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Resonant scattering of bremsstrahlung was used to measure gWT,T,/T for 13 transitions
in %S¢ and 18 transitions in **"'Ga below 2.5 MeV. New level widths were measured by
direct comparison of resonant scattering from levels of known width. Where branching ra-
tios are known, radiative widths to the ground state I, are deduced. Comparisons are

made between level widths measured in this work and in other measurements.

The transi-

tion strengths in $°Ga are compared with the most recent nuclear model.

I. INTRODUCTION

Experimental work in **Sc (Refs. 1-6), *Ga
(Refs. 7-11), and "*Ga (Refs. 7, 11, and 12) has
established the level schemes up to about 2.0 MeV.
B(E?2) measurements on three transitions!® and
one level width measurement® have been made in
%S¢, and three widths are known in %°Ga (Ref. 14).
The present work reports transition strengths in
all three nuclei.

Transition probabilities are not calculated in
the theoretical studies of *3Sc (Refs. 15-17), but
Johnstone!” predicted a series of levels compar-
able to the experimentally known sequence with
spins $*, #*, and %" using a rotational %= § band
built on a d;,, hole state in **Ti. Scholz and Malik,*®
using a Coriolis-plus-pairing-force model, ex-
plained the general features of nuclei near gallium,
but their calculations for "'Ga were based on incor-
rect experimental data. The intermediate-cou-
pling model by Paradellis and Hontzeas'® repro-
duced the level scheme of ®Ga fairly well up to
about 1.5 MeV, and predicted theoretical transfor-
mation probabilities. In order to provide experi-
mental transition strengths for comparison with
model predictions and to motivate future calcula-
tions, ground-state transition strengths in **Sc,
%9Ga, and "'Ga from 400 to 2500 keV were mea-
sured by means of bremsstrahlung resonance flu-
orescence. Partial widths were found for 13 tran-
sitions in **Sc and 18 transitions in ® "'Ga.

II. FLUX DETERMINATION

The primary difficulty with measuring transition
strengths in resonant-scattering experiments is
the problem of determining the incident photon flux.
The number of resonantly scattered photons is pro-
portional to [N(ER)o(Eg) dE, where o(Ey) is the ab-
sorption cross section and N(Eg) is the number of
incident photons per energy interval near the reso-
nant energy E,. A number of investigators? 2
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using bremsstrahlung resonance fluorescence have
determined N(E) in separate runs by measuring
the yield from comparison scatterers containing
nuclei with excited levels of known width, branch-
ing, and multipole mixing. We determined new
widths by simultaneously scattering bremsstrah-
lung from scatterers containing nuclei with known
and unknown widths. New transition strengths
were obtained by direct comparison of yields of
resonantly scattered radiation. This comparison
eliminates many errors due to fluctuations in ac-
celerator conditions and geometry.

Since the accuracy of this comparison method
depends upon the knowledge of widths used for cal-
ibration, a literature search?® was conducted and
measurements performed upon many previously
measured transitions. Figure 1 shows the rela-
tive flux through the scatterer at photon energies
10% below the electron energy E, derived from
those measurements. The flux points are de-
scribed as relative because no attempt was made
to determine accurately the absolute detector ef-
ficiency (see Appendix I). The literature value
for a calibration width is defined to be the weight-
ed average of selected measurements (see Appen-
dix II). The curve in Fig. 1 represents the aver-
age of over 100 width measurements reported in
the literature.

Each calibration level was investigated at two
or more electron energies and the scattering yields
were fitted with the excitation function shape® to
determine the yield at 0.9E,. The relative flux
was derived from the yield at 0.9E, using the aver-
age literature value for the width in Eq. (1) of the
Appendix I. Each flux point in Fig. 1 represents
the average of several such excitation functions
on each state. The smaller error bars indicate
the statistical error in the scattering yield and the
larger indicate the geometric sum of that statisti-
cal error and the uncertainty in the literature val-
ue for the calibration width.

The flux points in Fig. 1 were fitted with a quad-
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FIG. 1. The flux curve. Plotted is the photon flux on the target at Ez=0.9T determined from excitation functions on
levels of known width and branching. The error bars are discussed in the text. The solid curve represents a weighted
least-squares fit and the dashed lines represent the estimated over-all uncertainty in the flux.

ratic function of energy represented by the solid
line, by means of a weighted least-squares proced-
ure with the normalized x*=1.696. A straight-line
fit yielded a x*=1.981. The assigned error of 6%
in the flux, represented by the dashed lines in Fig.
1, is 1 standard deviation of the fitted function
multiplied by 1.7 to account for the uncertainty in-
troduced by the relatively large deviations of some
points from the fit.

The measurements represented in Fig. 1 were
taken with a standard procedure using uniform-
shaped scatterers in the same experimental ar-
rangement, and the individual points reproduced
several times. We are confident that the large
scatter among the flux points primarily repre-
sents uncertainty in the knowledge of the transi-
tion widths and not our experimental errors.

Due to beam-handling difficulties at low electron
energies, the flux curve of Fig. 1 was not used for
levels under 600 keV. The 543-keV level in **Sc,
the 574-keV level in ®®Ga, and the 389- and 487-
keV limits in "'Ga were measured relative to the
477-keV level of "Li using the width T',=6.16
+0.46 meV.*®

III. GEOMETRY AND EXPERIMENTAL
PROCEDURE

The scattering geometry employed is depicted in
Fig. 2. The electron beam from the 4-MeV Van de

Graaff in the High Voltage Research Laboratory at
Massachusetts Institute of Technology was deflect-
ed 90° from the vertical, passed through a 54.5-
mg/cm? platinum foil, and stopped in a 0.63-cm
water-cooled aluminum stopper. The 35-cm?® co-
axial Ge(Li) detector was located at an angle of
125° from the incident beam in order to minimize
the corrections for angular-correlation effects.
The scatterers were each 500 to 1000 g of pow-
dered metals, or oxides, or some multiple com-
pounds, all of known purity, sealed in light rec-
tangular cardboard containers 10 by 20 cm. The
aluminum, copper, and magnesium scatterers
were solid metal. The scandium scatterer was
500 g of Sc,0, and the gallium was 512 g of small
ingots. Multiple scatterers were placed one be-
hind the other as shown in Fig. 2. Correction was
made to the yields from the aluminum scatterer
for resonance absorption in the aluminum beam
stop.

Lead filters between the detector and the scatter-
er preferentially absorbed low-energy Compton-
scattered photons, reducing the total counting rate
and keeping the pulse pileup losses in a pulser peak
below 8%. At total counting rates <2x10* sec™*
with RC pulse shaping of 800 nsec, the peak widths
(full width at half maximum) were 3.3 keV at 1.0
MeV and 7.0 keV at 3.0 MeV. Large peak widths
and analyzer nonlinearity at variable counting
rates produced energy errors of at least 1 keV.
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FIG. 2. Bremsstrahlung resonance-fluorescence scattering geometry.

IV. DATA ANALYSIS
A. Analysis of Spectral Data

The program called SAMPO?" with routines for
plotting, specifying energy and peak shape calibra-
tions, searching for peaks, and finding peak areas,
was used to analyze the data (illustrated in Fig. 3).
The program was modified in the present work?
to include a gain shifting routine for summing spec-
tra from separate runs. With the SAMPO program
it was possible to extract areas of peaks that were
nearly unresolved. The peak shapes were deter-

mined from fits to strong isolated peaks. A deteri-
oration of the quality of the fits using fixed-shape
parameters indicated the presence of unresolved y
rays. Figure 4 shows the analysis of a doublet at
1106-1109 keV in ®*"'Ga. Energy assignments
were made using radioactive sources and y rays
from the calibration scatterers.

B. Analysis of Yields

The yield of resonantly scattered photons was
derived from the peak counts by making solid-an-
gle, absorption, and detector-efficiency correc-
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FIG. 3. Pulse-height distribution for resonant scattering from scandium and copper. The energies are in keV.
E p is the bremsstrahlung end-point energy.
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FIG. 4. SAMPO fits to the gallium doublet at 1106—
1109 keV. On the left the data are fitted with a single
peak with a fixed-shape parameter determined previous-
ly from fits to strong isolated peaks. The oscillation in
the residuals and the large x? value indicate that the peak
is a doublet. On the right is an improved fit including
two peaks.

tions for the scatterer geometry (see Appendix I).

Excitation functions of the resonance-fluores-
cence yield [Eq. (1), Appendix I} were obtained
for levels of known and unknown width simultane-
ously, and these were fitted to the known excita-
tion functions shape.?® N(ER) was found using the
literature values for the known widths adjusted to
fit the solid line in Fig. 1, and the unknown level
widths were found using Eq. (1), Appendix I. The
new width derived was used in an iterative proced-
ure to correct for resonant absorption in the scat-
terer. The error for each new width is the geo-
metric sum of the statistical error and the uncer-
tainty in N(Eg).

C. Background and Limits on Widths

Spectra were added in order to improve the
counting statistics for weak transitions. In the
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absence of detectable y rays the upper limit on
peak area was set at 3 standard deviations above
background. This criterion was found to be con-
servative by testing the peak-searching program
using small peaks of known area superimposed
upon various backgrounds.

A series of runs with no scatterer was taken to
find possible accelerator-produced background.
With the exception of the #Si transition at 1778
keV, there were no detectable y rays from reso-
nance fluorescence in the laboratory materials or
from neutrons produced above 2.23 MeV by the
(y, n) reaction in deuterium present in the cooling
water.

V. RESULTS AND DISCUSSION
FOR “Sc, ®Ga, AND "'Ga

A. General

A systematic search for resonance fluorescence
from known levels was made up to 2.5 MeV in **Sc
and up to 2.0 MeV in gallium, where theoretical
and experimental information about the level
schemes is sparse.

Except for a few of the very weak transitions,
each peak was present in the spectra at two or
more electron energies. The results listed in col-
umn 5 in Tables I, III, and IV are the weighted
average of the scattering widths gWr,I',/T derived
from the individual runs. Also listed are the par-
tial width limits for levels showing no resonance
fluorescence in this work. The partial widths to
the ground state I'; in the sixth column were de-
duced using the branching ratios in column 4 and
the value W(125°) =1.0. The uncertainty in I', in-
cludes the error in the branching ratio but not the
uncertainty in the approximation W(125°) =1.0.

For Sc and Ga, 0.95<W(125°) < 1.0 except when 6
>2 for the 4 — 5 — 4 transitions in Sc and the

4~ — 3% -3 transitions in Ga.

B. **Sc Results

The results® of measurements in *°Sc are pre-
sented in Table I. In column 2 are the spins and
parities from the literature, except in the case
of the 1237- and 2431-keV levels where it is pos-
sible to exclude certain spin possibilities by com-
bining our results with previous work. The 543-
and 974-keV levels decay to both the first excited
state and the ground state, and the I', is deduced
from the yields of the two deexcitation modes. In
Table II are the mixing ratios and M1 strengths
deduced from the comparison of the present mea~
surements with the weighted average of selected
E2 widths from the literature.
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TABLE I. %Sc levels and results.

ARNOLD, BOOTH, AND ALSTON
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Level E, T,/T gWT,I,/T T,
energy 2 This work or This work Deduced
(keV) Jr? (keV) I,/T (meV) (meV)

g.s. 3
12.4(2) 3* 1.0P c
376.7(6) 4 3 0.924 c
543.1(6) ¢ 3t 531(2) © 0.58(1) & 0.019(4) © e
543(2) 0.42(1) 4 0.011(3) 0.039(8)
720.5(5) 4 3 720(1) 1.0 1.58(16) 2.11(21)
939.1(9) ¢ 3t .. 0.0
974.3(7) ¢ g+d 962(2) © 0.32(1) b e 0.062(9) © e
974(2) 0.58(1) d 0.08(1) 0.17(3)
1068.4(10) ¢ £~ 0.0¢
1237.4(9) 9 &b f 1237(2) 1.04 0.38(2) 0.58(3)
1409.0(10) 9 (3¢ 1409(1) 0.91(4) 4 1.36(11) 1.87(16)
1433.5(10) e 0.10(2) ¢ <0.2 e
1474(3) e <0.2 e
1557(3) (4,37 . 0.0b <0.2 cee
1661.8(7) 4 (-4 ¢ 1663(2) 0.83(4) 9 3.2(3) 3.94) g™
1799(5) 1798(2) 0.23(3) 8 0.22(5) 0.94(21) g1
1897(5) .. 1.08 <1.0
1936(5) e c
2031.0(10) ¢ e <0.5
2095(5) e 2093(2) 0.78(12) 8 47(2) 60(9) g !
2106(5) <0.5
2223(5) <0.5 .
2291(5) 2291(3) . 1.28(8)
2303(5) 0.08 <0.5
2341(5) @ f 2341(2) . 16(1)
2351(5) 0.02>h <0.5
2531(5) .. 0.0 <2
2562(5) . . <2 ..
2590(5) 2592(2) 0.64(9) 8 8.9(5) 142) g !

2 Except where noted Ref. 1.

bReference 1.

¢ No data taken for these levels.

d Reference 2.

¢ Branch to the first excited state. Transition strength in column 5 is gWI, I}/ I.

f See discussion in the text.
€ Private communication from J. C. Manthuruthil of preliminary results related to work reported in Ref. 4. He esti-
mates 10 to 20% uncertainty in branching ratios.
" Manthuruthil (see footnote d) reports a level at 2355+ 2 keV with I}/ I'=0.63 which may be the same as the level at

2351.
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TABLE II. M1 strengths and mixing ratios in *Sc,

Level B(E2)t gTy(E2) 2 gTy(M1+E2) gTy(M1)

energy Previous work This work &2 Deduced

(keV) (e? fm?) (meV) (meV) Deduced (meV) To(M1) /Ty (M1) P
720 72(10) € 0.0113(16) 1.58(16) 0.0072(13) 1.57(16) 0.27

1237 154(21) © 0.36(5) 0.38(2) >4.0 <0.08 oo

1663 69(21) ¢ 0.71(21) 3.87(41) 0.22(7) 3.16(45) 0.033 ©

2 Derived from column 2,

b Transition strength in W.u.

¢ Average of values listed in Table 1 of Ref. 3 plus results from Ref. 2 with the results of M. D. Goldberg and B. W.
Hooton, Nucl. Phys, A132, 369 (1969) omitted from the average.

dR. J. Peterson and D. M. Perlman, Nucl. Phys. A117, 185 (1968). Estimated 30% uncertainty not explicitly given by
the authors, -

¢ Assuming g=1.0.

1. 543-keV Level which is normal® for nuclei in this mass region.

The multipolarity of the ground-state transition
is known to be E1 from internal-conversion coef-
ficient measurements.? The partial width corre- Our value of Ty is a factor of 2 smaller than the
sponds to 3.8 x10™* Weisskopf (W.u.) E1 units, previous resonance-fluorescence result,® I';=5.6

2. 720-keV Level

TABLE III. %Ga levels and results.

Level E, gWTI,Ty/T T,
energy 2 This work This work Deduced
(keV) Jm (keV) I,/T? (meV) (meV)

g.s. 3

318.4(2) 4P ‘e 1.0 c .

573.9(2) g 574(1) 0.998(2) 0.053(6) 0.035(4)

871.7(2) I 872(1) 0.948(5) 1.43(15) 1.51(15)
1027 G f o 0.20® <0.06 0.5
1106.4(2) $78 1106(1) 0.964(2) 2.7(2) 2.8(2)
1336.2(2) 1P 1337(1) 0.937(6) 0.70(4) 1.50(8)
1487.8(2) Ot N 1488(1) 0.51(5) 0.12(4) 0.23(8) g
1525.7(2) #,978 e 0.33(3) <0.06
1723.5(4) " et 1723(2) 0.54(8) 0.32(10) 0.40(14)
1890.8(2) (3,48 1892(2) 0.68(5) 10.3(6) 15.2(15) g1
1923.0(2) . . 0.093(9) <0.4 e
2022.2(2) (3-H"8 2024(2) 0.86(5) 2.9(2) 3.4(3) g !
2042.6(4) <38 2045(2) 0.67(20) 2.1(2) 3.2(10)g7!

2 Reference 8 unless otherwise marked.

b Reference 7.

¢ No data taken for this level. (See Sec. II in text).

dReferences 7 and 8. M. M. Khodzaev (Ref. 11) measured A, and A, coefficients in (v, y'6) experiments and deduced
g—’ for this level. A reanalysis of his data indicates that the coefficients are also consistent with a g—' assignment,

¢ Reference 10.

f Reference 9.

8 Reference 8.

h This level was studied with electron energy Ep<2.04 MeV to avoid population of the 2043-keV level with its 1724-
keV decay to first excited state.
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TABLE IV. "'Ga levels and results.

Level E, gWTI,Iy/T T,
energy This work This work Deduced
(keV) Jr? (keV) I;/T? (meV) (meV)

g.s. -3
389.87(5) + 1.0 <0.08
487.34(5) 3 1.0 <0.03
511.55(5) 5 0.91(6) <0.08°
910.3(1) 27,4 910(1) 1.0 0.57(5) 0.57(5) g !
964,7(1) 3 965(1) 0.78(3) 0.28(5) 0.24(4)

1107.4(2) ¥ 0.022(3)

1109.3(5) [t 1109(1) 1.0 2.4(3) 4.8(6)

1395.2(4) 3 F) 1395(1) 1.0 0.27(6) 0.27(6) g1

1476.1(2) 3, & 0.24(2) <0.08

1493.8(4) 2 (0.0) <0.08

1498.7(2) 7,4 0.0 <0.08

1631.6(2) .4 0.093(8) <0.3

1702.1(8) 0.0 <0.3

1719.7(7) &, ¥) 1719(1) 0.43(10) 0.70(18) 1.6(6) g™t

2064.6(2) .8 2064(1) 0.64(9) 1.8(2) 2.9(4) g™t

2 From Ref. 12,

b A small correction was made for the background 511-keV annihilation v ray from environmental radiation.

+1.2 meV. A possible doublet has been suggested
in this energy region, with levels at 720 and 725
keV. In the present work there was no indication
of a peak at 725 keV with an upper limit of
gW(125°9)T,T,/T <0.043 meV.

3. 974-keV Level

Blasi et al.? deduced J" =" for this level, re-
quiring a fast®® E1 ground-state transition corre-
sponding to 8.7x 1072 W.u.

4. 1237-keV Level

Coulomb excitation and angular-correlation mea-
surements® ¢ have restricted the possible J" assign-
ments for this level to 37, ¢, or ¥~. Zuk ef al.®
found no g8 decay to the 1237 level, contradicting
earlier reports®3" % which restricted the spin as-
signment. A recent (u, n’y) result® indicates spin
¥~. We find gT',~ gT',(E2) which lends support to
the ¥~ assignment.

TABLE V. Comparison of :"'Ga widths g Ty from resonance-fluorescence studies.

gT
(meV)
Levels Langhoff and Frevert Wilson and Booth
(keV) (Ref. 14) (Ref. 33) This work
872 2.0(4) 0.95(40) 1.51(186)
1106 3.8(4) 2.8(3)
1106 +1109

7.1(14) 7.2(3)
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5. 2341-keV Level

Reference 1 indicated 3 or 3~ as possible
spins. Only E1, M1, and E2 transitions have suf-
ficient strength to be observed in resonance fluo-
rescence, so the spin of this level is deduced to
be 3.

C. *Ga and "'Ga Results

The transition strengths for ®°Ga and "'Ga are
presented in Tables IIT and IV. The y rays ob-
served in this work are assigned to the isotopes
$9Ga and "’Ga on the basis of the energies and the
decay schemes of Zoller, Gordon, and Walters.? !2
Three new y rays unambiguously originated from
the Ga scatterer. The y-ray energies are 1971.8
+2.0, 2007.7+2.0, and 2105.9 + 2.0 keV with widths
of 1.1+0.2, 1.1+0.1, 3.0+ 0.2 meV, respectively,
assuming them to be ground-state transitions in
%Ga. These width values must be multiplied by
1.6 for assignment to "'Ga.

1. %%Ga 1106.4- and "'Ga 1109. 3-keV Levels

1

These transitions appeared in spectra as a close
ly spaced doublet, as shown in Fig. 4. The identi-
fication of the doublet is possible from the SAMPO
fits, with an energy difference of 2.3+ 0.5 keV de-
termined here as compared with 2.9+ 0.5 keV re-
ported by Zoller, Gordon, and Walters. The up-
per y ray of our doublet is identified with the tran-
sition from the 1109.3-keV level in "*Ga and not
with the 1107.4-keV level® y ray of °°Ga on the ba-
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sis of the energy separation and the small (0.022)
ground-state branching® of the 1107.4-keV level.
The 1106-1109 doublet was studied by Wilson
and Booth®® in resonant scattering of bremsstrah-
lung, but only the 1106.4 level in °Ga was excited
by Langhoff and Frevert!* in resonance fluores-
cence using a radioactive source. The apparent
discrepancy between the results of Wilson and
Booth and those of Langhoff and Frevert for the
1106.4-keV level is here resolved. See Table V.

D. Comparison of ®Ga Results with Theory

Listed in columns 7 and 8 of Table VI are the
M1 and E2 transition rates calculated by Paradell-
is and Hontzeas® for the first six levels of **Ga.
The experimental total rates, derived from the
partial widths T'; in Table III and the branching
ratios of Zoller, Gordon, and Walters,® are shown
in column 6.

One of the predictions of the model is that some
of the excited states are highly collective with
strong E2 transitions. An example is the § state,
formed by coupling a p;,, to the 2* core state.

The 1336-keV level in *°Ga may be the %~ state,
although the calculated transitions rate is about

3 times the experimental value. The most impor-
tant parameter of the model used in deducing the
E2 transition rates is the core parameter C. The
value of C was obtained from experimental B(E2)
values in %®Zn and "°Ge. If the source of the differ-
ence between the calculated and experimental E2
transition rates is this parameter, one would ex-

TABLE VI. Comparison of #Ga transition rates with the calculations of Paradellis
and Hontzeas.

Initial Final Total rate Calculated rate ?
level level E, Exp (10° sec™)
(keV) Jrg (keV) Jrg (keV) (10° sec™) M1 E2
573.9 3 0 3 573.9 54 0.32 1.1
318.4 3+ 255.4 <0.2 0.08
871.7 $ 0 4 871.7 2420 200 162
318.4 + 553.1 128 230 0.1
1027.0 1 0 3 1027.0 <800 600 240
1106.4 3 0 3 1106.4 4000 1100 0.24
318.4 1 787.7 47 65 72
573.9 § 532.4 33 6.0 0.1
871.7 3 234.4 68 49 0.04
1336.1 5 0 3 1336.1 500 1400

3 Reference 19.
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pect all calculated E2 transition rates to be about
3 times larger than the experimental values. The
1336-keV transition was the only pure E2 transi-
tion measured by resonance fluorescence except
for the limits set on the §~ to 1~ transition (Table
vI).

The M1 transition rates are a more difficult
problem. They are very sensitive to the wave-func-
tion structure and depend upon the values of the
gyromagnetic ratios g,, gz, and g for the extra
proton. In the Paradellis and Hontzeas calculation
the values for these parameters were chosen to re-
produce the ground-state moment only. The cal-
culated M1 transition rate for the 872-keV transi-
tions, for example, is about an order of magnitude
smaller than the experimental number. Paradellis
suggests in a private communication® that this is
probably because the wave function for the 872~
keV state is unsatisfactory. He points out that the
spectroscopic factor for the level in Table II of
Ref. 19 is much smaller than the experimental val-
ue, suggesting that the chosen congtants of the
model give incorrect configuration mixing.
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APPENDIX I

The yield of resonantly scattered photons per
Coulomb from a transition at energy Eg in nuclei
in scatterer S can be written

Y(Eg) =5 N(ERn\*gW(125°)T,T';/T

=N;/[CP;£(E,)G], )
where
N 2
G ='E1,' E {(%;f) exp['ﬂpb (Ey)tv]

N
xexp[-z up(ER)X{,’j}
p=1

s ]
xexp':— up(E),)X(;fJTJRm}. (2)
p=1

ARNOLD, BOOTH, AND ALSTON 1

N, is the number of counts in the peak, C is the
integrated electron current, g(E.,) is the photo-
peak efficiency of the detector at the energy of
the scattered y ray E,, P is the pileup fraction,
7 is the number of resonant nuclei in the scatter-
er, and N(Ey) is the incident flux. The flux does
not vary by more than 10% over the range of emis-
sion angles.?® ) is the wavelength of the scat-
tered photons and g=(2J, +1)/(2J,+1). T, is the
radiative width to the ground state, and I';/T is
the branching ratio to level 7. The factor G is the
correction due to geometrical effects and absorp-
tion of incident and scattered photons in the scat-
terers and the lead filter, averaged over the vol-
ume of scatterer §. The angular distribution of
the scattered radiation, averaged over the angles
subtended by the scatterer centered about 9 =125°
is W(125°). The scatterer is divided into N ele-
mental volumes indexed by v. R, and 7, are the
distances to the vth volume element from the Pt
foil and the detector, respectively. The distances
to the center point of the scatterer are R, and 7,.
The absorption path length in the lead filter is ¢,.
The path lengths in g/cm? for electronic absorption
in the scatterers, indexed by p, are Xp and X"
The energy-dependent electronic-absorption co-
efficients® for each scatterer are u(E). R, is
the resonance-attenuation factor in which XX is
the path length for resonance absorption of an in-
cident photon. If the Doppler form of the resonant
cross section®” is used, the resonant attenuation
is

oS (=RXG)"
Ratt_mzzo m+1)m' ’ (3)

where k=$ngh\?T',/(7*/24A), A is the Doppler width,

TABLE VII. Average values of previously reported
level widths used for calibration.

Level T, Level T,
Nucleus (keV) (meV) Nucleus (keV) (meV)
83Cu 670.5 2.07(27) 89y 1507.4 22(3)
8Cu 768.8 4.83(52) Mg  1613.7 32(5)
83cu 961.8 0.623(72) 288i 1778.7  0.937(46)
647n 991.7 0.224(24) !B 2124.4 114(8)
86zn  1039.2 0.248(52) 27Al 2210.5 17.3(7)
%zn  1077.6 0.293(26) 328 2230 2.35(27)
8Ccu 11154 1.54(13) 3lp 2233.8 1.69(11)
¥Co  1190.5 8.4(5) 2TA] 2979.4 117.4(72)
60N 1332.5 0.635(27) 23Na 2981.1  94(15)
BN 1453.9 0.749(30) 3ip 3134.7 63(5)
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and z is the number of resonant nuclei per gram.
The use of the Doppler form was justified by the
subsequent analysis which showed that the small-
est A/T was about 50. The yield formula, Eq. (1),
was embodied in a computer program, and the
number N of elemental volumes used for comput-
ing G was increased until the correction converged
near N =1000.

Since we measured only ratios of yields, the ab-
solute detector efficiency is not required. The
relative efficiency as a function of energy was es-
tablished using the known®® relative intensities
from a %*Co source. The relative efficiency was
roughly scaled to the absolute value by comparing
the counting rate from the Ge(Li) detector with
that from a 8 x8-cm Nal detector using a **Na
source.

APPENDIX II

The literature of transition-strength measure-
ments was thoroughly searched for values to be
included in the average used in this work for cali-
bration. The values listed in Table VII are weight-
ed averages of selected measurements including
at least 2 and as many as 25 previously reported
values for each level. Typical criteria for the re-
jection of a previous measurement were: electron
tron-scattering results obtained without distorted-
wave Born-approximations corrections; prelimi-
nary results reported only at conferences; and
measurements more than 3 standard deviations
from the mean. The uncertainty in the literature
width is the propagated individual errors or the
rms deviation, whichever is larger.

TWork supported in part by the National Science Foun-
dation. This publication contains work submitted for
partial fulfillment of the requirements for the Ph.D. dis-
sertation by one of the authors (RGA). See footnote 28
for reference to preliminary results in %Sc.
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Resonance-Fluorescence Studies. II. !2!Sb and '23Sb¥
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Resonant scattering of bremsstrahlung was used to measure the scattering widths gWI'I';/
T for 43 transitions in the antimony isotopes 121 123gh between 0.5 and 2.5 MeV. Absorption
measurements determined g T’ in seven cases. Comparison of the scattering widths with the
B(E2) values from Coulomb excitation gave the mixing ratios in five cases. The theoretical
level schemes and B(E?2) calculations using the unified model up to second order in the collec-
tive variable had some success in explaining the experimental results.

1. INTRODUCTION

This paper reports a study of *2!Sb and '2°Sb by
the method of bremsstrahlung resonance fluores-
cence. We measured level widths, increased the
level-energy accuracy, and improved the spin as-
signments for levels in the stable antimony iso-
topes. This work is part of a series of measure-
ments”? on *°In, *'Sb, ?3Sb, and **"I, which is
intended to determine electromagnetic-transition
probabilities in nuclei near the closed proton
shell at Z =50. The reader is referred to Paper
12 containing a detailed description of the experi-
ment, data reduction methods, and error analysis.
Recent theoretical work includes that of Sen and
Sinha,* Vanden Berghe and Heyde,® and Goldstein
and De Pinho.®

II. EXPERIMENT

The intensity of resonance-scattered brems-
strahlung is proportional to gT',I", W(9)/I", where
g=(2Jz+1)/(2J,+1), 'y and T, are the partial
~widths for the ground-state and excited-state tran-
sitions, respectively, and W(9) is the angular-dis-
tribution factor. At our scattering angle 6 =125° we
have 0.85 < W(125°<1.,0 for '*Sb and ?Sb. Absorp-
tion measurements sometimes can be performed to

obtain gI',. The multipolarities of transitions ob-
served in bremsstrahlung resonance fluorescence
are E2, M1, and occasionally E1, with negligible
contribution from higher multipoles. The E2 part
of I'y in the mixed M1+ E2 transitions frequently
is known from Coulomb excitation, aa’, or elec-
tron-scattering measurements, so the mixing
ratio can be obtained from I'y(E2)/[T',( 1+ E2)
- To(E2)].

Our target was natural antimony weighing 1600
g with an area of 200 cm®, The scattered-photon
spectrum was detected with a 40-cm® Ge(Li)
diode. The data are similar to that shown in Paper
I. Most of the peaks located by the computer
program SAMPO (Paper I) were previously ob-
served in the analog display of the data. The
antimony scatterer was alternated with calibra-
tion scatterers containing nuclei with levels of
known width. In some cases the calibration and
antimony scatterers were used simultaneously,
giving substantially the same results as the pre-
vious method. The scattering measurements con-
sisted of 30 runs between 0.6 and 3.0 MeV with a
total running time of about 100 h. Excitation func-
tions were obtained for many of the levels, al-
though only one measurement is required in prin-
ciple, since the bremsstrahlung flux is known.?
Excitation functions were used to discriminate



