G. T, Seaborg, R. A. James and L. O, Morgan, National 

Nuclear Energy Se r i e s , Plutonium Pro jec t Record, Vol, 14B, 

The Transu ran ium E lemen t s : Resea rch P a p e r s (McGraw-Hill 

Book Company, l i ic . . New York, N. Y . , 1949), p . 1525 



a 6 2 -

30o A. Ghiorso, R. A. J ames , L. O. Morgan and G. T. Seaborg, 

P h y s . Rev. 78, 472 (1950) 

31. B . G. Harvey, Phys . Rev. 85, 482 (1952) 

32. B. B. Cunningham, S. G. Thompson and H. R. Lohr, unpublished 

data (1950) 

33. A. Ghiorso, unpublished data (1948) 

34. F . Asaro , F . L. Reynolds and I. Pe r lman , P h y s . Rev. 87, 

277 (1952) 

35o M. So F r e e d m a n , F . Wagner, Jr„ and D. W„ Engelkemeir , 

P h y s , Revo 88, 1155 (1952) 

36. C. I, Browne, P h . D . Thes i s , Universi ty of California Radiation 

Labora tory Unclassified Report UCRL-1764 (June 1952) 

37. C. L Browne and I. P e r l m a n , Phys . Rev. 85, 758 (1952) (A) 

38. Co A. P rohaska , P h . D . Thes is , Univers i ty of California 

Radiation Labora tory Unclassified Report UCRL-1395 (August 1951) 

39. J. Ko Beling, J . O. Newton and Bo Rose, P h y s . Rev. 87, 

670 (1952) 

40. L. MelSnder and H. S l i t i s , Arkiv Mat, Ast ron. Fys ik 36A, 

No, 15 (1948-1949) 

41. F . Wagner, M, S. F r e e d m a n , D. W. Engelkemeir and 

J, R. Huizenga, Phys , Rev, _89, 502 (1953) 

42. R, Hoff, pr iva te communication (April 1953) 

43 . B. Rose, pr iva te communicat ion (March 1953) 

44. H. Jaffe, p r iva te communication (July 1952) 

45. K. Street , J r „ , A. Ghiorso and G„ T„ Seaborg, P h y s . Rev, 

79, 530 (1950) 



-163-

46, M. S. F r e e d m a n , F . Wagner, J r , , D. W, Enge lkemei r , 

J, R, Htdzenga and L. B, Magnusson, P h y s . Rev, (to be 

published) 

47, E . K, Hulet, unpublished data 

48, A. Ghiorso, r epor ted in Metal lurgical Labora to ry Classif ied 

Report CK-1511 (April 1944) 

49, W. Ho Sullivan, T. P . Kohman and J. A. Swartout, Hanford 

Works Classif ied Report HEW-3-1635 (Februa ry 1945) 

50.. So Rosenbluna, M. Valadares and B. Goldschmidt, Compt. 

rend. 23£, 639 (1950) 

51. F . Asaro and I. P e r l m a n , Phys , Rev, 88, 828 (1952) 

52, T. E . Cranshaw and J. A„ Harvey, Can. J, R e s e a r c h 26A, 

243 (1948) 

53„ Wo P« Je s se and H, F o r s t a t , P h y s . Revo 73, 926 (1948) 

54, Oo Chamber la in , Jo W„ Gofman, E . Segr^ and A. Co Wahl, 

PhySo Rev. 71, 529 (1947) 

55, D. West and J, K. Dawson, P r o c . P h y s . Soc« (London) 64, 586 

(1951) 

56, Do West, p r iva te communicat ion (May 1952) 

57, Go Albouy and Jo Tei l lac , Compt. rend . 232, 326 (1951) 

58, Do Co Dunlavey, P h . D . Thes i s , Univers i ty of California 

Radiation Labora tory Unclassif ied Report UCRL-1911 (August 1952) 

59, Do West, J„ Ko Dawson and C. J, Mandelberg, Atomic Energy 

R e s e a r c h Es tabl i shment Unclassified Report A E R E - N / R 902 

60, M, G, Inghram, D, C. Hess , P , R. F ie lds and G« L. Py le , 

P h y s . Rev. &\ 1250 (I951| 



~ - 1 6 4 -

61, So G, Thompson, K, Street , J r , , A. Ghiorso and F , L, Reynolds, 

Phys , Rev, 80, 1108 (1950) 

62, A, H, Jaffey and J, L e r n e r , r epor ted in Argonne National 

Labora tory Classif ied Report ANL»4411 (February 1950) 

63, W„ Thiel and A. H, Jaffey, repor ted in Argonne National 

Labora tory Classif ied Report ANL»4370 (November 1949) 

64, Go W, Reed, J r . , U, S, Atomic Energy Commiss ion 

Declassif ied Document AECD-3185 (May 1951) 

65, R, L. Macklin and G. B. Knight, Phys , Rev. 72, 435 (1947) 

66, Go Scharff-Goldhaber and M, McKeown, Phys , Rev, 82, 123 

(1951) 

67, G. Scharff«»Goldhabers repor ted in Brookhaven National 

Labora tory Unclassified Report BNL-103 (June 1951) 

68, J, Tei l lac , Ann, phys . 7, 396 (1952) 

69, K. Maack Bisgard, P r o c , P h y s . Soc, (London) 65A, 677 (1952) 

70, M. H, Studier, N,N, E . S , , IV, Vol, 17B (classified), p , 50 

71, A, H, Jaffey, mentioned in Phys , Rev, J4j, 5*91 {1948) by 

M. H, Studier and E, K, Hyde 

72, M, Curie , A, Debierne, A, S, Eve, H. Geiger , O, Hahn, 

So Co Lind, St, Meyer, E, Rutherford and E„ Schweidler, 

RevSo Modern Phys , 3^427(1931) . • .- , , 

73, S. Rosenblum, M. Valadares and M„ P e r e y , Compt. rend. 

228, 385 (1949) 

74, S, Rosenblum, M. Valadares , M, P e r e y and J. Vial, Compt, 

rend, 229_, 1009 (1949) 

75, G, Bastin-Scoffier and J. Sant 'ana-Dionis io , Compt, rend, 

236, 1016 (1953) 



«165-

76. S, Rosenblum, M„ Valadares and M. Guillot, Compt, rend, 

235, 238 (1952) 

77. M, Riou, mentioned in Phys , Rev. 89, 182 (1953) by J, Battey, 

L, Madansky and F , Raset t i 

78. Mo Riou, Anno phys , (to be published 1953) 

79o G, Victor, J, Teillac^ P , Fa lk-Vai ra t i t : and G. Bou i s s i e re s , 

J , phys . radium (to be published) 

80. So Rosenblum, M, Valadares and M, Guillot, Compt, rend, 234, 

1767 (1952) 

81, So Rosenblum, M» P e r e y , M, Valadares and M, Guillot, 

p r iva te communicat ion to Go T. Seaborg (October 1952) 

82, W. B, Lewis and B. V, Bowden, P r o c . Roy, SoCo (London) 

MSA, 235 (1934) 

83, T. P . Kohman, D. P . Ames and J, Sedlet, National Nuclear 

Energy Se r i e s , Plutonium Pro jec t Record, Vol, 14B, The 

Transuran ium E lemen t s ; R e s e a r c h P a p e r s (McGraw-'Hill Book 

Company, I n c , New York, N. Y, , 1949), p . 1675 

84. 0 , Hahn and L, Meitner , Z . Phys ik 26,'161 (1924) 

85. E , Stahel and W, Johner (1931) (quoted by P,. Falk-YaiTant and 

Jo Te i l lac , Jo phys , radium 12, 659 (1951) 

86. J , Mo Cork, Co E, Branyan, A, E , Stoddard, H, B. Kel le r , 

J . Mo LeBlanc and W. Jo CMlds, Phys , Rev. B3^-681 (1951) 

87, So Rosenbltinai, M, Guillot and G, Bastin-Scoffier , Compt, rend, 

229, 191 (1949); So Rosenblum, Compt, rend, W , 317 (1932) 

88„ Go Bastin-Scoffier , Compt, rendo 233^ 945 (1951) 

i f . Do Go K a r r a k e r , A„ Ghiorso and D, Ho Templeton, Phys , Rev, 

83 , 390 (1951) 



A 

»l66oo 

90o Eo Ko Hyde, A» Ghiorso and G. T„ Seaborg^ Phys , Rev, 77^ 

765 (1950) • 

91. F , Fo Momyer , Ph . Do Thes i s , Universi ty of California 

Radiation Labora tory Unclassified Report UCRL=2060 

(February 1953) 

92. F , F , Momyer, As Ghiorso and E^ K, Hyde^ pr ivate 

communication (August 1952) 

93. F , Fo Momyer, Es K„ Hyde, A. Ghiorso and W„ E^ Glenn^ 

PhySo Rev, 86» 805 (1952) 

94„ Ds Ro Corson, K« R» MacKenzie and Es Segr^g Phys^ Rev^ 

57g 459® 1087 (1940) 

95<, Ho M, Neumann and L Per lman^ Phy®„ Rev, ^^ 958 fl951) 

94« R« F« Leiningerj Eo Segre^ and F» N, SpiesSg Phys , Rev. 82^ 

334 (1951) (A) 

97, E , L. Kelly and E . Segre^g Phys« Rev. 75^ 999 (1949) 

98s He Ma Neumann^ Ao Ghiorso and 1, Per lman^ unpublished data 

(19501 

99o Do Ho Templetonj Ao Ghiorso and I« P e r l m a n , unpublished data 

o (June 1948) 

ion. Mo Goldhaber and Ro Do Hill, Revs« Modern Phys^ 24^ 179 (1952) 

lOle So Rosenblumj> M, P e r e y , Mo Valadares and M^ Guillot® pr iva te 

comniunication (October 1952) 

102o Do Go K a r r a k e r , A. Ghiorso and D^ H® Templeton^ Phys* Rev^ 

83» 390 (1951) 

103« I» Kaplang P h y s , Revo 81, 962 (1951) 

104. M. A« Prestong Phys , Rev, 71^ 865 (1947) 



-167-

G. Ambrosino and H, P ia t i e r , Compt. rend. 232, 400 (1951) 

W. C. Dickinson, Phys , Rev. 80, 563 (1950) 

R. Hoff, H. Jaffe and T. O. P a s s e l l , p r iva te communicat ion 

(Februa ry 1953) 

D. C. Dunlavey, pr iva te communicat ion (1952) 

E . K. Hyde and B. A. Raby, pr iva te communicat ion 

(January 1953) 

S, Rosenblum and M, Valadares , Compt, rend. 236, 196 (1953) 

P . Fa lk -Va i r an t and J, Tei l lac , Compt, rend. 236, 914 (1953) 

I. Cur ie , J, phys . radium 10, 381 (1949); Compt, rend. 227, 

1225 (1948) 

F . Raset t i and E. C. Booth, P h y s . Rev. 90, 388 (1953) (A) 

S. Rosenblum and M. Valadares , Compt, rend. 232, 501 (1951) 

A. Bohr and B . R. Mottelson, Phys , Rev, 89, 316 (1953) 



0--4/ 


