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ABSTRACT 
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The alpha and gamma spectra of PU238 have been studied with an 

alpha particle spectrograph and gamma ray scintillation and proper-

tional counters. Alpha groups of 5.495 (72 percent), 5.452 (28 

percent) and 5.352 Mev (0.09 percent) and electromagnetic radiations 

of 17 (13 percent), 43.8,± 0.5 (0.038 percent), 99 ± 2 (0.008 percent) 

and 150 ± 2 kev (0.001 percent) were observed. Spins and parities are 

ass.igned to the energy levels and the results are evaluated with 

respect to the developing theory and systematics of complex alpha 

spectra and excited states of even-even nuclei. 

*This work was performed under ·the auspices of the AEC. 
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Marked regularities-have been observed in the alpha spectra of 

different even .. ~ nuclei indicating strongly that corresponding 

.spectroscopic states are inyqlved. in the decay processes. -Among 

the heaviest nuclei the low-;Lying excited states are spaced in-such a 

fashion as to suggest that.they constitute a rotatio!l.al band1 

interpreted accordir~;g ·to the Bohr and ·1Mottelson2 theory which unifies 

independent particle·-and co;Llective -aspects of nuclear states. 

-In another p~blication3 ,the details of the alpha_spectrum and 
. 242 : 

gamma spectrum of Cm · were reported and discussed in terms of the 

excited states of Pti238 •. The present communication .deals .with Pu238 

_234. and the energy levels of Ul Th 1 .. "1 . t b t c 242 . e c ose s~:np. ar~ y_ e ween __ m 

238 and Pu .spectra can l;le seen from the decay schemes shown in Fig. 1 

and it will be seen that the gamma ray conversion coefficient data 

also show that comparable spectroscopic states are involved. 

-II. -METHODS 

The samples of-Pu238 used in the present measurements4 were made 

by the prolonged neutron irradiation of Am241 through the following 

series of reactions: 
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242 a .Pu_-· 23_.8. Cm 
6

,...,.. 
1 2 d 

Th · b · t• f th · d. t• to .mak· e Pu242 throu"''h . e pr1.maryo Jec J.Ve o e J.rra .J.a.J.ons.was 5 u 

the electron c~pture branching of 16·-hour Am242m so sizable amounts 

of this isotope were present~ .Also in a long.irradiation the Pu238 

t t
. t . . ' ; 1 239 Pu. 240 d Pu .. 241 . 11 ' 

cap ures neu rons. o gJ.ve successJ.v~ y Pu · , .· · an .· , a 

_of which-were also present in small q,uantities •. Mass .spectrometric 

analyses5 were made on two of the preparations and the results are 

shown in Table .I. The la:rge amount .of Pu.239 in Preparation II was 

-the resul't!:= of Pu239 present in the Am:
241 before irradiation. Sine~ 

ru238 has ~.half-life which is short relative to the alpha decay 

half,..lives of the other isotopes, the alpha activity in both 

preparations was predomi!lantly that of.Pu238 • In Preparation.! the 

ru238 comprised 99~9 percer1t of' the alpha activity and in Preparation 

II it was 81 perc·ent. , However, the differences in composition , were 

used to assign t4e rarer.alpha groui,Js. 

( ) 
238 . 

A-third sample Preparation III of Pu was not mass analyzed 

but.should nave been free of other plutonium isotopes since it came 

from some previously purified curium .( Cm242
) which had decayed through 

approximately one half•life. 

All samples were mounted by vacuum sublimation of plutonium 

chloride onto a platinum_plate which was masked to p~esent a band 

1 in. x l/8.in. This technique as well as the spectrograph def?crip

tion and operation have appeared in other reports. 6 ' 3 As before,.the 
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alpha particles were caught on a photographic plat~ and the ·track 

count plotted according to position on the plate in order to reproduce 

the spectrum • 

. ·Gamma .ray spectra were measured for the most part with. a sodium 

iodide scintillation counter coupled with.either a single channel or 

nru.l ti-channel pulse height analyzer. . In some experiments a xenon 

filled proportional counter was used to produce the pulse fo;r the 

analyzer • 

. Table I. Mass compost tion of plu,tonium preparations 

238 239 ·24o 241 242 

Prep I 62.9 ~ 11.7 ~ 1.6~ 0.07'/o 2~ 

Prep II 1.5 ·~ 80.0 ~ 4.~ ~. 0.5 1o 13.7 ~ 

Table II. Record of alpha-particle spectrograph exposures 

Exposure Plutonium Exposure 
number preparation duration Defining slit 

Exp. 73 Prep III .4o hr 1 in. X .12 in. 

Exp •. 204 Prep I 114 hr 1 in. x • 12 in • 

Exp. 205 Prep I 75 min 1 in •. x .12 in. 

.Exp. 243 ·Prep II 37.hr 1 in. X .12 in. 

Exp. 283 Prep I 54 min .75 in. :x; .018 in. 



III·~ RESDLTS 

A. Principal Alpha Groups of-Pu238 

A sample of Cm242 which had decayed six months was run on the 

spectrometer (Prep III, Exp. 73) and showed two new alpha groups at 

. 2~ about the energy previously reported for Pu from range measure-

ments.7,S The intensity of the alpha .groups relative to Cm242 

groups.was 0;,6 percent in agreement with expectations for the 

particular growth a.11d decay period •.. The main alpha group of Cm242 

was used as an energy standard (6.110 Mev) 3 .and the value for the 

main group of PU238 was foU!ld to be 5.492 Mev. ·The second group 

was of 42 kev lower energy and therefore 5.450.Mev • 

.. The curium -of Prep III could haye contained Am241 which. has a 

prominent alpha group at 5.476 Mev which could distort the energy 

determination of the w238 groups. However, it was. found that tb,e· 

sample contained less than 2 percent by weight of Am
241 and its 

alpha .group would therefo;re be at least 300-fold less intense than 

238 the Pu group. 
238 . . . • . . - .. 

. ·The particle energy of Pu .was 13,lso measured .1.n Exp. 243, 

Prep. II,·using the 5.150 Mev group9. of' Pu239 as a standard. This· 

4 . 238 . 4 . gave 5. 97 Mev for the main group .of Pu and a 2.5.kev separation 

for the second group. In.Exp •. 283 the separation between the groups 

was again 42.5 kev. We shall take as the best value for the main 

group 5.495 Mev and 5.453-Mev for the second group. 

These groups presumably lead resp~ctively to the ground state 

and first .excited state of tf34• Applyin~ the recoil corree:tion to 

.the energy separation we find that the first excited state of tr34 
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is 43 kev above the ground state. If we use the terminology described 

in previous publications the alpha group populating the ground state 

will be designated o:0 and that populating the 43-kev state, a 43 • The 

intensityofo:
43 

relative to totalBU238 _alpha particles was found to 

be 24 percent in Exp. 73 and 28 .pe:r;-cent in ·.Exp. 283. 

,. t . . 238 . B •. Low ·In ensi ty. Alpha Groups of PU · 

In Exp. 243 (Prep II) and Exp.204 (Prep"I) a third group .of 

238 -PU · was. observed. The separation in particle energy between this 

group and o:
43 

of ru238 .was .found to be 101.5 kev in Exp. 243 and 98.6 

kev in Ex.p •. 204. .The average value of 100 kev is. accepted which means 

that the en,ergy.level of u234 is 102 kev.above the 43 kev level and 

145.kev above the ground state. 

Although a
145 

is in very low intensity (0.1 percent of total 

PU
238) it was proved to belong to Pti238 because of its constant 

relationship with the PU238 alpha particles in the two preparations 

which differed widely in isotopic composition •. This information is 

. shown in Table III . 

. The exact correspondence of energy leveJ.,s and alpha transitions 

to these levels between different even ... even nuclei in this region is 

242 worthy of note. AB shown in Fig. 1 the alpha spectra of Cm and 

PU
238 point to.energy levels of the product nuclei spaced almost 

identically. Each has a transition to the ground state and to the 

first excited state whose intensities can be shown to be in 

substantial agreement with alpha-decay theory and each has a 

transition to the second excited state which is highly hindered 

(low intensity far beyond expectations according to the energy difference.) 



Table III. t t . f 238 Ra ios of inte:q.si 1es o Pu a14
5 and other alpha groups 

Intensity 
relative to: E:ltP. · 204 Exp. 243 

pU 
238 alpha activ;ity . 0.092% 0.099% 

Pu239 alpha activity 130% 0. 5% 

Pu24o alpha activity 26rjfo 2 .&fo 
Pu241 b t t'. 't e a ac 1v1 y 13'{o 0.05'{o 

Pu 
242 alpha activity 130o'{o 6l'{o 

. .· 238 
C • Gamma :Rays of Pu 

The results to be presented include the e:q.ergies and intensities 

. . 238 
of the photons .accompanying .the alpha decay of Pu • .. The best 

picture which can be constructed from these data is that all of the 

transitions are of the E2 type and that they cascade as indicated in 

. ' ' 

Fig. 1. It will be noted that the gamma ray of 150 kev is shown to 

come from a level which is not populated by an observable alpha group. 

2~ . -
A similar assignment was made for Cni · and the reasons will be 

presented below • 

. A typica'l gamma ray spectrum taken with a sodium iodide crystal 

spectrometer is_shown in Fig. 2 •. The relative intensities of the 

photons are not directly discernible because absorbers were useci to 

minimize the intense L x-·rays (18 kev) which would otherwise obscure 

the 42=kev peak. 

In allp ten measurement~ of the gamma ray spectrUm were made$ 

nine of these were done on Prep.I and for the other a different 
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sample of Pu238 was used. The experiments aimed at energy determin-

ation are summarized in Tabler:/. The intensities will be discussed 

presently. 

In experiments 1, 2 and 3 the voltage on the photomultiplier 

tube was not stable and a single channel analyzer was employed. 

These energt·yalues are not considered as reliable as the others. 

Experiments 4, 5 and 6 were run with multi-channel analyzers and 

under more stable conditions • 

. Table '"N. Energies of' Pu238 electromagnetic radiations 

Experiment No. Best 
1 2 3 4 5 6 7 8 9 10 value 

157* 145 146 -148 150±2 151 150 

107 102 99 101 96 99±2 97 99 

45 42 42±2 43±1 43.8±0.5 41 43.8 

17 18 18 17±0 .5 17 

*Energies in kev. 

D. The 43.8-kev Qamma Ray 

A xenon filled proportional counter was used in experiments 7 

and 8 and should give the most reliable values :for the -40-kev gamma 

ray. For these measurements the counter was standardized with the 

44.3-kev gamma ra~ of Cm242 • This value (44.3.kev) obtained from 

the energy difference of alpha groups is in good agreement with the 

energy obtained by measuring the photon in a proportional counter 

10 . 11 
(44.6 kev), from the conversion electron spectrum (44.1 kev) and 
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f. . - 1 . h' - - . .238 (44 -) 12 · rom the conversion e ectron spectrum in t e decay of Np .1 • 

The ga.nnna ray energy for Pu238 so obtained was 43.8 ± 0.5 .kev. 

The intensity of this gamma ray. relative to total alpha particles 

- 238 . - . . . - 13 . - ·- . . . . ··. -of Pu was determined by_ Reed · using a xenon filled Geiger tube and 

absorbers • He foun:d the inten,si ty to be 4. 2 x 10 • 3. . In the present 

study (experiment 2) the intensity was measured with the scintillation 

spectrometer using the 6Q .. kev.ga.mm.a. ray of .Am241 as a standard. -The 

intensity of the Ani241 gamma. ray is 0.40 per disintegration as. measured 

by. Be ling, Newton and Rose •14 The intensity of the gamma ray so 

obtained.was 3.8 x 10 .. 4 ~~ich is ~onsiderablylower than Reed's measure-
'"' ' .. 

ment and should be more accurate b,eca:u,se. of. the inherent better 

precision in the method used. 

, There can be n,o question that this gamma.ray results from the 

de-excitation of the 
. . 2-8 

state reached by. pU 3 o:
43 

(see -Fig. 1.) Since 

a 43 populates this state to the extent-of 28 .percent, .the low photon 

intensity woul~ illl;ply a~large conversion coefficient. O'Ke1ley15 has 

observed in good intensity a series -of conversion lines attributable 

to a. transition of .... 45 kev and Dunlavey and Seabors16 found by the 

photographic plate technique that 23 percent of Ptt238 alpha particles 

are in coincidence with electrons corresponding to an.--4o.:.kev gamma 

ray. -Within experimental uncertainties-this-number (23 percent) is 

the same as t~e intensity of a 43 (28 percent) indicating a large 
. . ' 

conversion coefficient •. With 28 percent as the population of the 44 

kev state and 0.038 percent for the photon intensity, the total con-

version coef:f'ic.ient is -740. -In order to determine the L-conversion 
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coefficient one must .know the relative amounts of conversion in the 

L and higher order shells.· For a similar transition in the decay of 

Cm242 it .. was . found that 8o percent of the conversion electrons were 

from the ·L-shell and 20 percent from M and higher shells. Applying 

these values.to.the J>u
238 case, the L-shell conversion coefficient 

-becomes 6oo. This can _be compared with theoretical calculations of 

Gellman,.Griffith and Stanley17 from which one would expect values 

of 1, 6o and 700 for El, Ml and E2 transitions, respectively. The 

transition is obviously of E2 type on this basis and this is added 

evidence that.the first excited state- of an even-even nucleus has 

spin 2 and even parity. 

E. L X-Rays 

Photons .of 17-18 kev.were the most prominent electromagnetic 

radiation in the decay of Pu238 • The pest energy value was 17.± 0.5 

kev determined in experiment 9 (Table IV) with the scintillation 

spectrometer and a motor-driven single channel analyzer. These are 

undoubtedly uranium L x-rays which arise almos_t entirely from the 

internal conversion of the 43.8 kev g8.liJIIl8. ray. 

The intensity of this L x-ray complex was obtained by compar

ison with the L x-rays of Am241 decay,.the intensity of which was 

determi~ed. by. Beling, Newton and Rose. :J-4 - The value so: obtained was 

13 percent (Table V) and this may_ be compared with the expectations 

from the internal conversio·n of the 43.8-kev gamma ray. 

Since the 43~8-kev gamma ray is about 8o percent converted in 

the L-shell (see previous discussion) there should be 0.22 L 
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vacancies per alpha. disintegration. The calculations of Gellman, 

Griffith and Stanley17 show that an E2 transition.such as th,is is 
. . . .. . 18 

converted almost entirely in. the 1:ri and L:rrr shells and KinJ:?ey 

has estimated that the fluorescent yield for these L vacancies is 

--.0.5. The expected number oft x-'rays is then;ll percent (0.5 x 

22) which is in satisfactory agreement with the observed intensity, 

13 percent. 

. Table V. I. . t . t. f Pu. 2 38 1- t t. d. t . n ens~ ~es o e ec romagne ~c ra ~a ~ons 

Absolute 
intensity 

_per alpha 
Energy disinte

(kev) gration 

17 

43.8 

99 

150 

lJl/o 

0.038% 

Intensity 
relative to 

. 43.8,kev 
radiation 

.22!'/o 

.·20% 

Intensity 
·relative 
to 99 kev 
radiation 

11.8% 

12.8% 

12 .&{o 

·13% 

.Experim~nt 
number 

9 

2 

2 

10 

1 

4 

5 

10 

. :F. The 99 ... k~v _ Gamma. Ray 

Best value 
for absolute 
·intensity 
per alpha 
disinte
gration 

.. l'J{o 

0.038% 

As indicated in Fig. 1, this gamma. ray. has been placed between 

the states populated by a145 and,cx44 •. -It willl;le noted that a .gamma 
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ray of' 150 kev was also. observed and it might be assumed that this is 

.the crossover transition f'rom the state reached byo:145 _to the ground 

state and that the 99-kev photon is the K .x-ray resulting f'rom 

internal conversion of' the 150-kev ga.mma ray. From the relative 
r 

intensities of' the 99-kev and 150-kev photons the K_conversion 

coef'f'icient would have to be 8. Furthermore, all transitions to the 

ground state of' an even-even nucleus f'rom levels populated by alpha 

decay must be electric. :From the data on K-shell conversion coef'

f'icients by Rose and co ... workers19 and by Spinrad and Keller~ 20 an 

electric transition of' 150 kev with conversion coefficient 8 would 

have to have a multipolarity of' at least 5 and would therefore have 

an extremely long lif'etime. -It may.be ~oncluded therefore that all 

. or nearly all of the 99-kev photons are gamma rays and the transition 

is placed best between the levels reached by. o:145 and 0:44 • 

The ·total conversion coef'f'icient of' the 99-kev transition can be 

calculated f'rom.the measured intensity of' the gamma ray and the pop-

ulation of' the 145-kev state. With 0.096 percent as the population 

of' the 145-kev state and 8 x 10""3 percent (Table V) as the gamma .ray 

intensity, the conversion;coef'f'icient is 11. The amount of' internal 

conversion. other than in the ;~:..,.shell is probably. small so that this 

f'igure may be taken as approximately the L-conversion coef'f'icient. 

From the tables of' Gellman, . Grif'f'i th and Startley17 the theoretical 

values f'or El, E2 and M1 transitions are respectively 0.1, 8 and 4. 

-TheEl transition is ruled out, and,.although E2 gives a better fit 

than Ml, a choice probably should ~ot be made on this ground alone. 



Since the 44-kev state has even parity (2+); the.l45 .. kev state nru.st 

therefore also have even parity. Only even spin numbers are allowed 

since the·level.is reached by alpha decayof an even-even nucleti:s. 

"The possible ·states are therefore 0+, 2+ and 4+, and of these the 

selection of 4+ is favored for reasons to be given below. 

G. The 150 .. kev Gamma Hay 

The low intensity photon of 150 kev (see Fig. 1 and .Tables IV 

and V) has already been mentioned .in the prece'ding section where it, 

was shown that it cannot account for much of the de-excitation of 
I 

the 145=kev state. C~-gamma coincidence measurements showed this 

gamma ray to be in coincidence with the 99-kev photon. ·FUrthermore, 

the coincidence rate was in agreement with the assignment of the 

99-kev photon to a gamma ray with conversion coefficient ~10. 

As will be borne out in;the discussion,.it is reasonable to 

assign the 150-kev transition to another of the series of cascading 

E2 transit~ons (see Fig. 1). On this·basis, its conversion coef-

ficient would be 2 and the population of the 295 ... kev .level would be 

3 x 10-3 pe~cent. -This intensity was below the limits of our 

detection of an alpha group which for this case was ,:;10-2 percent, 

so the failure to observe the corresponding.alpha group is not 

inconsistent with the decay scheme. 

·IV. . DISCUSSION · 

The energy levels of if34 observed froni the alpha.decay of 

Pti238 conform in remarkable fashion w;i.th: the picture for even,.,.even 

nuclei well removed from a closed shell developed by.Bohr and 
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Mottelsori~ .In this model collective aspects of nuclear structure 

and .individual particle aspects are coupled and in a region well 

removed from a closed shell there should be a series of energy 

levels corresponding to a rotational band in which only even spin 

states (0+, 2+; 4+ ---) appear. On this basis electric q_uadrupole 

transitions should predominate. It was seen that the 44-kev 

transition definitelyfalls into this category, and the 99-kev 

transition probably does 8o. ,An uniq_ue assignment could not be 

made for the 150-kev gamma ray because the conversion coefficient 

could not be measured, but the failure to observe an alpha particle 

leading to the 295-kev state means.that the conversion coefficient 

is not an order of. magnitude greater than unity and is therefore 

in the proper range for an E2 transition. 

Another aspect of the Bohr and Mottelson mode:L concerns the 

energy. level spacings of the states 0, 2, 4, ---. ··The spectrum is 

that of a .;rigid rotator although it should be pointed out that in 

the treatment the moment .of inertia is not .that of a rigid body 

but is an effective moment associated with the angular momentum of 

the surfa~e waves. The ·rotational energy levels go as I(I + 1) • 

where I is the spin number so the energy levels go as 1, 3.3, 7.0 

for the first three excited states of spin 2, 4, 6. In this case, 

the ratio between the second and first excited states (145/44) is 

3.3 and between the third and first (295/44) is 6.7. This striking 

agreement with the theory is the principal reason for assigning the 
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second and third excited states 4+ and 6+} respectively} in the 

absence of independent means of making assignments. 

We wish,to acknowledge the assistance of Mrs. J. A. Simmons 

in counting the alpha tracks. 
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