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The radiative widths, spins and parities of ten levels photoexcited by the (y,y’) reaction at
excitation around 7 MeV in 13%La, 140ce, 14 pr 142Ng, 144Nd, 29°T1, and 299Bi, were measured.
The v beam was produced by thermal-neutron capture in titanium, iron, cobalt, and copper.
The spins of the resonance levels were obtained by angular-distribution measurements and
the parities were determined by using a Compton polarimeter. These levels together with
other resonance levels in N~82 and N ~ 126 nuclei are discussed with regard to a possible

connection to a giant M1 resonance.

I. INTRODUCTION

Recently, experimental evidence has been pro-
vided'~® as to the existence of a strong M1 strength
in the energy range 5-10 MeV. This M1 strength
is associated mainly with nuclei near closed shells
and is believed to be due to particle-hole spin-flip
configurations of the nucleons of the closed shell.
Some indications for this effect have been the
anomalously strong M1 transitions in the (n,y)
reaction on the tin isotopes and on **Ba.*? Also,
the results of the average resonance capture mea-
surements?® for the *Sn(xn, y)*'®Sn and '!°Sn(xn, ¥)'?°Sn
reactions seem to yield a giant-resonance-like
curve peaking around 8.3 MeV with a width of ~2
MeV. A similar structure observed at E, ~ 7.8
MeV in the inverse reactions *'’Sn(y, #)*!*Sn and
119Sn(y, #)**®Sn is also believed® to be related to
the same phenomenon. Finally, direet evidence
favoring an M1 giant resonance in 2Pb was re-
cently obtained by employing the 2°®Pb(y, n) re-
action in the threshold photoneutron method.®

In the present work, the widths of 14 bound lev-
els and two unbound levels at about 7 MeV excita-
tion in N~82 and N ~126 nuclei are reported and
some evidence is presented for the existence of
a strong M1 strength in the energy region below
the (y, n) threshold in these nuclei. The nuclear
levels are photoexcited by the (y, y’) technique
using monochromatic y beams produced by thermal-
neutron capture in some metallic elements. Some
of the present results were reported earlier either
by the present authors® 8 or by other investiga-
tors.’~*? The radiative widths, spins, and parities
of 10 levels are reported for the first time.

II. EXPERIMENTAL PROCEDURE

The y source was obtained by thermal-neutron
capture in metallic disks of one of the elements
Ti, Fe, Co, and Cu. In the case of Ti, Fe, and
Cu, five disks were used, each having 8 cm diam
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and about 2 c¢m thick. In the case of Co, seven
disks were used of 7.5 cm diam and 3 mm thick.
The disks were placed near the reactor core along
a tangential beam tube of the IRR-2 reactor. De-
tails of the experimental arrangement and the
scattering system were described elsewhere.®
The neutron flux near the y source is about
2 x10™ p/cm?sec yielding typical y intensities of
the order of 10° monoenergetic photons/cm?sec
on the target scatterer. The detectors used in
these experiments were 20-, 30-, and 40-cm?
Ge(Li) diodes; the energy resolution was around
12 keV at 7 MeV. For measuring the variation
of the scattering cross section with temperature
and for the nuclear self-absorption experiment
a 5- x 5-in. Nal detector was used.

III. RESULTS

A. Scattering Measurements
and Branching Ratios

Figure 1 shows a typical scattered radiation
spectrum from a Pr target using an incident y
beam from the Co(x, y) reaction. Besides the
elastically scattered line at 6877 keV, all other
lines correspond to inelastic transitions leading
to low-lying levels in *!Pr. The resonance scat-
tering from Pr using Co capture y rays was re-
ported earlier by Pavel et al.’®* However, in this
previous work, the energy of the elastic line was
reported to be 6111 keV. Since no scattered line
at this latter energy was observed here, it is
possible that the reported line at 6111 keV is a
spurious resonance which probably originated
from a compound of chlorine in the vicinity of the
Y source.

The branching ratio T'y,/T between the ground-
state radiation width and the total radiation width
of the resonance level is obtained from the scat-
tered spectrum after accounting for the angular
distribution of the elastic and inelastic lines. It
should be noted, however, that the direct determin-
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ation of I',/T" from the scattered spectrum is near-
ly correct only for strongly scattered signals. For
some weaker signals the value of I'y/T obtained
from the scattered spectrum is only an upper
limit because the small intensity inelastic lines
expected at lower energies are masked by the
steeply rising background towards low energies
which is intrinsic of the present technique.

Table I shows a list of some resonance energies
in N~82 and N~126 nuclei obtained by using cap-
ture y rays of Fe, Ti, Co, and Cu. In the table
only the strongly scattered lines are mentioned
where it was possible to measure the radiative
width of the resonance level.

B. Angular Distribution and Polarization
Measurements

The spin and parity of the resonance level are
determined by measuring the angular distribution
and the polarization of the elastically scattered
radiation. The polarization is measured by means
of a Compton polarimeter.®> * Details of these
measurements were described in Ref. 6. In the
following we will rely heavily on the definitions
and the contents of this earlier work.

Assuming dipole absorption, the angular dis-
tribution of the elastic radiation is of the form
W(0)=1+AP,(cos6). This is identical to the dis-
tribution of y-y cascades of the form J, -~ J—~ J,
where J, and J are the spins of the ground and
resonance levels. In order to determine J, the
experimental value of A is compared with the
theoretical values which correspond to the vari-
ous spin sequences. It may be noted however that
in some cases, ambiguities may arise in the de-
termination of J by using this procedure because:
(a) The values of A corresponding to different
values of J may be close to each other and are
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within the experimental uncertainties; (b) the
contribution of quadrupole admixtures may change
the value of A. In most cases these ambiguities
could be resolved either by using the results of
polarization measurements as illustrated below
or by considering the angular distribution of the
inelastic transitions. This point is illustrated

by the following two examples.

Figure 2 shows the angular distribution of the
elastic lines at 6877 and 7168 keV scattered by
141pr and 2°°Bi, respectively. The values of A
were obtained by least-squares fits to the experi-
mental distribution. In the case of *'Pr, the mea-
sured value A=0.111+0.023 is in excellent agree-
ment with the value A =0.107 of the cascade
2(1)£(1)2. This apparently indicates that the tran-
sition is pure dipole and that J=%. However, the
same A is obtained theoretically by assuming J =§
and a quadrupole-dipole mixing ratio x2=0.01.
Such a quadrupole admixture is not unreasonable
because the 6877-keV transition in *'Pr was found
to be M1 (Table I). It was only by considering the
angular distribution of the inelastic line leading
to the 145-keV, % level in "*'Pr that it was possi-
ble to make a conclusive spin assignment, J=1g,
to the resonance level. It may be noted that in
this case the polarization measurement could not
differentiate between the two possible spin values
because the theoretical values® of the polarization
P corresponding to the above two cases are:

P[3(D£(1)2]=1.86, P[3(1,2)2(1,2)3]=1.60
and the calculated ratios N,/N, obtained by as-
suming an asymmetry ratio, R=1.15, are:

N/N,(J=3)=0.96, N;/N.(J=3)=0.97

to be compared with a measured ratio N;/N,
=0.95+0.03.
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FIG. 1. Scattered y spectrum from a Pr target at an angle of 140° measured by a 40-cm?® Ge (Li) detector. The y
source was obtained from the Co(n,7y) reaction. 7y lines denoted by P and F refer to photopeaks and first-escape

peaks; other lines refer to double-escape peaks.
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TABLE 1. List of resonance isotopes, energies,
ground-state branching ratios I'y/ T, partial radiation
width T';, the spin and parity of the ground state J™,
and resonant levels J". The levels are photoexcited by
capture y rays from Ti, Fe, Co, and Cu. Only isotopes
in the vicinity of N =82 and N =126 are given. Asterisks
denote unbound levels.
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In the case of ?®Bi, the measured value, A
=0.200+0.023 is also in agreement with the val-
ue A=0.195 of the cascade 2(1)3(1)2. The sum-
coincidence spectrum of the polarization mea-
surement for the 7168-keV transition (Fig. 3) in-
dicates that the corresponding transition is E1.
Here again, the possibility exists that this value
of A is obtained from a spin J=% with an admix-

Energy (n,7) Ty 2 _ z
Isotope (keV) Source J7, JT T,/T (107 eV) ture x*=0.01 of M2/E1. However, it may be seen
from Fig. 4 (which shows a plot of P and N,/N.
1¥1a 6018  Fe ¥ LI 0.50£0.06 25+8 as a function of A and x) that the measured value
13975 6418 Ti I § 0.7840.08 638 of P is in somewhat better agreement with a spin
- ?1+ - value J =3 than with J=3. The angular distribu-
La 7637 Cu 7 7 0.28+0.04 4726 tion results show therefore that the transitions in
40ce 5660 Co 0t 1° 0.95+0.05 113 both *!Pr and 2®Bi are pure dipole. The mea-
Ulp. 6877  Co ¥ L 0.20£0.05 18%9 sured values of spins and parities of the reso-
14t - nance levels obtained by this technique are listed
Pr 7252 Cu Z* -g- 0.38+0.04 110+10 .
2 in Table I.
Wpyr 7632 Fe & # 04620.15 35:10
14lp, 7915 Cu .%0- _g_+ 0.28+0.08 2z+1 C. Radiative Widths
2Nd 6877  Co 0t 17 0.85+0.10 27560 In order to determine the ground-state radiation
144Ng  7915% Cu 0t 1% 0.24+0.06 83 width T'; of a resonance level, it is necessary to
203 64 . o1 . 1 measure all other parameters of the level, namely
Tl 18 T ? 7 0.26+0.03 83215 dJ, To/T, and the separation energy & between the
2571 7252 Cu ¥ 0.56£0.06 256 peaks of the resonant level and the incident y line,
205 7646% TFe I 1 0.58+0.06 57030 by performing four separate experiments. The
208, ) . qe 1 780+ 60 measurement of J and I',/T" was discussed earlier.
279 Fe 0 0 * To find the remaining parameters I'; and § it is
2¥Bi 5603 Co ¥ U7 10  950+300
20Bi 7168  Ti - 1.0 820 + 40
] o T 500 7168
' ' 300}
6877 - keV Line POLARIZATION CORRELATION
.
130} 72 6877 SOURCE Coln,¥) y Bi  TARGET
% Ti (n,w) SOURCE
w1150 5 g 100y
= 141p, T
2 U St PO TY
S oot } W(B)=1+(0.11£0.02)Py(8) 1 -
—
w Z  L00f
> .
= 94 7168 7168 - keV Line 3
= 130 SOURCE  Tiln,» ©
« L
1.15}F 200¢
1.00} WI(B)=1+(0.20*0.02)P,(8) ]
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FIG. 2. Angular distribution of elastically scattered
lines from “!Pr and 2"*Bi using v sources obtained from
the Co(xz,y) and Ti(n,y) reactions, respectively. The
solid lines have the form W(6)=1+ A P,(cos6) and are
least-squares fits to the experimental distributions.

FIG. 3. Sum-coincidence spectra obtained with the
Nal detectors parallel (||) and perpendicular (L) to the
resonance scattering plane. N | and N, refer to the
area under the photopeaks.
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necessary to measure the temperature variation
of the scattering cross section and the nuclear
self-absorption.® For checking the consistency

of the level parameters, another experiment was
performed in which the effective elastic scattering
cross section {0,) was measured and was com-
pared with the calculated value of (0,) which is

a function of J, 6, I';, and I,/T. For cases
where no agreement was obtained it was found
necessary to vary the values of I'j and I'y/T
within the limits of experimental uncertainties

so as to get agreement between the measured and
calculated values of (0,). In this process the val-
ue of I',/T was allowed to vary below the mea-
sured value to allow for large possible errors

in I‘O/I‘ caused by missing some weak inelastic
lines in the scattered spectrum. This consistency
check is therefore indispensible for obtaining a
reliable value of I'y and I'. Results obtained with-
out such a check or without performing the whole
set of experiments may yield different values.
This is the reason for the discrepancies in the
values of T, for the 7168-keV level of ?**Bi and
the 6418-keV level of *La as compared with
earlier results.'®? It should be noted that the
7646-keV level in 2°5T1 and the 7915-keV level in
14Nd are unbound. However, in both cases owing
to angular momentum restrictions, the neutron
width is negligible.

IV. DISCUSSION

In an earlier work® it was remarked that the two
measured M1 resonances in **Pr and in 2%Pb have

Bi SCATTERER

7168-keV Line
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20F y 11.05
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18} l
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16} I
p X 92— 1n2—92 {103 NL
1.4F X=-0.2 N
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FIG. 4. A plot of the angular distribution coefficient
A as a function of P,N, /N, and the mixing ratio x for

the three possible cascades -1 —+32, 2~ 2 2, and

9
2 12—1—- % . The shading corresponds to the experimen-

2
tal values of A and P.

a ground-state radiation strength much larger
than the average strength obtained from the neu-
tron resonances. The present results provide
more evidence in favor of strong M1 strength in
several isotopes in the vicinity of N=82 and N=126.
In addition a similar phenomenon was found to
occur for the E1 strength. Table II summarizes
the values of Iy, the character of the ground-state
transitions of the resonances, and the radiation
strengths'® K, and K, defined by K,, = [,(DE,*)™,
Kg, =T (DE,*A*”)"! where T, is measured in eV,
E, (in MeV) is the transition energy, and D (in eV)
is the spacing between nuclear levels of the same
spin and parity as the resonance level. (Note that
the J=% resonances in 2°*T1 and 2°°T1 of Table I
are not given in Table II; the scattered radiation
in these two cases is not polarized and hence the
character of the radiation could not be measured.)
The values of D were calculated using the relation
D=D,/(2J+1) where J is the spin of the resonance
level and D, is the spacing between levels with
J=0. The values of D, were taken from the table
of Lynn'® in the same or neighboring isotopes and
corrections were made for the appropriate ex-
citation energies by using a constant nuclear
temperature!” 7=0.7 MeV. The assumption of
constant-nuclear-temperature energy dependence
is known to hold"” fairly well in the region near
closed shells. In order to check the values of D
used in Table II, another calculation was carried
out in which the relation of Lang and Le Couteur'®
was employed and the values obtained were close
to within 50% to the values cited in the table. In
the following we deal separately with the £1 and
M1 transitions of Table II.

TABLE II. Calculated level spacings D and the ground-
state radiation strength Kz; and K, of the resonance lev-
els. Asterisks denote unbound levels.

Energy Ty D Kgi Ky
Isotope (keV) Transition (1073 eV) (eV) (10~° MeV™3)
13%1a 6018 El 25 1800 2
13972 6418 El 63 870 11
1391 7637 E1l 47 190 21
H0ce 5660 E1l 11 6800 0.3 ---
lipp 6877 M1 18 450 --- 123
1pp 7252 E1l 110 220 48 ---
pr 7632 M1 33 170 --- 437
lipp 7915 M1 2 90 --- 45
2Nd 6877 E1l 275 1200 26 .-
144Nd 7915%* M1 8 380 .- 43
2051 7252 M1 25 1200 --- 51
208pp 7279 M1 780 25000 --- 81
209Bj 5603 M1 950 34000 --- 160
20Bj 7168 E1l 820 4800 13 .-
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A. E1 Transitions

It is of interest to compare the ground-state
radiation strength of the E1 resonances of Table
II with the average radiation strength, K, =4 x107°
MeV 2 obtained from neutron resonances'® and
reported by Bollinger. For the N~82 and N~126
nuclei, the results of Table II yield Kz, =18 x107°
MeV -3, This high value seems to be characteris-
tic only of closed-shell nuclei because the K,
value obtained by averaging on 10 E1 bound reso-
nances in the mass region away from closed
shells®?° is K, =6x10"° MeV 2.

It is possible that the strong E1 radiation strength
found near closed shells in the present work has
the same origin as the broad peaks observed by
Axel et al.,* who measured the quasielastic scat-
tering of photons in the closed-shell nuclei Sn, Zr,
Pb, and Bi below the (y, n) threshold. It is also
very likely that the higher K, value is partly
caused by the biased nature of the present ex-
periment which tends to select levels of relative-
ly high I'; although this result did not show up in
the value of K, in nuclei away from closed shells.

B. M1 Transitions

One of the most important results of Table II
is the relatively high number of M1 resonances;
out of 14 measured resonances, 7 were M1. In
particular three of the four detected resonances
in *'Pr were M1. This situation is in contrast
with the results obtained in the mass region away
from closed shells where the polarizations of 10
resonances have been measured to date,® ?° all of
which were found to be E1.

Another interesting point is the relatively high
value of the ground-state radiation strengths ob-
tained here. The average of the seven M1 transi-
tions of Table II yields K ,, =134x10"° MeV ™3
which is a factor of 7 higher than K,,=20x10"°
MeV ™, obtained by neutron resonances and re-
ported by Bollinger.'® This fact can partly be at-
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tributed to the biased nature of the (y,y’) experi-
ment in a similar manner to the case of the E1
resonances. However, the fact that a high X,
value was also found on averaging on inelastic M1
transitions,? and that the M1 resonances were ex-
clusively observed near closed-shell nuclei (N~ 82
and N~ 126), favors the possibility that these reso-
nances belong to a giant M1 resonance which part-
ly overlaps the energy region covered by these
levels. The spin-flip-transition mechanism sug-
gested by Mottelson?? is perhaps responsible for
the M1 enhancement in nuclei near closed shells.
In fact, several strong M1 transitions were found
by Bowman et al.,® in 2°Pb, and were interpreted
as being due to spin-flip configurations of protons
and neutrons near closed shells; explicit calcula-
tions by Vergados®® yielded the entire experimen-
tal M1 strength. The bound M1 resonance at 7279
keV in 2®Pb (Table I) is very probably related to
the low-energy tail of the giant M1 resonance re-
ported in Ref. 5.

A similar explanation suggests itself for an
M1 giant resonance for N~82 nuclei. In this case
only the 14,1271, , neutron spin-flip configura-
tion is involved. In fact, an experimental indica-
tion regarding the possible existence of a giant M1
resonance in the 9-MeV region of La, Ce, and
Pr was recently presented by Pitthan and Walcher®*
using inelastic electron scattering.

It should be pointed out that the photoexcitation
process in the present work is random in nature
which requires a chance overlap between one of
the incident y lines and one nuclear level in any
isotope of the scattering target. Also, the energy
of most of the intense y lines from Co, Ti, Fe,
and Cu are below 8 MeV and hence, the probability
of overlapping a possible peaking of M1 strength
around 9 MeV is expected to be small. Therefore,
from the fact that no M1 resonances were detected
in the present work in La or Ce, it does not nec-
essarily follow that no M1 giant resonance exists
in these elements.
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A formalism using a different approach has been developed for the inclusion of two-step
processes in one-particle transfer reactions on deformed nuclei. Calculations for the
Mg, p)* Mg and 182w, p)183W reactions show that the two-step processes are very impor-
tant for the weakly excited and forbidden transitions; however, for the transitions that are
strongly allowed in the one-step process, the effect is small. Calculations for the *Mgd, p)-
Mg (7, 1.61 MeV) and for the ®W@, p!¥W (1, g.5.) reaction show that the two-step pro-
cess via inelastic scattering in the entrance channel is about equal to the two-step process
via inelastic scattering in the exit channel. Good fits with the experimental data are obtained.

I. INTRODUCTION

The single-step distorted-wave Born approxima-
tion (DWBA),*2? where it is assumed that the tran-
sition takes place directly from the incident-deu-
teron channel to the exit-proton channel, has been
found successful in explaining many deuteron strip-
ping reactions. However, as has been discussed
by Ascuitto and Glendenning,® the assumptions on
which the DWBA is based might sometimes fail.
One case where this may arise is when the strip-
ping reaction takes place between states such that
one of which is not the parent of the other. Anoth-
er situation arises when there are strongly en-
hanced inelastic transitions, as for the cases of
deformed nuclei. It has been suggested by several
authors®~'® that if core excitation of the target or
residual nucleus is accounted for some of these
difficulties may be eliminated. These processes,
known as two-step (or multi-step) processes have
also been found important for two-particle trans-
fer reactions.' The effects of the two-step pro-
cesses are that the usual selection rules found in
one-step process (the usual DWBA) can be violat-
ed and also that the two-step-transition amplitudes
can interfere with the one-step-transition ampli-
tude.

The two-step processes for one-particle trans-
fer reactions have been studied by several au-
thors.>"** One method of investigation, the cou-
pled-channel method®*~* involves a huge computa-
tional effort. In order to minimize this effort,
several authors have employed a number of ap-
proximations to calculate the effects of the two-
step processes. Iano and Austern'® have used a
perturbation technique to simplify these calcula-
tions. In this work, we also make use of a per-
turbation method to expand the transition ampli-
tude in terms of the deformation parameter 8.

But on the whole our technique is different from
that of Iano and Austern. We do not make the adia-
batic approximation in which the ground and excit-
ed states in each channel are considered to be de-
generate. However, to simplify the calculations,
we make an on-the-shell approximation for the
Green’s function which appears in the intermedi-
ate state.

In Sec. II, we present the general formalism of
the theory. Some of the approximations used in
the present work are also presented in this sec-
tion. In Sec. III, we work out the specific details in
order to obtain the expressions for the transition
amplitudes. Selection rules obtained in the pres-
ent study are discussed at the end of this section.



