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The Coulomb excitation program at the Berkeley Hn.AC has for the last 
' < . . 

few years been directed principally toward the determination of detailed level 

schemes of heavy deformed nuclei. Both odd-mass and even-even nuclei have been 

studied. As representives of the former nuclear type 't,re report here the recently 

completed work on Tb159
1 Ho165 1 and Tm169 (ref. 1)"/ ,Work:,on the even-even nuclei, 

' 232 238 . ' 
Th and U 1 is still in progress; however, t~e pri~cipal features are \vell 

established and will also be reported. 

1. Odd-Mass Nuclei 

The Coulomb excitation of Tbl59, Ho165, and Tm1~9 has been studied using 

'16 
as pr-ojectiles 0 ions produced at the HILAC.· The beam energy was usually 6o MeV,-

but it. could . be varied from around 20 MeV to the maximum energy o:f 167 MeV by 
' 

changing the tilt of.the gradient in the post~stripper tank and adjusting the 

tank tuners to cause the beam tq fell·out of phase at the desired energy and coast 

the rest of the way down the tank• .After leaving the accelerator 1 the beam pe.sses 

through a defle~tine masnet which-bends it. 22 deg through a quadrupole focusing magnet 

into a steel and concrete cave containing the gamma-ray and conversion-electron 

16 spectrometers. Beams of +6-charged _0 ions of about 1 'i-LA average current ·can be 

obtained through a 2-by-2-mm collimator at the targe·c position. Thin ("'l rng/cm
2

) 

' ' ' 
gold foils can be moved into the beam at the deflecting magnet and also near our 

target position in order to scatter the beam into silicon detectors to determine 

the beam energy and energy distribution. These detectors are calibrated against 
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the energy of the full energy beam (l67 ~~Y)• · 

Both gamma•ray and conversion electron spectra were taken. · The singles 

ge.l1ll:lla-ray spectra.. su:f'fered from a large baclr.ground produced partly from external 

sources, but mainly from the target. Surface impurities such as an oxide coating 

and possibly pump oil are the likely orgins. .By means of the coincidence technique 

developed earlier in which .only the gam.ma. reys in coincidence with back-scattered 
16 . . . 2 . 

0 particles are recorded, this background was reduced, and far superior spectra 

were obtained. For a more detailed investigation at the de-excitation transitions 

follo1v1ng Coulomb excitation, and one employing higher resolution than is pozsible 

through gamma-ray spectroscopy, we studied the internal· conversion,electron lines 

~·· .. usine; a single wedge-gap spectrometer at the type developed by Kofoed-Hansen, 
' ·: ~ 

Lindhardp and Nielsen. 3 A short description of our spectrometer has been given 

4 
elsewhere. 

' 16 
ExaJlll?les of the gamma-ray spectra. coincident 't-Tith back-scattered 0 ions 

and of the electron spectra for the odd-mass rare ew.~th isotopes are sho-vm in 

figs. 1-6. From such primary data, one derives the energy and yield of each 

gamma-ray an~ conversion electron transition. The yields can be used to. determine 
•' ·- !/ ..... ~ 

the excitation function of each transition, and thus the multipolarity OJ:' the 

excitation, and further to give the excitation transition moment,--B(E2) in these 
•' ········•) 

cases. The energies and relative intensities of' the transitions e.re used in 

conjunction t-Tith these yield data to deduce the level schemes shown in figs. 7-9· 

The detailed data. can be found else-vrbere, ru1d therefore will not, be reproduced 

here. Instead we will discuss the level schemes and their interpretation. 

In constructing the level schemes 't-Ie first establish. the positions of 

the levels from the transition energies. Since there are usually two or three 

.. 

·' 
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transitions· deexciting each level, this is a :reasonably straightfo'VTard and . 

unambiguous procedure. These levels almost always fall into groups which are, 

in most cases obviously; rotational bands •. To determine the K va.l.ue and perity 

·~· of the bands, we have analyzed (1). the moment of inel•tia. implied by the gl·oss 

•. spacing observed, (2) the detailed relative spacings of the levels_;:. (3) the 

·z. Coulomb-excitation multipol~ity, tr~nsition mo~ent, and relative population 

..... 
. of the band members, and ( 4) the mul tipolari ty and rela.ti ve intensity cE the 

deexci"ting transitions. For all bands below about 900 keV, the above criteria 

indicated reasonably definitely the K and parity volueG. For bands above about 

900 keV, there were usually not sufficient data to make definite assigr~ents. 

, . .,Hith the K and parity values established, the above criteria vrere a{;ain used .. 

to determine the natl,li'e of the bands (collective or single particle). The 

expected single particle states and their properties were taken from Hilsson 1 s 
. 6 
calculations, 5' .and tor this region the collective bands expected to lie 

low·est are the I<o -2 ilnd K0 +2 gamma vibrational bands ( wbel~e K
0

. is the ground .. stste 

., . :' .K value). The principal COl'lClusions from this .. type of analysis are slillm'larized 

Single particle states were seen in Tbl59 at 348 and 971 keV, and probably 
'· 

in Tm169 at ~900 keV. 

· from the ground state. 

~. 

These states are thought to be excited by E2 excitation 

The 361 keV sin~e particle· state in 11o165 is probably 

populated mainly by El decay from the 514 keV level, e.nd hence may not represent 

a direct excitation from the ground state. In each case, assignment could be: 

made to an expected Nilsson orbit.al'ld 'Where such assignments are definite they 

are shovm in figs. 7·9· The only further comment we will make is that the E2 

strengths to these levels (0.3 to 1.0 single .. particle unit) are rather large end most 

likely due to Coriolis admixtures of these states into their respective ground 

states. Such mixing, even though sma.J..l 1 can introduce large E2- transition 
" . 

probabilities because of the very large collective quadrupole moments of nuclei 
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in this regiono 

The collectivtS excitations., as expected, produced bands which seem to.· 

be related to the ground state by K = K0 :t 2.. He call these "gt::lmma-vibrationa.l 

s·tates'.' t'ollOiV'ing the .terminology of Bohr and Mottelson, e.lthough it ·must be 

recognized that the results ot our measurements do not give any obvious meano 
. . . 

of: distinguishing between different modele ~hich provide collective excitations 
/ 

with chan3e of K by/t1-10 units. Some o:;' the systematic properties observed in 

these collective levels viill be Sllrl.llnm4 ized in the followlng ps.rae;rn.pl1s. 

The K -2 
0 

1-;:eV band) 1 very 

gmr.ma vibrational band is almost certainly seen in Ho165 ( 514 

likely in Tb~59 (~ keV b&Ad), and probably in ~m169 (570 keV 

) . ' . . 165 (68 ) . band • The K0+2 ga:mma. band. is pr9bably seen in Ho 7 keV band and pos.sibly 

159 . 169 in the other t'vo nuclei ("-1280 and 1170 keV in To ru1d ~~ , respectively). 

' . 

'· 
a.nd probably by 600 or 700 keV in the other cases •. ·It is .interesting t,o note 

that in Re187, ~he only other odd-mass hud.euS. where gaL'lll:ia bands have be<i:n 

established reasonably well, 24 it is the K -2 bands alone 'i:.hut are seen. A .. ' 0 

reasonable implication is that these bands lie lOioTer in energy tha.n the ~u+2 

be.nds. As fs.rt as m; · knovr there has been no theoretical treatment of the relo.ti ve 

energies expected for such bands: Hh11e it seems quite. reasonable to us that the 

'"' 2 . d ~ 4 n Tb159 and rr.m
169 ;. ... 0 -. band should lie l0\-1er, the magnitu e o.~. the splitting ... ;. 

is. surprising. Even if' our tentative K
0

+2 assignments are not correct in these 

cases, the failure of this band to show up at lmrer energies still implies a . · 

large 'splitting. The difference between these caGes and that of Ho
165, 1-rhich 

has a considerably smaller splitting, is not clear. 

The E2-t~ru1sition probabilities (for a vector-addition coefficient of 

unity) betvreen these vibrational states and their -respective ground states is 
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in all cases bet'treen one and tvro single-particle units. Furthermore in a 

given nucleus the E2 strengths to the K0+2 and I<o -2. bands. from the ground state 

are apparently nearly equal. The relative E~-trans1tion probabilities for de

excitation of the bands in Ho165 (in Tb159 and ~~l69 they de-excite principally 

by !.U radiation) followed the predictions of the vector-addition coefficients 

with a slight modification for mixing of the ground and vibrational states, as 

8 has been observed by 0. B. Nielsen·in even-even nuclei. The evidence is fairly 

strong .that this mixing corr~cticn is necessary. The relative E2-tra.nsition 

probabilities for Coulomb-exciting the members of these bands in all three 

nuclei seemed e.lso to follow the mod.ified vector-addition coefficients. However, 

these probabilities are subject to.additional corrections because of the effects 

of multiple Coulomb excitation and intraband rotational de-excitations. 

A surprising result was that when !K .bl = IK dl±·l, as is the case. 
v~ gr · 

for the K
0 

-2 b~.~ds of both' Tbl59 and Tm169 , ... the' de~exci ting ;transitions were 

predoruine.ntly Ml rather than E2. For these particular ··cases, Ml. transitions e.re 

not K-forbidden. In fact, .the appropriate vector-addition''coefficients .should 

be those for IK 'b I~ IK ~I, and the data followed these 'VJithin our limit.s of 
VJ. gra 

error. Hmiever, such t:;;,~ansitions are not expected in a pure vibrational model. 

On this model vle also iWuld not have expected the relatively fas·t. El transition( s) · 

obser~ed to occur in Ho165 between the K0 -2 gamma band (514 keV) and a nearby 

intrinsic (Nilsson) .state (361 keV). 

The occurence of such transitions does not argue against the collective 

nature of' these states, which seems to us to be rather. strongly suggested. Even 

a. lack of K purity in these states is not indicated. The disagreement is with 

the detailed vibrationaJ. description, and particularly in the case oi' the Bl 

transitions, it is not clear .. Go. us . that reasonable admixtures of nearby states can 

account for the observed tranaition .. moments. In this regar;i it vTOL'.l·:; be interesting 

to see calculations based on the Davydov-Filippov m~e1.9 · In this model such 
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transitions are not forbidden in general. On the other hand Davyclov'a caJ.culation 

for J 
. . . . 169 = n = 1/2 is in very poor qua.ntite.t,ive agreement \-lith our data on 'lw-

"rhe:r·e n = l/2. It remains to be seen if relaxing the requirement j = 1/2, can 

bring this calculation into agreement with the experimental dGlte.. 

'>Je also Coulomb excited, via multiple E2 excitation, six to eight members 

of each ground state rotati~na.l band. Due to' our use of' thick targets, the intensity 

of popula.tion of' each band member was not readily obtained. lh-we-.rer, tbe en.::rgies 

of these levels -vrere measured, and are included on the level schemes (figs.· 7-9). 

F:com the rotational•energy formula, 

I' 

· · (E -E )/2(I + l) vs [2(I + 1) )2 should give a straight lir.e for which the. 
I+ 1 I -

intel~ce:pt is A, and the slope is B/2.. Figs. 10· and 11 shcr.r the data for Ho165. 

and Tbl59 plotted in this ·vray. ·'Hhereaa the Ho165 data ·o.re v7ell fitted by a straight 

line, those f'or Tb1 59 are not at eJ.l conGistent ,;ith a single line, but rathel.~ 

,convincingly suggest two straight lines having very nearly a common intercept. 

This behavior is not 'completely uneJ..rpected ~ 
10 11 

It has been predicted ' ~ that 

in a K == 3/2 band there vlill be e. terni'·in the above equation for E1 of the fo:cm 

+C(-) I+l/2(I, -l/2)(:C + l/2)(I + 3/2}. This term comes from the Coriolis coupling 

of ·:-.he K = 3/2 band to K = 1/2 bands, and ·is the direct result of the anome.lous 

energy spacing of the K = 1/2 bands. . This term vllll cause just the behavior 

noted in fig. 12; nu.:1Jely, two lines having .a common intercept. Tne value3 of A; 

B and C required to 'fit the data are given on figs. 10 and 11. Our analysis of 

the C term in Tb159 suggests that it arises largely due to mixing of the grouna 

state band vith the band, l/2 + [411], vlhicb we have tentatively identified at 

·~ .• * 

.. 
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971 keV in this nucleus. 
. 169 

The groU11d state band of Tm also shows a C term of 

the above type, but scmei-rhat larger than is found in Tbl59, as might be expected 

for a K = 1/2 b~4'1d! The decoupling term in the rotational energy equation for 

K ; 1/2 bands makes the presence of this C term less obvious than is the case for 

the K c 3/2 band in Tbl59. 

t 2. Even ... Even Nuclei 

• . "' 

.. ,., 

2?2 238 . 16 
The electi~on Sl)cctr~ from Th .J , and U bombarde:.'Cl by --.so MeV 0 ions 

are sbow'n in figs. 12 and 13. These spectra &~e composites of many shorter runs, 

and the stat.istics and even to some extent the resolution vru:·y from section to 

section. Although there are several. groups of transition not get fully underutood, 

most of the transitions obse1-ved have been fitted into the level schemes of' Tn232 
· 

238 and U shmm in figs. 1~· and 15. The basic features of these scl:"emes have been 

:Y .. "lOWll for some timez hoi-rever, considerably greater detail is now available. .t..s ' 

· .. 
'·' 

in the above discussion of the. odd-mass nuclei, the data analysis will not be presented 

here, but will shorily be available elSC\Jhere. . 

Tl:.ree bands, al.l thought to be collective, are Coulonio excited in both 

These are the even parity K =0 (beta vibrational) and K = 2 

{gamma vibrational) bands and an odd parity (octupole vibrational) band know.a to 
. -

2~ . -. 2~ 
be K ::o 0 in U , but of Ul1Certain K value in 'l'h • He Will first discuss the odd 

parity bends briefly and then the even parit.y ones at someHhat greater length. 

2"2 238 In both Th J and U the population of the odd parity band is primarily 

by E3 excitation. This has been shown both by studies of the excitation functions 

o;;':' these bands and also by the gar.nna. ray intensities in coincidence vrith backivs.rd-

scattered c~~pared with fol\vard-scattered projectile ions. The B(E3) values for 

these transitions are both beti-ieen 10 and 20 times the single particle estimate. 

Tnis fact, coupled vTi th the lmov:ledge that very similar bands occur systematically 

.. 

. -
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in many even-even nuclei in this region, su,ggests rather Gtron2J_y to us that these 

are collective states. 'I'he bc-m.ds deexcite by El radiation; hOiliever 1 dctailE.d in.for-

. . . 238 
mation on thece tranoitions is a.vilnblc only in the case of U • For this nucleus 

mE:n·i:.io:nE:.-d previously. ·Part o:f the vtork· still .in progress on these nuclei is an 

. 232 
a/ctempt to study the conversion lines of the high-energy El transitions in Th • 

In the e.bsence of such detailed information no K assigrilllent ca.'1 be made in this 

Tl~erc is a veal th o:f data o.vaUable 01'1" the even pal" i-cy bands exci tecl in 

No a~~empt·can ~e ,!}lade here to discuss these bands thoroughly, 

but some of thG more prominant features v1ill be mentioned. In each nucleus the 

total 13( E2) to both bands is of order five single. particle units. The bands liG vC:r:>J 

·~ t t"' . b h h ti 2 b i ' v t "' ,~, 232 
cJ.ose ·oge·d:::r l.n ot. cases; t e respec ve + states e ng ll ~~:e ape.r J.n .l'rl . 

V) v u238. rrn. K t%nd "3 ke apart in .L.11e = 2 band aJ.-vmys lies higher in energ-y and receives 

2/3 .. 3/4 of. the total population. A very protYJina11t feature of both K = 0 bands 

is the elec~cl.~ic monopole deexcitation to the ground eto.t.e band. Of order 1/3 the 

population of each level decays via. this Jnechanism. These VCJ."7 pro1ninant electron 

lines have made it :possible to identii'y 4 m~ 5 members of eo.ch K :=' 0 bend; ~:;l1crca.s 1 

only the 2+ member o:f the K = 2 band' is positively identtlicd. Th1~ lad;: of otbe:t~ 

obt>erved band members in the K = 2 band is also due partly to an unfo.voro.ble t.heon::·cica~ 

pl.~o'ba.bility for exch~ing higher members in this band, and partly ·t,o the fact trmt 

the expected deexcitat.ion lines of the 4+ member are ma-sked by otronger lines. 'I'be 

momont.s of el1ertie. in the K =, 0 bands are 5 - 105~ 1~:1rger than in the respective 

grcun.d state bands. All these features ore in general accord with the lmmrn properties 

of these t•w types of' states, both of which occur systematically in many even-even 

nuclei both in this region, and in other regions of the periodic table. 
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In the case of the relative E2 trlimsition probabilities? hoHever, one doec 

not find agreement. either with the theory or with previously know-n cases. Tile reason 

tor this, we believe, is rather heavy mixing of the K = 0 w.d K = 2 bands. Reasonably 

di.rect evid,~nce for th:i.s mbcin,g is the high electron intensity for the 2+ ~ 2+ t:n:msition 

from the K = 2 band to the ground state band. .There are insufficient photons in this 

energy region for this transition to be pure E2; it must either be largely Ml. or have 

an appreciable EO admixture. ~le former p9ssibility is ruled out by angular correlation 

12 
measurements made by Stelson c.nd McGowa."l. By far the most plausible explanation of 

d EO ' " d ixt "t' tb b Tr 0 b d ""'l the dnta On ml''.r:•
232 an • componen·c. l.s a m ·• ure HJ. n e near y L\. = an • .l'1.l.. .., • 

can be sr .. mm to be consistent vrith an analysis involving. mixin:::; of the K = 2 and 

ground bands, the K "" 0 and ground bands, and the K = 0 a."ld K = 2 bands. l11ixing 

betHee~ the K = 2 band and the ground state band has been observed in many otber cases 

bo .C)~J·il 8 . fti 'i idf l ~ . y . L. 1· e sen, ana the z.:nount o · h s mJ.x ng req_u re or t :1e presen·u case J.5 

in good agreement vrith that found for other nuclei 'in this region. lft.ixing of tbe K = 0 

and ground bands has not been observed previously due to the lacll: of experimental data 

on this ty·pe of ba."ldi but in Th232 it .is several times larger than the K = 2-ground 

2( · )2 · a mLxing and can largely account for the I I + 1 term in the analysis of the grounu. 

state rotational band energies. Mixing of the K "" 0 and K = 2 bands is surprisingly 

heavy (20-25)0 in t;he.arnplititude) and almost undoubtedly occurs in this case due to 

the unusually small energy separation between the tvJO bands. Unfortunately the nurnber 

of parameters in tbis analysis 'almost eq,uals the nu."Dber of pieces of experimental data 

so that the result must, at the present time, be considered tentativ.::. A similar. 

238 analysis of U seems promising, but there are even f'ew·er data. 

In the present -vmri\. heavy-ion Coulomb excitation has been found to be 

an excellent means of populating systematically and prefcrcntiaJ.ly the collective 

modes of excitation of deformed nuclei. ive feel the present work is sufficiently 

,1· t 
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detailed to indicate the wealth or data that ~ll be obtained on these levels as beam 

intel'lSities and instrument.'11.tion improve;. Not only sre there many other nuclei subject 
·,. 

to this type o-r study 1 but also in every nucleus we have so fe.r examined there are 

other wea.t-J.y ... populated ,bands and· his;her levels ot known. bands. \¥hose:: study "ros Juat 

·outside, t.he capabilities o:t the present. worke' . . . 
. :;,,.- .. 

' • • j ~, ; I" / ,;. •' ' • '·· .• '.:'t•.· 
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Figure 1. 
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FIGURE CAPTIONS 

. .. . 165 
Gamma-ray spectrum of Ho obtained in coincidence with back-scattered 

16 
0 ions • 

. Figure 2. · Gailllllay-ray spectrum of Tbl59 o'bt~ined in coincidence with baclt-sca.ttered 

16 · o ions. 

. . 
·. . . 169 . . . . . 16 

Figure 3'· Gamma-ray· spectrum of Tm .ob~ined in coincidence with back-scattered 0 

ions. 

Figure 4. Conversion-electron spectrum of Ho165. The symbol '1indicates the junction 

between different runs having slightly different back':"'grounds. 
ti 

Figure 5. Conversion-electron spectrum of 'I'bl59. · 

···.·f 

. ' 
; 

.. Figure 6. 
. . . ·. 169 . ' . 

Conversion-.electron spectrum of Tm •. The symbol~ ind.icates the Junction 

'between different :runs having alightly different back-grounds. 

Figure 7. Level scheme of Ho165 • 
... 

Figure 8. Level scheme of' Tbl59. · The bands indicated by heavy lines were Coulomb-

excited in the present study. 

Figure 9· Level scheme of Tm169. The bands. indicated by heavy lines were Coulomb-

excited in the present study. 

·' ,· 

Figure 10 • .Analysis of the energies of the g;ound-sta.te rotational~be.nd members for Ho165 • 
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