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~ and Universitat Miunchen, Minchen, Germany

March i970
| ABSTRACT
The Couldmb excitation of the h+ rotational state of a deformed nucleus
can proéeed by bpth doﬁble E2 and single Eb transitions; The excitation cross
'section also éontaiﬁs a térm corresponding to the‘interfefence between the two.

The Coulomb excitation of ;52 L

Sm with "He projectiies has been carefully measured
and the results were analyzed with a computer program including EY terms. Best

fits were obtained for (O'IMELNLT )= +0.35 * 0.11 eb?.

Coulomb.excitation can be one of the most reliabie.methods for determining -
electrid multipolé matrix eleménts of nuclei. However, one must be careful to
'inciude_all processes having effects comparable to the>§ne being measured, and
vthe'analysisvmay’become very complicated or even ambiguous. The present study’ofv

15

an. Eb4 transitién moment in 28m began as the evaluation of a correction to

L ‘ + + ' : : '
'measurementélof B(E2; 2 » 4 ). It became apparent that this particular correc-
'ti@n was not very well known and could be rather large, especially when light

projectiles were used so that double E2 excitation is weak. The accurate deter-

. . + + ’ ' . .
mination of the B(E2; 2 =+ L ) value from lifetime measurements2 made it possible
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“to COmBine that result with the Coulomb excitation meééuréments and determine
the E4 moment.
‘The expériment consisted of an accurate determinatibn of the intensity of

152

‘ + + ' ' + + S
the 4 + 2 gamma-ray transition in Sm relative to those of the 2 + 0 transi-

‘tions in 152Sm;rand 150Sm foilowing Coulomb excitation'vith hHe ions. Targets of

152Sm were measured atfeach bombarding energy.

both natural sémérium and enriched
.This'method prbvides accurately-known standard peaks (lé2 and 334 keV) for com-
‘parison at botﬁ higher and lower enérgies than the peak'éf interest (2&5 keV)f
Gamma—ray_speéffa:were simultaneously stored aS'singiééﬂevents and as coincidences
with hHé'iOAE:béékséatteréd through an angle of about 160 deg. These two types
éf ﬁeasﬁrémen£ afe abogt equally sensitive to the éffegt of an Eb traﬁsition
momeﬁt, bu£ qiffér mafkedly in their sensifivity to ﬁaﬁyléther effects. Thﬁé ﬁhe
agreement of‘ﬁﬁexéinglés'ahd bdck-séétter-results gréatiy.feduces the probability
that an import;ﬁf_efféét.hés been overlboked; |

.An ovefaii'éiew of the‘possibilities for méaéuiing E4 transition moments
.using this mefﬁéd is éohﬁained in Fig. l;. We have used ﬁhe foilowihg notation:

(O+”9’l(E)4)” yt >=fprh‘th_od3r = /:;(Eh;0++ h+) .,

‘where p is the. nuclear charge density. The effect of an E4 moment on the

1523m in coincidence with back-

' :cfbss sectioﬁ;fprvpopulating the L* level of
bscattefed yHé“iohs (d0) is shown, normalized to the cross section with no Eb
mbment (doo);__Tﬁis behavior ch#nges very little with projectile scattéring angle,
:so1that‘£he ébrreéponding curve for the singles measurements differs by only a
'feﬁ‘percent.b;The general shape of this curfe is caused by the doﬁinance of the

direct E4 transition, which depends quedratically on the'moment. The weaker

interference term (linear) causes the asymmetry about zero. Also shown in Fig. 1
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is the relatibnship of the El moment to the deformation parameter, Bh’ which
will'be‘définéd‘below. This curve has been constructed by adjusting 82, for.

15

- + +
each value of Bh’ so that the measured B(E2;0 - 2 ) value in 2Sm is repro-
duced. The asymmetry of this curve relative to zero is caused by the positive

second—order'contfibution to the E4 moment from B,. Thé aéymmetries in these

two curves make it unlikely that one_can measure negative Eh4 momentsvby this

technique, since reasonable valuesS of Bh(23-0.2) do hoﬁ‘give rise to suffi-
cientlyﬂiarge hégafive”Eh momentszto,causevmeasurable deviétions in ﬁhe Ccross
section. This situation renders improﬁable one of the.twb possibilities for
the moment that would otherwise result from e given cross secfion measurement.
Smgll positivevvalues of B),» however, should produce readily measureable effects
in the eross section.

We have bombarded thin (= 2 mg/cmz) self-supporting metallic targets of

Sm ﬁith_lO to 14 MeV hHe'beams from the Lawrence Radiation Laboratory HILAC.

This target'thickhess ensures that less than 2% of the recoiling nuclei escaped

from the target. The beam_energy was determined by comparison Withva_212Po’alpha
.source.h Gamma~-ray spéctra_were measured with a Ge(Li) detector whose relative

counting efficiency was determined to an estimated adcuracy of 2% using a l77mLu

source.s' The total conversion coefficients for the transitions were obtained
from the tables of Hager and Selzer6 and should result in_uncértainties no greater

than 1% in 1 + o The spectra were recorded at a gamma-ray angle of 55 deg rela-

o
tive to the beam direction. The singles measurements were not very sensitive to
this angle, but the back-scatter coincidence data were. In the latter case we
measured the intensity of the 122 keV transition at 45 and 90 dég relative to

the beam direction, and obtained an anguler distribution attenuation coefficient,
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G2, of>0.93,on thé‘assumption that the relationship between G2 and Gh is that

- given by a magnetic dipole interaction. Since the value of G, was near unity

2
for this line, ‘and since the other three tfansitions_of:interest have much
shorter‘lifetimgs, ﬁe assumed no attenuatibn of the angiﬁiar distributions in
those cases.v_Fihite solid angle cofréctibps wére madé using the tables of Black
and Gruhle.?}‘Aléﬁall'embifically—determined correction:was made for the acci-
déntal\simultaﬁeOﬁs arrivel in the detector of two 122 keViphotbns, simulating
one of 2kk keV. :There is also abéorréction of about 2% in the infensity of the

“om. & typi-

122—keV line'in'ﬁhe natural éaﬁarium targets due to photdns ffom 1
cal gamma-ray{ééectrum in coincidence with back-scattered projeétiles is shown
in;Fig. é.vv

In calcuiating the intensity of the 2hS—kéV line, ﬁe used a compuﬁer-pro—

gram8 which took'account of E2, E3, and Eb excitations. We included the rota-

152 2

tional states ﬁﬁ-to 8% in Sm, using the B(E2) values given in Diamond et al.

e e . Catem.ot o ot - 22

The first two of these are: B(E2;2 ~+ 0 ) = 0.686 * 0.01L ™", and

B(E2;4 > 2 ) = 1.009 % 0.033 e"b~. However, because double E2 excitation of
O R o + :

the 4 level is weak with hHe projectiles, the decay t¢ the h+ level from higher

levels excited by a single step can be important. The largest contributions of

.this kind stem from the collective vibrational levels. There is also a small

effect on the calculated cross sections of the 4% level due to the addition

“of thevvibrational levels. We included'in the calculations four vibrational

States;=wh05e properties are summarized:in Teble:1. 'An uncertainty of 25% in the

9,10

feeding from each vibrational state was assumed. Each B(E\) value and
. R | . R
branchlng ratio has been measured. The higher rotational states also feed
1 L
the 4" state; but very weakly. We have also shown in Table 1 all the contri-

cross sections of

butions to the calculated singles (00) and back—scatter:(dﬁo)
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the 4¥ state a@ i0338 MeV hHe energy. An impdrtant féaiure is that the effect
of the vibratidnal states relative to the direct population (and Eb contriﬁutions)
is three.times-smaller in the‘béck-scatter épectra than it is ih the singles
spectra. The oﬁiésion of other important states of this ﬁype should therefore
»ghow'up as .a discrépanéy between the singies gnd‘coinéidénce data.

A numbef'of other effecfs which might influence:the ca1culated crqss—séc—

152

tions of the 24vor h+ states'in‘ Sm were consideréd; ambng which were

1) excitation'of the giént aipole states; 2) the‘presénéé‘of an appreciable
E6“trénsifion moﬁent; and 3) static E2 and El moments. " None of these give rise

to corrections of appreéiéble size. In the calculations, riéid—rotor values
for,B(Eh;2+ - h+) were used. If this were zero instead;[ﬁhen our measured Value;
for <OfﬂﬂKEh>ﬂh+ ) would be increased by about 10%. For 150an we used a

B(E2;2+ > oh) vaiue2 of 6.278 £ 0.010 e“b° and a'stafic'moment (prolaté) of half the
rigid-rotor value. A variation of the static moment from zero to the full rigid-
rotor value ihtroduces a change no greater than aboﬁt:il% iﬁ the cross sections

”for the 2+vstaté. In all cases the agreement between the 2+ > O+‘£ranéitiohs in

1528m and 150

Sm was satisfactory. An effect that has not yet been evaluated is
thevpossibility of quantal corrections to the semi-classical calculations used.
. These would 5e expected to lower the calculated cross éectionsl2 (increase our
E4 moment) and could be as large as a few percent.

In Fig. 3’we have plotted the ratio of the obéerved cross section. (0) to
‘those calcuiated including all feedings (GO), againét the bomb%rding‘energy.
vThe error bérs'on the date points do not include any of the systematic uncertain-

ties. involved in the analysis. The dashed and solid lines show the values for

the backscatter and singles data, respectively, corresponding to an Bk moment of
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g (The other possible solution, -0.7 ebe, seems improbable.)
+0.35 eb“./ Thls 1s the best fit to the data below 11 MeV and would not be

changed appreclably if we included the 11.1 MeV data and/or all the data from

152

the enriched Sm target. The results from the natural semarium target are
.high at lh_and-l2;2 MeV, and possibly at 1l1.1 MeV also. While we do not fully
understand this;'it is clear that interference from nuelear inelastic scattering
will affect the backscatter results in this directlon at sufflclently high ener-+
gies (almost certalnly at 14 MeV). Furthermore, at lh‘MeV the singles results

from the natural samarium target were not evaluated due to the appearance of a.

shoulder on the 2&5 keV peak This shoulder might also be affecting the results

rfrom th1s target-at somewhat lower bombarding energles, although no complex1ty
‘could be‘detectea; Due to‘the unambiguous consistency of all types of results
below 11 MeV,:ue_have chosen to evaluate the EM moment from these data.

The largest'single source of uncertainty in the result is due to the
B(E2'h+ > 2+)value whieh is known to an accuracy of 13.3%. This is true largely
because it affects both the 51ngles and back—scatter results in the same way.r
The uncertainties in the B(E2;2 >0 ) values are less important here hecause

(1508m and 152Sm)'.

there are two independent quantities ‘The feeding corrections .
from the vibrational states cause a large uncertainty-in the singles results |
7(3,8%),.but_only a relatively small one (1.4%) in the back-scatter results.
:Conversely the angular distributions cause much larger uncertaintieslin the back-

scatter results (2.9%) than in the singles (0.5%). In both cases the uncertain-

ties due to the peak-area determinations are smaller-than NQ%, as are those from

other individual sources. The best value for the E4 moment, with the known
uncertainties taken into account is +0.35 % 0.11 eb2

.This error limit does not
the possible quantal corrections or ‘ '

include /the possibility of omitted corrections.. We cannot set a resl upper limitt

Y

| 3
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on:thése;'but'it:is reéssuring that the two types of experimehts; whose sensi-
“tivity to the various corrections is generally differeht, yield consistent

lshSm, but a

.results..‘The p§esentvexperiments have also given.information on
‘more accuratelﬁalﬁe'for B(Eé;h+ > 2+) is needed before a meaningful analysis is
possible. o

| If we aséﬁﬁé the nucleus to be a rigid; uniformlj—éharged rotor with a
sharp_surfacévdéfined by: ..

| R=Ry (1% B, * BY ), ”

we can‘evalugtev82 and Bh from the measured E2 and EY tfansifion moments; Taking
the charge radiﬁs to be Ry = 1.2 Al/3f., we find 82 ;f(+)v0.é5h aﬁd

1528m. The sign of 62 has been assumed to be positive

By = +0.058 + 0.032 in
in this analjéis. These'values of BX depehdvon the radiusAused and change
roughly aé RO;A}_AThe inclusion of still higher moments would pfobably affect
.the deduced deformation parameters slightly. It is iﬁteresting to.try‘to com-
parekthis shapé of tﬁe charge field with the shape of the nuclear field measured

13

by Hendrie gi‘gl, who found 82'# +0.246 and Bh = +0.048 for the above value of

‘RO;'-These appeaf to be quite similar, but it is not feally clear that this i;
.the proper wgy,to compare these two sets'of'results; The presenﬁ value of Bh
vis also in réaséhable accord with theoretical estimates3 of nuclear shapes.
We believé the present work shows that it is pdssible to find expérimentai
_gonditiéhs where;Eh transition moments can be reliably aetermined in Coulomb-
- excitation measurements. This is true in spite of the fact thét nany different
.proceSSés contriﬁute to the observed cross sections anqvmust bé ﬁaken into
‘éccoﬁnt foryaééﬁfate evaluations. Conversely the presénfly measured E4 moment
bjproduces Sizeabie effects that must be included in the preéise determination of

152

other'matrix'elements from Coulomb—excitation studies on Sm.
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' FIGURE CAPTIONS

Fig. 1. Relationship between the EL moment and a) the normalized cross .

52

section (backscatter) for populating the 4 state of T°°Sm with 10.)4 MeV

uHe ions, and b) the deformation parameter, Bh’ using a radius of

/3

‘RO = 1.0 At f.’(éee text).

Fig. 2. Gamma—ray spectrum in coincidence with lO.h‘MéV'hHe projectiles
backscatteredvfrom‘a natural semarium target. Accidental coincidences

have been subtracted.

152,

Fig. 3. The measured cross sections for populating thefh+ level of Sm

normalized to the appropriate calculated value with no'Eh moment, plotted:

against the bombarding energy.. The solid points are for enriched 122

Sm -
 targéts and the opén ones for natural semerium targets. The triangles aﬁd
cirqlés afé backscattér and singles results, respectively. The dashed and
s01id lines are the calculated results for back-scatter coincidences and

HSingles;.reSpectivély, with CoTlammn )ty = +0.35 eb.
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- Table 1. Calculated Population of the 4 State

. Level o B(EX; 0 >1") By = 10.38 MeV
I K . E(MeV) &b £(47) £(47)o £k )ngK
" l o(g) = - :10.811 0.023 0.21 57 2.6 .
2(y) . 1.087 0.083 =~ 0.013 . 5 0.3
{ o - 1l.ok2 0.1k 0.30 29 1.9
3" ' . o
1 1.578 0.078 0.73 = 9 0.5
& 0o . 0.7067 b 1.00 ‘. . 0.6 0.1k
¥ 0 7 0.3665 b - 1.00 328 53.4
AT 0w s

SFraction of the decay which goes to the Ut level.
bOnly multiple E2 excitatidn is considered here. The B(E2) values used are

given in the;text,

o



11 D UCRL-195T1

+0.2

+0.1

.O}—— S ' D |
: o il - n /1 ) . ! 1 t 1 ‘0.2
-0.8 ~-0.4 0 +0.4 +0.8 :
<Ol 72(E4)|| 4% eb? |
 XBL703-2496

Fig.‘l




Coincidences per channel .

~12-  UCRL-19571
2000 T T T T 1 T
1525 .
- 2—0 ; . )
R 305 m _ ¢
1600} =0 |
1200 =
: 154
i Sm B
800} ol
- 147 ]
| 152_3.% 'Sm '."’ZSm . “
400 < 4~2 !
l49$m '
i ) -
0 1 1 i ! 1 A m
g 100 %OO 300 - 400
| Energy (keV) |
XBL703-2497
,"4

Fig. 2




it

g v . N

B

i

i

il o
N

e
ENTLAT

TR

g

;

i e RS

~13- * ":';'1 . UCRL-19571

1.4

Fig. 3

XBL703-2495




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ,

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, 'to the extent that such employee or contractor of the
Commission, or employee.of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




—

A o b

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

?J

B





