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Large breaks in the plots of alpha partiele energy vs. mass ~er 

at constant z give str~ evidence1 for the ciosing of a major shell 

a.t 126 neutrons (N = 126). We have applied this sensitive criter.ion to 

look for the much smaller nsubshell" effecte which might be found in 

the region N > 126 and find good evidence tor a subehell e.t N' = 152. 

2 
The plot of alpha particle energies vs. mass number for the 

isotopes of californium ( Z = 98) shown in F1(&• l shows a. definite break 
.I 

in th~ region of cr250 to c:r252 indicating • subshell at 152 neutrons. 

This break is of the order of a few percent as large as that corresponding 
. . . l 

to the maJor shell .at N = la6 in the an&l.ogous curve tor polonium. 

Since the postulated existence of a sUbshell. at 152, neutrons depends 

entirely on the mass assignments Qf the nuclidbei :i.tlvolved, u; 'appears 

worthwhile to review and elq>8nd the evidence on Yhich these ll'iS.Gs 

assignments ru:"e based. 

Cf2lt4 and cr46• These two isotopes of calitorniwn h.a-ve been well 

24o established Qlld. identified by their respective __ curim;n da\lghte~s, em 

and em242. 

· cr248. This isotope has been produced by Be++ bombe.rdment of curium 

containing em245 as 1 ts heaviest constituent. !he yield of this acti vi ~Y 

was consistent with the reaction em245(n,r)cr21!8. The halt~life observed 

agrees very well_,-with that predicted tor a.n even neutron isotope of 
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ca.liforn.iu;m 'W'i th' the alpha energy' observed. Addi t1onal proof of i te 

even neutron nature is afforded by the te.ct that this isotope baa been 

found. to undergo -spontaneous fission with a .b.eJ.t'•life comparable to 

that of crlt6. 
cr249. Recent meaeurements3 show the alpha spectrum of this nuclide 

to conaiet of two prottdnent a~pha grou:ps1 6.00 Mev (1.0 percent) and 5.82 

Mev (90 percent}; this is cba.racteristic of many e~ pl'\?ton-od.d ne\1tron 

nuelides but not · 01' even-even alpba em1 tters • This i.sotope of californium 

has been observed to grow in carefully pu.rU'1ed berkelium samples produced 

by multiple neutron eapture on plu.toniumJ the mass number ot this isotope 
. . ' 4 . 

baa l:leen shown to be 249 by mass spectrometer meaeurements • 'l'ha.t the 

point in Fig. l for Cf':249 (If a l?l) is lover then that for Cff.!50 (B = 152) 

is not surprising since the 6.00 Mev energy 1Nly not represent the ground 

state transition fo:r. this odd neutron nue:U.de and, in any event, in the 

caee of the maJor shell at tf • 126 we have an analogous situation with 

such pairs as Po 209 {I • 125) 4.877 Mev, Po 210 (N = 126) 5. 298 Mev ea.d 

»n211 (N • 125) 5.847 Mev, · &n212 (N * 126) 6.262 Mev .. 5 
I 

cr25°. Short neutron bombardlnents3 of Bk249 have produced a :;.13 

hour beta-activity .which eM be S.$aign.ed to a 25°. The decay of this 

activity produces ·a. 6 .• 05 Mev alpha-emitter vitb a half-life of about 12 

years w1ch is thu.s assigned to cr25°. The relationship 'between alpha 

half•lite 8lld. energy for even isotopes of californium is satie:t'ied by 

these data. This isotope bas been :found to undergo spontaneous fission 

at a. sufficiently high rate to indicate an even number of neu'l:irons. 
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cr252• The weight ot the ~rgument that there i.s e. subBhell at 15i! 

neutrons f'all.s chiefly on the conclusion that the 6.15 Mev californium 

is heavier thau that emitting 6.05 Mev alpha particles atJ.d. that both of 
... 

these act1Vi ties are due to even neutron 1$0topes. The following 
•· ---

:; e:x;perimentf3 seem to bear this out quite conclusiveJ,y. (1) Pure 

californium ( Ct249) which bad been ehemically separated attar sr?wing 

into a carefully pttl'ified berkeJJ_\ilJl (Jk249) vas subjected to the 

maximum .M'm nelltl'Qn flux tor one week. The rt'!eul.Ul.nt californium was 

found to consist a.l.most en~ire~y of 6.05 Mev e.lplul activ1ty* le(:ls than 

2 percent of the activity bad an energy G:f' 6.15 Mev. (a) Longer 

neutron bonibaroments of Bk249 have prcdu.ced both ~e 6.15 Mev and the 

6.05 Mev (!aliforniutn alpha activities. Tb.e ratio of the 6.15 to €i.o5 

Mev activities vas found to increase as the bombardment time vas 

lengthened, as would be the case if the 6.15 Mev activity vere produced· 

by a reaction rate of' higher order t.ba.D: that to"t' the. 6.05 Mev calii'o!'nium. 

( 3) Direct d.ecay .measurements3 made over a period of several mt')nths on 

relat.ively pure samples of the 6.15 Mev -activity indicate the.t the 

half-life of this activity is about two years. This is fiba;rter than 

would be expected for an odd neutro_.n ca;&-ifornium isotope with this energy 

and these data coupled with ·the info1"11:16tion that this isotope exhibits a 

three percent branching for spontaneous fission leads to the conclusion 

that its mass number is .Probably 252 rather than 251. So far no 

radioactivity has been found that might be as~ciat.~, with Ct251; this is 

not surprising since a combination of a high neutron capture cross section 

and a long alpha. half-life as expected for an odd mass isotope vould make 

it difficult to make such an identification. Recent mass spectrometer 
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4 
measurements on californium if3otope~ are in agreement with the above 

assignments of the 6.15 and 6.05 Mev alpha activ.itie& to cr252 and 

cr250 , re$pectively. 

The curve for californium in Fig. 1 is sketched in beyond N = 154 

on the assumption that the behavior is analogous to that tor polonium1 

in the region of the major shell a:t N • 126. In the same spirit, 

analogOUs curves bas«!!d on a subshell e;t N = 152 .are Sketched in for 

~lements 99 and 100 using tbe experilnental data available. 6 Similar 

curves :for Z < 98 tnigb:t also be expected due to closed attbshells at 

249 2ll8 Bk 1 Cm 1 etc. 

So definite a subshell at thi$ point do~s not seem to be predict­

able from a simple ·consideration of the shell model of Mayer7 and Haxel1 

Jensen, and Suese. 8 The maJor shell of 126 ne~trone is a.tte.ined upon 

complet~on of the 113/ 2 level and the simple order of. levels .:follolfing 

this, which o1' course is no~ necessarily the actual order ,9 might be ill/'r.' 
.)15/2.. ' 

~/2.' S.,Jz' ~/Z' d.3/2.' sl/'i" A possible order of :f:1.lling to ~ve a 

break at N = 152 m.i~t be &:i/2.' s112, ~ /~' a,;z With th1! following 

levels ill/Z' d3/Z' and. j 15; 2 at a definitely higher energy.. Another 

possibility is that the break comes after the :filling of the ~/Z and 

J15; 2 .shells. However, an energy break of thi~ sort interpreted sirl:iPly 
..,, 

on the basis of subshell co1.1pletion in the ptbeess of the :filling of 
•· --
levela in the simple single particle shell model may be an oversimpli .. 

fication because this i£> just the region where the strong surface 

coupling caused by large spheroidal distortion10•l3 or eonf'isura:t.ion 

14 ... 18 interaction o:f seifere.l nucle()ns .ma.y be in:lp()rts.nt. In this 

connection one might expect on the ba:sis of either the Bi>br""*tteloon
12 
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strong surface coupling moO:e! or the deSbal1t•Goldh&ber15 configuration 

interaction arguments regarding trends of first excited state energies. 

that: if the nucleon configuration a.t B = 152 involves only completely 

filled levels, the first excited state energies should approach a maximum 

as is observed in the closing of other ahells;19-Zl the experimental 

4 22 evi4ence so far indicates that thi$ is not the case. 1 Thus 1 t seems 

that the ·152 n~tron subshell may be of a :fu.ndamentally different nature 

than the major closed shells. 

This 1110rk was performed under the auspices o:t the U. S. Atomic Energy 

Commission. 

l. Perlman, Ghiorso, and Seaborg, Phys. Rev. Jl1 26 (1950). 

2. The following alpha energies with corresponding references were used: 

. 244 [ Cf , 7.15 Mev Thompson, Street, Ghiorso 1 and Seaberg, Phys. Rev. 

8o 1 790 ( 1950)]; Ct246 
1 6. 75 Mev (Ghiorso, Thompson, Street and - ' 

Seaborg, Phys. Rev. .§!, 15-4 ( 1951) l; cr248, 6. 26: Mev [E. K. Hulet, 

Ph.D. 1hesis1 University of California Radiation Laboratory Unclas­

sU'ied. Report UCRL-2283 (July, 1953) h Cf249 1 6.00 Mev (Ghiorso, 

Th()l®son, ChoPJ?in, and Harvey, Pbys. Rev. (May 15 1 1954 issue) } ; 

ct250 
1 6 . 05 Mev [ Gh1ot;so 1 ·Thompsen, Chopp in, and Harvey, Phys • Rev • 

• (May 15 1 1954 issue)]; Ct252 
1 6.15 Mev [Thompson, Ghiorso, He.rvey, 

and Chopp in, Pbys. Rev. 2J1 9o8 (1954)]. 

3. Ghiorso, Tholli)eon, Choppin1 and Harvey, Phys. Rev,. (May 15, 1954 issue). 

4. H. Diamond, et al. 1 Phye t! Rev. 1 in press. --
5. HollAnder, Perl.me.n1 and Seaborg, Revs. Modern Pbys. ~~ 469 (1953). 
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6. The following &lphe. energies lf1 th corresponding refercmees, vere 
. ~ . : 
used: 99 1 7.3 Mev (Gh1orso, .Ros$1 1 Harvey, and Thom,psQn, Phye. 

Rev. 2_l, 257 {1954)1; &nd 99253, 6.63 Mev; 10025\ 7.22 Mev, 100255, 

7.1 Mev [Choppin, Thompson, Gh1orao, Bftd H.arvey, Phys. Rev. (May 151 

1954 issue); see ·also Fields, Studie:r, Mech, Di'a.monG., Friedman, 
. ·, 

Magnusson, and Huizenga, Ph7a. R.ev., in. press-}. 1be al,pha energy 

for 99254 bas been cal.aule.ted from the closed. cycle date. involving 

Bk250 e.nd. .99254 beta energies and the 100254 alpha energ,Jmuorso, 

Thompson, Chopp1n1 and Harvey, Pbys. Rev. (May 15, 1954 i.ssue); and 

Chop:pin, Thompson, Ghiorso, and Harvey, Phys. Rev. (May 15 1 1954 

issue)]. 

7. M. G • .*yer, Pbys. Rev. 12.1 1969 (1949)J ibid.., :z!, 16, 22 {1950). -,-
8. lleJc.el, Jensen, and Sue~s, Pb:ys. Rev. Ji, 1766 (1949)J z. Physik~~ 

295 (1950). 

9. G. T. Seaborg, Phys. 'Rev. ~~ ~074 (195 3) • 
. "' ~· 

10. J . Rainwater 1 'Pllys • Rev. ]21 4 32 ( 1950) • 

ll. D. L. Hill and J. A. Wheeler, Phye. Rev. ~~ llOZ (1953). 

12. A. Bohr and B. R. Motte1son, Dan. Math .... tys. Medd. !l.1 :No. 16 (1953).; 

Phys. Rev. ~' 316 (1953); Phys. Rev. 22,1 717 (1953). 

13. lt. W. Ford, Phys. Rev. 2£, 29 (1953). 

14. D. Kurath1 P:hys. Rev. ~J'-96 (1950). 

15. A. deSha1it and M. Go1db8.ber, Pll;ys. Rev. ~, 1211 (1953). 

16. A. R. Edll1onds and B. H. Flowers, Proc. Roy. Soc. (London) J\215 1 120 -
(1952). 

17. I. Talmi, Helv. Phys. Acta !21 185 (1952). 
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18. B. H. Flowers, Proc. Roy. Soc. (London) A212, 248 (1952); ~., 

Alll5 1 398 (1952}; Pbys. Rev. ~~ 254 (1952); Phil. Mag. (7} 1 !tl1 

19. 

20. 

21. 

22. 

1330 (1952). 

:e. Stlihelin and P. Preiswerk, llelv. Phys. Aete. ~~ 623 (1951). 

G. Scharf:f'-Goldhaber; Phya. Rev • .22_1 587 (1953) • 

F. Asaro and I. Perlman, Pbya. Rev. §1, 393 (1952). 

Ghiorso, Thompson, He.rve¥1 and Choppin1 unpublished work. , 
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FIGUBB CAPTIO!l 

Fig. l. Plot of a.lpb.e. en~rgy vs. mass number. -
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