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REDUCED TRANSITION PROBABILITIES FOR 
HIGH SPIN STATES IN 232Th* 

LBL-4038 

M.W. Guidry, P.A. Butler,t ·P. Colombani,* I.Y. Lee, D. Ward* 
R.M. Diamond, and F.S. Stephens · 

Lawrence Berkeley Laboratory, University of California 
Berkeley, California 94720 

and 

E. Eichler, N.R. Johnson, and R. Sturm§ 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

The lifetimes .and reduced transition probabilities for spins 

.6+ - 18+ in the ground-state rotational band of 232Th have been measured 

by recoil-distance, Doppler-broadened lineshape, and multiple Coulomb 

excitation methods using 84Kr and 136Xe projectiles. Within the limits 

of experimental uncertainty, transition probabilities from all of the 

methods are consistent with those of a good rotor ~or spins 6+ - 18+ .. 

The discrepancy with the prediction of simple B-band mixing and centri

fugal stretching models is discussed. 

NUCLEAR REACTIONS: 2 32Th( 84 IU-,84Kr', y), ELAB = 385 MeV; 2 32Th 

( 136Xe, 136Xe' ,y) ELAB = 595,623 MeV; measured lifetimes for 6+ - 18+ 

members g. s. band by recoil-distance and Doppler-broadened lineshape 

methods; yields for Coulomb excitation measured; B(E2) values derived 

from lifetimes and yields, compared to theory. 
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1. Introduction 

The measurement of lifetimes, or equivalently, reduced transi-

tion probabilities for high-spin states is of considerable interest be-

cause these measurements provide a stringent test of nuclear models. 

These lifetimes normally lie outside the range of conventional electronic 

methods, but ate often amenable to determination by three complementary 

techniques: 1) the Doppler-shift recoil-distance method (RD),1) 2) the 

Doppler-broadened llneshape method (DBLS), 2) and 3) multiple Coulomb 

excitation methods. (COULEX). 3) Broadly speaking, the RD method may be 

applied to states with mean lives in the range 10- 9 
- 10- 12s, while DBLS 

techniques can be used to measure lifetimes in the range 10~ 11 -10- 14 s. 

In principle COULEX methods may be used for states with lifetimes of any 

value, but unresolved ambiguities in the exact calculation of multiple 

Coulomb excitation probabilities for high-spin states complicate the 

interpretatio~ of experimental data. 

The recent availability of very heavy-ion beams (eg. Kr and Xe) 

has made it possible to Coulomb excite rotational nuclei into high 

angular momentum states (ITI ~ 20+), and presents the possibility of mea

suring the transition probabilities from these levels by one of the meth

ods mentionedabove. The spectra thus obtained are cleaner than those ob- · 

tained by populating these states in a nuclear reaction, especially if the 

y-rays de-exciting the states of interest may be detected iny-y or y

particle coincidence. Furthermore; if the levels are excited by Coulomb 

excitation one does not have the pr0blem of delayed ground-band feed-

ing which may occur in heavy-ion xn reactions. For the present study 

one also encounters the difficulty of producing actinide nuclei 
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by heavy- ion xn reactions due to the high probability for fission of the 

compound system relative to evaporation processes. 

We haveundertaken a study of transition probabilities in 232Th 

by recoil distance, DBLS, and nrultiple Coulomb excitation methods using 

84Kr and 136Xe beams. These methods have yielded lifetimes in the ground 
+ + 

state rotational band for spins 6 - 18 . The lifetimes for these states 

in 232Th are ideal to provide a comparative test of the three methods as 

they generally lie in the overlap region of the optimum lifetimes for RD 

and DBLS methods. Therefore this study serves not only to elucidate the 

structure of 232Th in high angular momentum states, but also provides a 

critical evaluation of the consistency and limitations of the general 

experimental procedures applicable i:o·the measurement of short nuclear 

lifetimes. · 

In section 2 we discuss the lifetimes evaluated by RD for ex

cited states produced by Coulomb excitation with 84Kr particles detected 

in backscatter coincidence, while section 3 is devoted to an analysis of 

RD lifetimes from the singles y-ray spectra in the same experiment. 

Lifetimes from a DBLS analysis for 1 3 6Xe projectiles in singles and hack

scatter particle cbincidenc~ are discussed in 4, and in section 5 the 

yields from the 136Xe experiment are evaluated in terms of multiple 

Coulomb excitation theory. Section 6 is devoted to a summary of 

averaged transition probabilities, a critical comparison of methods, 

and a comparison of the results to theoretical predictions. Finally, the 

primary conclusions of this work are summarized in section 7. 
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2. Lifetimes from Recoil-Distance 
Coincidence Spectra 

.Target foils were 1. 5 mg/cm2 thick, tightly stretched in the 

recoil-distance pltmger device which is described elsewhere. 4) Excitation 

was produced by a 385-MeV 84Kr beam from the Lawrence Berkeley Laboratory 

SuperHILAC. De-excitation y-rays were detected at 0° with the 45 c.c. co

axial Ge(Li) detector operated in coincidence with an annular particle de

tector spanning a backscatter range of 160°- 170° with an average angle of 

166°. The geometry favors the excitation of high-spin states by multiple-excita

tion processes and confines the recoiling Th. ions to an ayerage forward cone of 

-5° relative to the beam axis. The efficiency of the Ge(Li) detector was 

calibrated with 152Eu and 177Lu sources. The nominal zero point was deter-

mined by electrical contact between the target and stopper of the plunger 

device. The relation of this nominal zero to the true zero is discussed 

below. 

The data for each position setting of the recoil-distance appara

tus were sorted with appropriate windows on the backscattered particle and 

time parameters to yield coincidence y-ray spectra. The contribution of 

random events was judged negligible and these spectra were used to deter

mine peak areas by two independent methods: a) a simultaneous 2 -peak, 

variable width, least-squares Gaussian fit to the tmshifted-shifted doub

let; and b) simple integration of peak areas over backgrotmd, with the 

background described by a cubic polynomial. 

. -
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The peak areas obtained must be corrected for the tailing on 

the high-energy side of the unshifted peak due to the finite slowing 

time of the recoiling ion in the stopper. TI1is correction was accom-

plished by using the DBLS computer code described in section 4 to gener-

ate a correction factor fDBLS which was applied to the 'Gaussian' area of 

the unshifted peak to yield a total area corresponding to decay of the re

coils after encountering the stopper. Since the correction factors fDBLS 

generated by the DBLS program are lifetime dependent they must be deter-

mined in an iterative manner. 
+ + + + + 

For the 6 , 8 , 10 , 12 , and 14 s~ates 

the final values of fDBLS were 1.0, 1.01, 1.03, 1.12, and 1.30 respectively, 

indicating the sensitivity of the shorter lifetimes measured to the finite 

slowing time in the stopper. 

As a first approximation, the ratio R of the unshifted to total 

intensity of a doublet is related to the mean life T of the state by 

I 
- u R= --I +I . u s 

-T/T D 
e = exp(- T·v·cose) 

(1) 

where T is the target-stopper flight time, D is the target-stopper dis-

tance, and v case is the average velocity component of the recoil on the 

beam axis. In actual practice this simple relationship is perturbed by 

1) differing efficiencies for the unshifted and shifted peaks, 2) posi-

tional and velocity-dependent effects on the effective solid angles, 3) 

attentuation of the nuclear alignment by hyperfine interaction, and 4) 

cascade feeding from higher levels. These effects are accounted for 



-6-

in a computer program based on a formalism described separately. 5) In 

general this program generates by self-consistent iteration a correction 

factor F, which is applied to the experimental ratios R . to compensate exp 

for the above-mentioned effects: R = F•R . This corrected ratio corr exp 

Rcorr may be identified with the 'unperturbed' R of eq. 1 and the lifetime 

follows from a least-squares linear fit to ln R = ln(F·R ) as a · corr exp 

function of target-stopper distance. 

'Ihe large component of the correction factor F due to cascade feeding 

depends on the lifetimes and relative populations of those states feeding 

the state of interest. The populations determined experimentally through 

spin 14+ are consistent with the predictions of the Winther-deBoer code6) 

using rotational M(EZ) and M(E4) matrix elements. Therefore, experimental 

populations have been used for spins 6+- 14+, while those for the 16+ and 

18+ states were.estimated by (iteratively) scaling Winther-deBoer pre-

dictions in terms of the trends noted in the recoil-distance results 

for the 12+ and 14+ B(EZ) values. The feeding lifetimes for the 8+ - 14+ 

states were determined experimentally from the recoil-distance data, and 

those for the 16+ and 18+ states (iteratively) inferred by extrapolation. 

To check the criticality of this prescription, a calculation was also run 

using rotational lifetimes for the 16+ and 18+ states with all popula-

tion parameters taken from calculations with rotational matrix elements. 

This increases the 14+ lifetime by 10% with the lifetime of all other 

states changed by less than 1%. 
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Very little is known about the nature of the alignment atten

uation for this nucleus. We have adopted the Abragam-Pound formalism, 7) 

with spin-independent relaxation constants Tz = 25ps, T4 = 3/10 T2, to 

correct for this effect. To test the maximum error associated with the 

tmcertainties in Tz and T4 (we assume for now the essential correctness 

of an exponential alignment decay) we have rtm several calculations for 

Tz in the range 0.5 to 100 ps. These indicate that the maximum effect 

on any one state for Tz in this range is ~ 3% relative to the adopted 

case of Tz=25 ps. 

In first order the lifetime depends only on the slope of lnR, 

not the intercept. This is not true when large time-dependent correc

tions (e.g. feeding) are necessary. The true zero of ln R vs. D was 

allowed to vary independently for all the transitions. Since the properly 

corrected curves must satsify ln R(D=O)=O, the common zero-point was 

shifted until the corrected ln R curves for all states passed through 

the origin, within experimental error. This iterative adjustment corre-

sponded to a difference of 15 ]J1TI between nominal and true zero. 

Recoil velocities were determined in the standard manner from 

the separation of the peaks in the spectrum, 8) and were also calculated 

from the kinematics of the excitation process as described in section 4. 

Remembering that the detector is somewhat transparent at the edges to 

y-rays, and thus presents a smaller effective solid angle than that ex-

pected from the nominal detector geometry, the recoil velocity detern1ined 

experimentally is consistent with the calculated value of 0.0492 C. 
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The above-mentioned corrections and the ones for differing ef-

ficiences and solid angles were applied simultaneously to the data by the 

program ORACLE. 5 ' 9 The linear fits to the torrected values of ln R corr 

= ln (F•R ) are shown in fig. 1. The lifetimes deduced from these fits exp 

are displayed in column 4 of table 1. The B(E2) in units of f!lf is re-

lated to the experimental mean life T in ps by 

B(E2, I-+I-2) "" 
0.0812 

(2) 

where ~ is the total conversion coefficient, and E is the transition en

ergy in MeV. Typically, the tables of Hager and Seltzer12 ) with the higher 

shell corrections of Dragoun, et a1. 13) are used for the conversion co

efficients. However, in a systematic survey of measured lifetimes and B(E2) 

values for 2+-+0+ transitions in actinide nuclei, Stelson and Raman14) have 

found evidence that the conversion coefficients are "'6% lower than those 

from ref. 12 and 13. . 12 13) Therefore, we have used the theoret1cal values, ' 

scaled down by 6%, in eq. 2. Because the conversion coefficients are small 

for the states considered, the maximum effect in the lifetime generated 

by this scaling is 2% or less. In Fig. 9 we show a comparison of the 

experimental values of the B(E2) to those calculated using the experi

mental value of the matrix element M(E2, 0-+2) 10 •11) and the rotational 

model prediction 
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(3) 

where I. and If are the initial and final spins, A 1s the multipole order 
l . 

of the transition, and the quantity in brackets is a 3-j symbol. 

The-errors in the lifetimes of table 1 reflect a fold-

ing of uncertainties in the slopes determined 1 from the fits, uncertainties 

in recoil velocity; and uncertainties in the parameters for the corrections 

due to the efficiencies, solid angle, and feeding. In addition an uncer

tainty of ± 3% has been added linearly to account for the unknown nature of 

the alignment attenuation correction. The errors in the experi

imentally determined values of the B(E2) include, besides the 

uncertainty in the lifetime, uncertainties in the transition energy and 1n 

the total conversion coefficient. 

In addition to the data analysis procedure discussed in this 

section, the independent method described in the RD singles section 

(sect.3) was also applied to the coincidence RD data. The agreement be-

tween the two techniques was very good, with the small (< 5%) deviations 

lying in the range explicable by differing levels of approximation in 

the two approaches. 

3. Lifetimes from Recoil-Distance Singles Spectra 

The singles y-ray spectra were also collected at the various 
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plunger distances for the experiment described in section 2. Figure 2 

+ + + + + + + + shows the line shapes from the 6 -+4 , 8 -+ 6 , 10 -+ 8 and 12 -+ 10 

transitions for the singles spectra at plunger distances comparable to 

their mean distance of decay. The broadness of the shifted peak, which 

is caused by the angular distribution of the recoiling Th ions, makes res-
+ + 

olution of the Lmshifted and shifted components difficult for the 6 -+ 4 , 

+ + d + 8+ .. 8 -+ 6 , an J 0 -~ trans1t1ons. For these transitions, the energy ('entroid 

of the total (unshifted and shifted) peak,E, was measured rather than the com

ponent areas I and I . The centroids of the spectral lines from the tantalum u s 

collimator were used to calibrate the spectrum. The ratio R 1 = 

(Eoo - E) I (Eoo - E0), where E0 and Eoo are the centroids corresponding to zero 

and infinite plunger distances, has a functional form similar to that of 

the ratio of areas R = [ Iu ·J l·n· eq 1· Iu + Is . . 

I Tr/2 
R = [ J w v • case 

0 

Tr/2 
exp ( -Dh v • case) de]/[ J w v • case de] ( 4) 

0 

Where T is the mean life of the state, D is the plunger distance, and the 

weights w are the relative probabilities that the Coulomb-excited state 

of interest emits a photon in the direction of the detector when the Th 

nucleus is recoiling at velocity v in a direction e relative to the beam 

axis. The weights are written as a product of two terms: 

w = (5) 

Both the differential cross section (~) for excitation of the state and 

the Legendere coefficients ak were calc~lated using the Winther-deBoer 

multiple Coulomb excitation computer program. 6) The recoil velocities 

. -
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v, after correction for slowing down in the target, are approximately 

given in terms of v , the recoil velocity in the forward direction at the 
0 

front edge of the target, by the relationship (see appendix):. 

v ~ vo [ cose (1-.?.. {dE/dx} ) - _s_. {dE/dx} ] 
4 E P 4cosen E r (6) 

where {dE'dx} P and {dE'dx}T are the stopping powers per nnit energy at 

the front edge of the Th target for Kr and Th ions respectively traveling 

in the beam direction, and s is the target thickness in the beam direction. 

The stopping powers used were extrapolated from the work of Chu and 

Ziegler15) as described in section 4. 

The peak areas and centroids were extracted from the y-ray spec-

tra using the technique described in section 4. 
+ + 

The areas for the 8 ~ 6 

transition were corrected for contamination from the Ta 220-keV line. The 

degree of contamination (of the order of 10%) was estimated from a 5. 2 Jrun 

run, where the Ta line and the 8+ ~ 6+ peak are well separated. The un-

certainty due to variation in contamination from the Ta collimators 

during the course of the experiment should not have significant effect 

on the lifetimes. The corrected areas for the other runs were obtained 

by comparing the relative intensities of the Ta 160- and 302-keV lines 

with the lines from the other Th transitions. The shifted areas for 

all the transitions were corrected for effects due to the energy de-

pendence of the y-ray detector and dependence of the detector solid 

angle on the recoil ion's velocity when emitting the y-ray. These cor-
+ + + + 

rections tended to cancel each other for the 10 ~ 8 and 12 ~ 10 

transitions, but were of the order of 10% and 4% for the 6+-+ 4+ and 

8+-+ 6+ transitions respectively. The ratios R [ eq. 1] and R' [ eq. 4] 

were subsequently corrected to take into account the finite slowing 



-12-

time of the recoil ions in the Pb stopper. This has the effect of chang-

ing the ratios for a particular transition by a constant factor, which, in 

the absence of feeding, merely shifts the origin of the ratio-distance 

curve. The magnitude of the correction was estimated using the DBLS line-

shape progranl described in section 4. The maximum effect on the lifetime 

was 11% for the 12+ -lO+transitions. The ratios were also corrected for 

the distance dependence of the detector solid angle, but this effect was 

small (< l%),even for the largest distances. 

Expressions (1) and (4).were modified to include feeding from 

higher spin states. The correction for feeding requires knowledge of the 

weights w for each level, and these were calculated using the Winther

deBoer program. 6) The normalization of these weights 

was also estimated by measuring the total intensity of each transition 

using the area of the y-ray peak in a zero-distance bombardment with 

a lead-backed target. For the transitions where these measurements were 

possible (6++ 4+ through 12++ 10+) the experimental values agreed within 

error with the calcuiations. In the computer fit a cascade of four states 

was used to describe the data. The data for the two lowest states were 

least-squares fitted, with their lifetimes and common origin of the plunger 

distance scale as free parameters. The origin determined here agreed 

within experimental error with that in the coincidence RD section, as it 

should. The data for the 10+ + 8+ and 12+ + 10+ transitions were first 

fitted together in this fashion, the lifetimes of the two feeding states 

(14+ and 16+) being fixed at rotational values. The value of the lifetime 

of the 12+ state found from this analysis was then used when fitting 
+ + + + 

together the.8 + 6 and 10 + 8 transitions, and so on. The adopted 

values of lifetimes for the lower spin states were taken from the 
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particular fit where that state was lowest in the cascade. This mini-

mizes the error due to tnmcation of the cascade. The fitted curves and 

experimental ratios corrected for solid-angle effects are shown in 

fig. 4. 

The effect of aligrunent attenuation for. the recoiling ions was 

also investigated. The same considerations were applied as to the coinci

dence data described in section 2, and the errors quoted include the 

uncertainty (~3%) due to this effect. 

The lifetimes are subject ultimately to the confidence which can 
. 

be placed in the velocity weights w. It is therefore useful to compute 

some quantity which depends on these weights and which can be directly com

pared to experimental measurement. Such a quantity is the full-energy 

shift ~ = E
00 

- E
0 

of the lineshapes. This is given by (see appendix) : 

tlE=E
0 
1 r w (j) {i v~ {l+cos~)[ cos2e (1- ~ {dE~dx)~ _ f {dE~dx)Th] 

0 

+% (v~) 2 
cos2e [cos<j>(l+cos<j>)(3cos2 e-1)-l]}de/~r;cj)de . (7) 

. J 
0 

vo 3 v 2 dE/dx 
where higher order tenns like (c-) and ( ~) • {~} have been ignored. 

The index j denotes the levels of the cascade (6£ is calculated for the 
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lowest level), c is the velocity of light, and ¢ is the detector half.., 

angle. The calculations were made with and without deorientation, us1ng 

a relaxation time T2 of 25 ps. The results for the '6+-+ 4+, 8+-+ 6+ 

and 10+-+ 8+ transitions are presented in table 2; There is a 

consistency between the calculated and the experimental full-energy 

shifts, which suggests that the effect of the uncertainty in the knowledge 

of the weights 4l (j) on the lifetimes is at least smaller thru1 the 

statistical error. 

The lifetimes determined from the singles RD data are shown in 

Column 5 of table 1. A comparison of the B(E2) to that predicted by the 

rotational model is displayed in fig. 9. Although the 10+ and 12+ ratios 

lie somewhat below uriity, all the B(E2) values lie within experimental 

uncertainty of the rotational value. 

4. Lifetimes from Doppler-Broadened Lineshape Analysis 

The experiments were performed with the 136Xe beam from the LBL 

SuperHILAC at laboratory energies of 595 and 623 MeV. The self-supporting 

thorium target was of sufficient thickness to stop completely the beam 

particles and the recoiling nuclei. The y-ray spectrum was taken in the 

singles, y-y coincidence, and particle-y coincidence modes. Because of 

the scattering kinematics with a massive projectile like Xe, the tradi-

tional annular detector geometry is not practical for the y-

particle coincidence. Instead, we used a specially designed axially sym-

metric gas scintillation counter for particle detection. This method, which 

will be discussed in a separate publication16), allowed detection of scat

tered Xe ions in the laboratory angular range 105° - 150° . The de-excitation 

Y-rays following Coulomb excitation were detected at 0° and 90° with respect 
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to th~ beam direction by two 45cc coaxial Ge(Li) detectors and at -90 
0 

by a 7.5 ern X 7.5 ern Nai detector. Low energy x-rays were absorbed by 

lrnrn thick sheets of copper, silver and lead attached to the front of the 

detectors. The y-ray energy signals fro~ the Ge(Li) detectors were analyzed 

and accumulated in two 4096 channel spectra. The y-y coincidences between the 

oo detector and either of the 90° detectors were determined using fast-

slow coincidence techniques and the energies were recorded event by event 

on a magnetic tape. 

The singles y-ray spectrum recorded at 0° for 136Xe (623 MeV) on 

a thick foil of thorium is shown in fig. 4. The lineshapes for transi

tions above the 8+ -+- 6+ showed considerable broadening on the high-en-

ergy side. This was because a significant number of decays occurred be

fore the reco:Hing nuclei were brought to rest, and the corresponding 

y-rays in the 0° spectrum were shifted upwards in energy by the Doppler 

effect. Analysis of the y-ray lineshape provides a measure of the 

nuclear lifetimes if the stopping power of the medium for the recoiling 

ions is known. This method has recently been used by several groups 

studying Coulomb excitation with heavy ions. Lineshape analysis fol

lowing Coulomb excitation withy-rays detected in coincidence with 

backscattered ions has been described in refs. 17 and 18. In the case of 

a singles experiment the analysis is more complex. Since one does not 

select any particular particle trajectory in a singles.rneasurement, 

it is necessary to integrate over all particle orbits .. This kind of 

analysis has been described by Keams et al. 19) and Inarnura et al. 20) 

The present analysis takes into account the same effects using similar 

principles. 
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TI1e first step in the analysis is subtraction of background under 

the photopeaks. Tile procedure for doing this is very important since the 

measurement depends on the intensity of the shifted component, which lies 

very close to background level for the slower transitions. Our procedure 

is illustrated in figs. 5 and 6. Flat background regions were selected 

on either side of the photopeak. Under the peak, the calculated back

ground in any given channel differs from background level 1 in proportion 

to the integral of the net counts in the peak up to that channel number. 

1ne constant of proportionality was varied iteratively such that this back-

ground meets background level 2 at the highest channel of the peak. Tilis 

procedure treats systematically the characteristic "steps" in the back-

ground levels which occur in Ge(Li) spectra. 111e Doppler-broadened.tail 

on the 10+-+ 8+ compared to the 6+-+ 4+ transition is clearly evident in 

figs. 5 and 6. 

Electronic stopping powers of thoritun for 232111 ions were obtained 

by modifying values given in the compilation of Northcliffe. and Schilling21) 

in the following way. We compared the stopping power of thorium for 4He 

ions given in Northcliffe and Schilling to those given by Chu and Zeigler15) 

at the same values of energy per nucleon. A "correction factor" to the 

Northcliffe and Schilling data was then generated. 111is factor was very 

dependent on the energy, being 1. 00 at -4 MeV/A and rising systematically 

to 2.00 at -0.1 MeV/A. Tile Northcliffe-Schilling values for 232111 ions 

1n thorium were then scaled by the correction factor appropriate to the 

energy per nucleon. 111is procedure combines the extensive knowledge of the 

meditun dependence of stopping powers contained in the Chu-Zeigler tables 

(for 4He ions only) with the experimentally determined effective charges 

for heavy ions used in the Northtliffe-Schilling tables. It should be 

noted that the procedure accurately accounts for the empirical renorrnal-
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izations of Northcliffe and Schilling values used in refs. 18 and 19. 

Nuclear stopping powers were obtained from a parameterization of the 

numerical results of Lindhard et a1. 22) The·stopping powers used in the 

analysis are shown in fig. 7. The effects of large-angle scattering were 

taken into account using the Blaugrund prescription. 23) With these stop

ping powers, the most energetic 232Th recoils are brought to rest in 

about 3 ps. 

The Coulomb excitation of 232Th with 136Xe results in appreciable 

population of the ground-state rotational band up to spin - 20+. The 

analysis of lower-spin members is therefore strongly affected by delayed 

feedings from the higher-spin states. Furthermore, the distribution 

of the direct population among the various rotational levels depends on 

the scattering angle. Therefore in a singles experiment, the lineshape 

calculation, with feeding correction, has to be performed for each scat-

tering angle. The relative populations of the rotational levels as a 

function of recoil angle were derived from the Winther-deBoer program. 

To make the calculated feedings as realistic as possible, these relative 

weights were scaled so that the calculated total Coulomb excitation 

cross section was in agreement with that observed. Since the observed 

yields were found to be in close agreement with the Winther-deBoer cal-

culations, these scaling factors were near unity in all cases. For the 

8+ ~ 6+ and the 10+~ 8+ transitions, it was necessary to include six 

higher levels to take delayed feeding into account with sufficient 

accuracy. The program calculates all lineshapes with a grid of scat-

tering angles from 5° to 175° in the center-of-mass system, and a grid 

of five incident energies to accotmt for the energy loss in the thick target. 
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The primary calculation gives results applicable to a y-ray de

tector with infinitely good resolution. To compare this with the experi

mental spectrum we fold in the response function of the detector. The 

6+-+ 4+ transition is sufficiently slow that we may-consider it to repre

sent the response function (cf. fig. 5). Essentially our procedure is to 

convolute the observed 6 +-+ 4+ lineshape with the ideal calculation, and 

generate a lineshape which may be directly compared with the experiment. 

To introduce the effect of increasing full width at half maximum (FWHM) 

with increasing y-ray energy, we have first broadened the 6+-+ 4+ shape by 

a simple convoluting procedure. The broadening was adjusted to match the 

changes in FWHM that were observed with the same Ge(Li) detector for a 

152Eu source. 

The computer code calculated the expected lineshape for a given 

choice of input parameters. For each choice of the state lifetime, the 

area of the calculated and observed peaks were normalized before calcu

lating the. x2 for the fit. In many cases there were contaminant peaks 

in the ~egion of the lineshape of interest. These peaks were excluded 

from the area normalization and from the x2 for the fit. The results 

are shown in fig. 8, where open points correspond to excluded regions. 

The analysis began with the 18+-+ 16+ transition, for which the feeding 

corrections were least significant. In this case the feeding intensities 

and lifetimes were taken from a Winther-deBoer calculation withrota

tional matrix elements. The result for the 18+-+ 16+ lifetime was then 

used for the 16+-+ 14+ calculation and so on down the band. 
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The means lives for the singles experiments at 595 and 623 MeV are 

shown in·table 1. Also shown in table 1 are data from a particle-y 

coincidence nm at ELAB = 623 :MeV. For this case the data analysis was 

similar to that for the singles, but far simpler since classically the 

particle coincidence defines a small range of orbits for the projectile. 

Although the statistics were poor because of the coincidence experiment's 

brevity, it was possible to extract lifetimes for the 14+ ~ 12+ through 

the 18+ ~ 16+ transition in this case. In fig. 9 the ratios B(E2)Exp/ 

B(E2)Rot are plotted for the 595-MeV and 623-MeV singles and 623-MeV 

particle-y coincidence DBLS experiments. Within experimental uncertainty, 

all DBLS measurements are consistent with the rotational model. 

The uncertainties quoted for the DBLS results include estimated 

contributions from rmcertainties in the stopping powers, feeding correc-

tions, contaminating peaks in the lineshape, and detector efficiency and 

resolution, as well as the statistical uncertainty in the lineshape and 

the background subtraction. The large errors for the particle-y co

incidence data primarily reflect poor statistics because of a short 

data accumulation period. Given sufficient sta~istics, the particle-y 

coincidence method is capable of greater intrinsic precision than the 

singles DBLS approach. 

5. B(E2) Values from Coulomb Excitation Yields 

As has previously been described in section 4, y-ray spectra at 

0° and ± 90° were accumulated both in the singles and y-y coincidence 

mode for the multiple-Coulomb excitation of 232Th by 595-MeV and 623-

MeV 1 3 6Xe. These data have been analyzed using the theory of semi

classical multiple-Coulomb excitation. 6) 
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Figure 4 shows a singles Y-ray spectrum at Oo for ELAB = 623 MeV. 

The y-ray transitions within the ground-state band can be identified from 

4+ -+2+ to 20+ -+18+. The 2+-+ 0+ transition is not seen because it is highly 

converted and because of the loss in the absorbers. The resolution of 

the peaks was about 2.4 keV at 1133 keV for the spectrum obtained from 

the Ge(Li) detectors. 

The total counts in the peaks of the singles y-ray spectrum were 

obtained by integrating the spectrum after the background was subtracted, 

as discussed in section 4. To compare the experimental results with 

the theoretical calculations, the yields in the unit of b/sr•mg/cm2 were 

calculated according to the formula 

(8) 

where N1 is the number of counts in the peak I, ~~ is the solid angle of 

the y-ray detector in sr, E is the absolute photopeak efficiency of the 

detecto~ £ is the percentage live time of the data acquisition system, Q 

is the accumulated beam charge in vc, Z is the charge state of the projec

til~ and A is the mass of the target in amu. 

The efficiencies and the solid angles of the y-ray detectors were 

determined experimentally using a 152Eu y-ray source in the target position. 

By comparing the counts in the y-ray peaks with the known strength and the 

branching rat~os of the source, the values of ~~·E were determined for the 

energies of the 152Eu gamma rays. The values of ~~·Eat other energies 

were then obtained by interpolating between these values. To determine the live 

time of the data acquisition system, pulses with a rate proportional to the in-

stantaneous counting rate were fed into the preamplifiers during the course of the 
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e:xperiment. The ratio of the number of pulse counts appearing in the spectrum 

to the number of pulses fedin gives the fractional live time of the system. The 

beam current was collected in the electrically insulated scattering chamber 
) 

to give the charge Q. The experimental yields obtained are listed in table 

3. 

The calculation of the Coulomb excitation cross section was per

formed using the Winther-deBoer computer program6) expanded to give the 

angular distribution of the decay y-rays. The calculation includes 13 levels 

in the grow1d state rotational band with spin up to 24. The possible effects 

of vibrational leVels on the calculation will be discussed below. For 

levels with spin less than 20 the experimentally determined level energies 

were used. For levels with spin higher than 20 the extrapolated energies 

based on a constant moment-of-inertia were utilized. All the E2 and E4 

matrix elements between these levels were included. The values of the ma

trix elements < 0+ lll\I(E2)11 2+> =-3.03eb, < 0 IIM(E4)114+ > = 1.36 eb2 determined 

from a-particle Coulomb excitation experimentslO,ll) were used, ahd the 

values of other matrix elements were derived using eq. 3. 

The thick-target y-ray yield is given by 

Elab 
do 2 dn dE 

Y1(ey) 
1 s s I (E ,e ,e ) dEP p (9) = 

1+ a T(Ey) dnpcmY 
0 41T P P y axCEP) 

where ~(EY) is the total internal conversion coefficient for the y-ray 
do 2 

transition with energy E ;dh aB (E ,e ,e ) is the double differential 
y p y p p y 

Coulomb excitation cross section of state I for particle scattering angle 

ep and emitted y-ray angle ey at incident particle energy Ep, and ~(Ep) 
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is the stopping power for the particle in the target material. All quan-

tities are defined in the laboratory coordinate system. For the thick-

target singles y-ray yield the integrations are performed over the 4n par

ticle solid angle n , and over the beam energy E from 0 to the incident p p 

beam energy, Elab· 

The value of the conversion coefficients ~ were obtained as de

scribed in section 2. The stopping powers were obtained by scaling the 

values of Northcliffe and Schilling21) using the procedure discussed in 

section 4. The double integrations in Eq. 9 were carried out numerically. 

Table 3 gives the calculated yields. 

Since all the levels considered here are reached by multiple-step 

excitation, the yield for a particular state depends upon a large number 

of matrix elements. This fact makes the direct comparison of yields quite 

complicated. A significant part of the complexity can be removed, however, 

by comparing the ratio of the yields of successive 

In the limit of first-order perturbation theory3) 

R exp B(E2,I-2~I) 
_I_..,.- = exp 
R calc B(EZ,r-z~r)calc 
. I 

YI 
levels, RI = y-- . 

I-2 

(10) 

so this ratio is a measure of the ratio of the experimental B(E2) value 

to the calculated B(E2) value, correct to first order. Moreover, for the 

experimental ratio, the dependence on the detector solid angle, elec

tronic live time and beam-charge collection are all cancelled. The 

dependence on· the absolute detector efficiency is reduced to the rela

tive efficiency, which can be determined more accurately. 
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Table 4 shows the values of R1 obtained from the experiment, 

those obtained from the calculation, and their ratios. If the theoretical 

matrix elements follow the rotational model relations, the deviation of 

the ratio from unity is an indication of the deviation of the B(E2) value 

from that of a good rotor. The B(E2) ratios thus determined are shown in 

fig. 9. These results are consistent with the rotational model for the 
+ + 

10 and 12 states, but the B(E2, 14 + 12), and B(E2, 16 + 14) lie some 

15% below that expected from the rotational model. The relat:i,on of these 

results to those obtained by the RD and DBLS techniques will be dis-

cussed in section 6. 

The uncertainties in the experimental ratio R consist of the un-

certainties from the data reduction and the uncertainties of the relative 

efficiencies of the detectors. The uncertainties associated with the count-

ing statistics and background subtraction are about 5% for the weakest 

peak. The relative efficiencies of the detectors are determined with an 

accuracy of about 3%. 

The accuracy of the calculated yield Reale depends on the accu-

racies of the various input parameters, the approximations made in the 

calculation, and the numerical accuracy of the integrations. The beam 

energy was mea~;ured before and after the experiment using time of 

flight methods. During the 595-MeV experiment the beam energy profile 

was monitored by periodical insertion of a gold foil into the beam, with 

scattered beam particles detected by a solid state detector. The vari-

ation in the value of the beam energy thus obtained for the course of the 

experiment was 0.5%. This will give an uncertainty range from 2 to 7% 

for the yield of the 10+ to the 18+ state. But for the ratio of the yield 
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between the successive states .the uncertainties are reduced to 1-2%. The 

1% accuracy of the theoretical B(E2) values will cause a 1% uncertainty 

in the calculated ratio. A 0.2 keV uncertainty in the measured level ener-

gies will contribute 0.1% to the total uncertainty. 

In the calculation the excitation of other levels outside the 

ground band is not considered. Although experience with 40Ar projectiles 

suggests that inclusion of, e.g., gamma and octupole vibrational bands 

can have significant effects on the yields (10-15%), 24) the effect on the 

yield ratios should be smaller. We include for the present case an un

certainty of 5% in the B(E2) values arising from failure to include.vi-

brational excitation channels in the calculation. 

The absolute stopping power used in the calculation of the thick 

target yields is accurate to 10%, but the effect on the uncertainty for 

the yield ratios is less than that. The conversion coefficient has been 

assumed to have an accuracy of about 3% (but see the discussion in section 2). 

From the above considerations the total uncertainties of the ra-

tios range from 10 to 15%. But the quantum-mechanical correction for the 

semi-classical Coulomb excitation calculation is not included. This 

correction is important for multiple-step excitations because it alters 

th ha f h . . . 1 25) e p ses o t e trans1t1on matr1X e ements. Exact 

quantum-mechanical calculations including many high-spin levels 1s very 

time-consuming, making the cost of these calculations prohibitive. How

ever, a comparison of the ratio obtained from they-ray yields to those 

obtained from lifetime measurements gives estimated upper limits of -5%, 

10%, and 15% for the quantum-mechanical correction to the yield of the 

12+ 14+ d + , , an 16 states. 
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6. Discussion 

In fig~ 9 the ratios B(E2)Exp/B(E2)Rot determined by all techniques 

discussed in this paper are displayed. For completeness we have also 

plotted ratios from previously published recoil-distance measurements 

with 40Ar projectiles. 26) The mutual consistency of the results and their 

agreement with the rotational model is striking. In fig. 10 we plot the 

weighted average of all B(E2) ratios determined by lifetime measurements 

in the present work. The values from Coulomb excitation yields have been 

omitted from the average because of the nncertainties in extracting the 

B(E2) discussed in section 5. For all states that have been studied, the 

average B(E2) values are those of a good rotor, within the limits of 

experimental uncertainty. Neither the inclusion in the average of the 

results from ref. 26), nor those from the Coulomb excitation yields in 

the present work would alter this conclusion. 

Insofar as was practical, the various analyses described here were 

carried out independently. Therefore the results displayed in figs., 9 

and 10 provide criteria for judging the mutual consistency of the methods 

employed. This agreement is seen to be quite good. Comparing figs. 9 

and 10 we note that no single determination differs by more than 2 

standard deviations from the weighted average. 

In particular, we note that the DBLS and RD results agree well with 

each other, although there seems to be a small tendency for the RD life

times to be longer than those determined by the DBLS method. This agree-

ment supports the assertion of section 4 that the stopping-power normali

zation is equivalent to a normalization of DBLS lifetimes against ones 
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obtained by the RD method on overlappfug states. Thus there is strong 

evidence for the reliability of the DBLS method outlined here, especially 

since the stopping-power correction in this particular case is quite 

large. 

The mutual consistency of the singles and coincidence RD results is 

also evident in fig. 9. This confirms the validity of the centroid-shift 

approach applied to the singles RD analysis and, in particular, is fur

ther evidence for the reliability of the velocity weights as shown 

in table 2. 

The comparison of the COULEX results to those of other methods is 

also rather good. We take this as evidence that the theoretical uncer-

tainties inherent in determining the B(E2) values by multiple excitation 

are small. Specifically, the maximum quantum-mechanical corrections to 

the semiclassical yields that are consistent with these results are 
7T + - 5-15% for I ~ 16 . This is of the order expected from theoretical 

considerations,Z?,ZS) but experimental uncertainty precludes drawing 

further conclusions from the present data. 
232 

In ref. 26) it was concluded from an RD analysis that Th was 

rotational for spins 4+ - 10+. Although the B(EZ) ratios were essentially 

constant there as a function of spin, they lay-S- 10% below unity. 

In the present work the B(E2) ratios are nearer unity, but are still 

compatible with the results of ref. 26) . 

Phenomenologically, the moment-of-inertia for deformed nuclei is 

known to be spin dependent. 29 ) The variation of the moment-of-inertia 

with angular momentum manifests itself in the rotational energy-level 
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. + 
spacings. Thus the energy of the 16 state in 232Th is -15% below 

that of the rigid-rotor prediction using the energy of the 2+ state. 

The smooth deviations of the energy levels from those of a pure rotor 

have generally been described with a formalism employing some combination 

of 4th-order cranking, 30) Coriolis anti-pairing, 31) centrifugal 

h . 32) . b d . ·. . 1 1 . 33). Th . th th stretc 1ng, or an -mLXlng ca cu at1ons. · · ese suggest at e 

moment -of -inertia depends both on the pairing and the deformation, while 

we expect the transit,ion probabilities, to first order, to be sensitive 

to the deformation only. Therefore non-rotational energy spacings need 

not be attended by non-rotational transition probabilities. 

If one considers a 1st-order band-mixing model, the B(E2) values for 

the ground band can be written as34) 

B(E2,I + I-2) = B(E2, I +I-2)Rot 

1
1 +~a[ I(I+l) + (I-2)(I-1)Jl 2 

1 + 3a (11) 

The parameter a may be specified if explicit asst.nnptions are made about 

the nature of the bands being mixed into the ground band. 34) Thus, if we 

assume the mixing of a pure s-vibration into the ground band, the param-

eter a is fixed by two E2 matrix elements connecting the ground and 

S-hands. Using B(E2, 0 + 20 ) 
' g iJ 

and B(E2, 2g +OS) of McGowan, et a1. 35) 

we deduce a ~ 1.1 x 10-3. 

Similarly, if one attributes deviations of the ground-band moment-

of-inertia to centrifugal stretching brought about by admixture of the 

axially. synnnetric s-vibration in the ground band, a may be approxi-
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mated from the energy spacings in the ground band, 34) and has a value in 

this case of a ~ 1. 4 X 10-3. In fig. 10 we plot the B(E2) ratios ex

pected from 1st-order mixing of the ground and 6-bands using values of 

a determined from the grm.m.d-to-6 matrix elements and from the energy 

spacings. Clearlyneither curve is consistent with the experimental 

data. 

The failure of the curve determined from the centrifugal-stretching 

model to fit the lifetime data is not difficult to understand, since the 

moment-of-inertia is sensitive to other than centrifugal-stretching 

effects. For instance, alterations in the pairing interaction brought 

about by Coriolis anti-pairing effects will have significant effect on 

the moment-of-inertia, but should have little influence on the nuclear 

deformation and on the transition probabilities, which· are determined 

primarily by the deformation. In addition one must consider the possible 

admixture of bands other than the 6-band, such as higher-lying K = 0 

bands and the K = 2 y-band, into the ground band. 

The a parameter derived from the matrix elements is less model

dependent than that derived.from the energy spacings since it is related 

directly to transition probabilities between the ground and higher-lying 

band. In ref. 35) it is concluded that the lowest excited 0+ level 

is of s-vibrational character. The matrix elements used to derive a 

only connect the lowest two members of the ground and.6-bands. Therefore, 

our results are consistent with admixture of a pure 6-band at low spins since 

the small deviations of the B(E2) from rotational values at low spins 
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lie within experimental tmcertainty. At higher spins our results are 

incompatible with continued admixture of a single band with the same 

characteristics as that determined by the matrix elements of ref. 35). 

We may use eq. (11) and the experimental B(E2) values phenomeno

logically to set upper en upper limit of '1 al ~ 2 X 10-
4 for the higher-

spin region. Assuming the collective B(E2) values to depend only on the 

nuclear shape we have34) 

- a I(I+l) (12) 

arid on the basis of the present data we conclude that t.S2(16+)/S2(0) 

~ I 0. 061. This lack of softness against further quadrupole deformation 

for well-deformed nuclei is expected according to recent deformed shell 

d 1 1 1 . 36 mo e ca cu at1ons. · 

7. Conclusions' 

We have measured nuclear lifetimes and reduced transition probabil

ities for spins 6+ - 18 + in the grotmd-state rotational band of 2 32Th 

by recoil distance (RD), Doppler-broadened lineshape (DBLS), and nrultiple 

Coulomb excitation (COULEX:) methods. The results are consistent with 

those of· good rotor for all states investigated. There is mutual agree-

ment among the various techniques. The agreement suggests that the DBLS 

method outlined here can be used with confidence to determine very short nuclear 

lifetimes for high-spin states, and that the quantum-mechanical corrections 

to semi:-classical nrultiple-Coulomb excitation theory are not appreciably 

larger than theoretically predicted. The rotational nature of the B(E2) 
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values precludes a simple admixture at high spins of a pure S-vibration 

consistent with the known grm.md to S-band matrix elements at low spins. 

The rotational B(E2) values are also inconsistent with centr~fugal 

stretching inferred from variation of the ground-band rnbment-of-inertia 

with angular momentum. This is reasonable because the transition proba

bilities depend primarily on the deformation, while the moment-of-inertia 

is sensitive to both the deformation and the pairing interaction. Thus 

variations in the pairing for high angular momentum states may affect 

appreciably the moment-of-inertia, while the transition probabilities 

remain unchanged unless the alteration in pairing is large enough to 

affect significantly the overlap between initial and final states in the 

transition matrix element. 

._ .. 
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Appendix 

Recoil Velocities and Full-Energy Shifts 

In this appendix we outline the derivation of eqns. (6) and (7) in 

the text. AssU!ne the projectile .enters a: target of thickness s with 

velocity v
0

, travels a distance x, and scatters a target nucleus in a 

direction e relative to the beam axis and a distance y = (s-x)/cos e 

through the target before emerging. Assuming constant energy loss through 

the thin target we have 

E(z) 

z 

=Eo - f ffdz • 
0 

Eo {1 - ~ ~} uz E0 
(A-1) 

where E(z) is the particle (projectile or target) energy as a function of 
. . 2 

distance z, and E0 = ~ v0 is the initial particle energy. 

For inelastic scattering we can write 

E.rCe ,x) = ET(e, 0) (1 - f~) E fO) ) 
~ p p 

(A-2) 

where ErCe,x) is the kinetic energy of the target nucleus immediately 

after scattering into the angle e by the projectile, the reaction occuiTing 

at x. The incident energy of the projectile is denoted by Ep(O). It 

follows that the velocity of the target nucleus after traversing an 

additional distance y is given by 

[ 
a(s-x)) ~ v ( e , x, y) :::::: v 0 cos e 1 - Bx - cos 8 . 

2 (A-3) 
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where we have defined 

a(e) = [~T llir (A-4) 

B = ~ /E p p (A-5) 

The average recoil velocity is given by 

s 

v = ~ Jvce,x,y) dx (A-6) 

0 

Expansion of (A- 2) in a binomial series and substitution into (A-6) gives 

v = v {Cose - ~ Ss Cose - ~ a(e)s} 
0 

(A-7) 

The further approximation is made that, for velocities considered here 

in which case 

_ a(O) 
a(e) - cose 

(A-8) 

(A-9) 

. . 
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Substitution of (A-4), (A-5) and (A-9) into (A-7) leads to eq. (6) of 

the text.Equation (7) results from substitution of (A-7) into eq. (4) 

of ref. 34), followed by logarithmic and binomial expansions, and neglect 

•· .. of higher-order terms. 
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Table 1. Lifetimes and B(E2) ratios determined from recoil-distance (RD) and Doppler-broadened 
lineshape analysis (DBLS) in the ground-state band of 232Th 

TMEAN (ps) I c) 
b) B(EZ)Exp 

595-MeV 623-MeV 
Transition EyCkeV) e1.y a) RD COINC. RD SINGLES DBLS SINGLES DBLS SINGLES DBLS COINC. TAVG. (ps) B(E2)Rot!AVG 

6-+4 171.00 1.128 81. 0±8. 0 89.0±9.0 -- -- -- 84.4±6.0 1. 06±0. 08 

8-+6 223.84 0.416 35.2±2.0 34.3±1.7 33.7±5.2 31.0±4.0 -- 34. 3±1. 8 0.98±0.05 

10-+ 8 270.47 0.220 14 .1±1.0 16.3±1.1 15.1±2.6 . 14.4±2.0 -- 15.0±0.9 0.98±0.06 

12-+10 210.7 0.143 9.3±1.0 8.2±0.6 7.0±1.9 7.1±0.8 -- 8.0±0.6 0.97±0.07 

14-+12 346.5 0.106 5.0±0.7 -- 4.3±0.7 4.6±0.5 4.0±0.7 4.5±0.3 1. 02±0. 07 

16-+14 376.1 0.086 -- -- 3. 7±0.8 3.0±0.3 3.1±0.6 3.1±0.3 0.99±0.10 

18-+16 404.0 0.07 -- -- -- 1.8±0.3 2.4±0.6 1. 9±0 .3- 1.13±0.18 

ayotal internal conversion coefficients are from refs. 12 and 13, scaled down by 6% according to the sug
gestion of ref.14 as discussed in the text. 

bAverage of mean lives determined by recoil-distance and Doppler-broadened lineshape methods. The mean 
lives were weighted by 1/cr2 in the average, and the uncertainties represent a folding of uncertainties 
from each individual determination. 

~e B(EZ)Rot is calculated from the value B(E2, 2-+0) = 1.84 given in refs.lO and 11. 
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Table 2. Calculated and measured full-energy shifts of the lineshapes 
for a~+Kr + 2 32Th at 385 MeV. · 

Transition 

6-4 8-6 10-8 - ,. 

Calculated (T 2= O) 2.36 2.80 3.19 

(T = 2 25 ) ps 2.32 2.78 3.19 

Experimental 2.32±0.07 2.72±0.08 3.06±0.09 
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Table 3. Experimental and calculated thick tar¥et y-ray yields in 
b/sr • mg/cm2 following Coulomb excitation of 2 3

· Th by 595-MeV and 
623-MeV 1 3 6 Xe. a) 

I. If 
ye:xp ycalc Yexp ycalc 

l 
·-·-

6 4 1.89 2.23 --- ---
--- --- --- :,_ __ 

8 6 1. 26 1.46 1.12 1.11 
1.89 1.64 --- ---

10 8 0.69 0.74 0.53 0.54 
0.92 0.92 --- ---

12 10 0.33 0.36 0.24 0.25 
0.45 0.48 --- ---

14 12 0.134 0.163 0.084 0.111 
0.205 0.231 --- ---

16 14 0.045 0.066 0.028 0.044 
0.089 0.104 --- ---

18 16 --- --- --- ---
0.048 0.042 

~e first line for each transition is from the 595-MeV 
experiment, and the second line is from the 623-MeV 
experiment. The experimental yields from the 623-MeV 
data have been normalized to the average yield for all 
transitions. The final yield ratios (table 4) are inde
pendent of this normalization. 
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Table 4. Ratio of the yield of successive levels obtained from exper
iment and calculation for Coulomb excitation of· 232Th with 595-MeV and 
623-MeV 136Xe. a) 

exp calc 
Rexp Reale Re:xp Reale (R "/R ")avg 

I. If 1 

8 6 0.67 0.65 ---- 1.03 
---- --- - ---- ---- ----

10 8 0.55 0.51 0.47 0.48 1.03 
0,49 0.56 --- --- 0.86 

12 10 0.48 0.49 0.45 0.46 0.98 
0.49 0.52 ---- ---.- 0.96 

14 12 0.41 0.45 0.35 0.44 0.85 
0.45 0.49 ---- -.--~ 0.93 

16 14 0.34 0.41 0.33 0.39 0.83 
0.44 0.45 ---- ---- 0.97 

18 16 ---- ---- ---- ---- ----
0.53 0.40 1.34 

~he first line for each transition is for ELAB = 595 MeV and the 
second line is for ELAB = 623 MeV. 
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FIGURE CAPTIONS 

Fig. 1. Plots of R vs. D for the 84Kr ~ 232Th coincidence data. The 

pojnts have been corrected by the method described in section 2, and the 

lines depict the weighted, least-squares, linear fits to the corrected 

points. 

Fig. 2. 
. + + + + 

Line shapes for the shifted-unshifted doublet of the 6 -* 4 , 8 -* 6 , 

~md 10+-* 8+ transitions in the 84 Kr + 232Th singles data. The representa-

tive spectra shown were taken at recoil distances comparable to the mean 

distance of decay for the state. The broadness of the shifted peak is a 

consequence primarily of the angular distribution of recoiling Th ions from 

which y-rays detected in the singles spectrum are emitted. 

Fig. 3. The fits to R vs. D for the 84Kr + 232Th singles data. Note that 

these data were not analyzed in the sa~e manner as those of fig. 1. See 

text for details. 

Fig. 4. Singles y-ray spectrum following multiple Coulomb excitation of 

2 32 Th with 623 -MeV 1 3 6Xe. The spectrum was taken at 90° on a thick target, 

and the E2 transitions in the ground-state band can be identified from the 

4+ -+ 2+ to the 20 + -*18 + transition. 
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Fig. 5. Analysis of the 6+-+- 4+ photopeak observed with a Ge(Li) detector 

at zero degrees. The background under the peak is calculated so that in any 

given channel its difference from background 1 is proportional to the net 

area in the peak up to that'channel. The process is iterated so that at the 

last channel of the peak, the background matches the level 2. 

Fig. 6. Analysis of the 10+-+- 8+ photopeak observed with a Ge(Li) detec-

tor at zero degrees. The background under the peak is calculated so that 

in any given channel its difference from background 1 is proportional to 

the net area in the peak up to that channel. The process is iterated so 

that at the last channel of the peak, the background matches the level 2. 

Fig. 7~ Stopping powers used in the present calculation. The values given 

by Northcliffe and Schilling have been modified to take into account pro

nounced dependencies on the medium not included in·the Northcliffe and 

Schilling tables. This is done by comparing stopping powers for ~He ions 

given by Northcliffe and Schilling, to those given by Chu and Ziegler 

(see text). 

Fig. 8. Lineshape fits to transition in 232Th following excitation by 
623-MeV 136Xe. The spectra were taken in singles mode. 

Fig. 9. Values of the ratio B(E2)exp/B(E2)rot for states in 2 32Th deter

mined in this experiment and in previous work. The assignment of the un

certainties represented by the error bars has been discussed in the text. 
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Fig. 10. Weighted average of the ratio B(EZ) /B(EZ) t determined from exp ro 

RD methods ( 84Kr projectiles in backscatter coincidence and in singles), 

and from the DBLS experiment C 36 Xe projectiles in singles and backscatter 

coincidence modes). The dashed lines represent the B(EZ) ratios expected 

from simple centrifugal stretching and 6-band mixing models, as discussed 

in the text. 
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.---------LEGAL NOTICE-----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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