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Monochromatic photons obtained from thermal-neutron capture in iron were used for excit-
ing nuclear levels in the energy region between 6 and 9 MeV. Angular distribution of the elas-
tically scattered radiation was carried out for the determination of the spins of the resonance
levels. Total and ground-state radiation widths of ten resonance levels in various isotopes
were measured using self-absorption, temperature variation, and absolute scattering cross-
section measurements. The parity of six resonance levels was measured using & Compton
polarimeter, and strong M1 transitions were found in “1Pr and *®Ph; the character of four
transitions was found to be E1. The observed total radiation widths r, of these bound levels
were found to have the same magnitude as those of unbound levels obtained’in neutron reso-
nances, which indicate that I‘), is continuous across the (y,n) threshold.

I. INTRODUCTION

The use of capture y rays for exciting nuclear
levels was started several years ago.'™® The most
extensive work was done by Ben-David ef al.,® who
found about 50 resonances using different combina-
tions of source and target. The basic idea in this
technique is that a resonance event is obtained
only when a random overlap exists between at
least one of the incident y lines and one level in
any isotope of the target studied. This condition of
random overlap places a severe limitation on the
choice of the target. The present method of excit-
ing nuclear levels has by now found a wide use in
nuclear spectroscopy. The spectroscopic proper-
ties which may be measured are summarized in
the following:

(1) excitation energies of the resonance level and
of new low-lying levels of the scattering isotope;
(2) the spins of the resonance and of low-lying
levels;

(3) the parities of the resonance levels and of low-
lying levels;

(4) the total and partial radiative widths of the
resonance level;

(5) statistical information regarding level spacings
and level widths may be extracted from the data.

It is thus possible to study absolute values of
strengths of high-energy E1 and M1 transitions; in
addition, useful information regarding the ampli-
tudes of E2 admixtures in M1 transitions may also
be obtained.

In the present work, the resonance scattering of
Fe capture y rays was used to excite nuclear ener-
gy levels in several nuclei at about 7-MeV excita-
tion. The total and partial radiative widths were
measured for ten nuclei. In addition, the spins and
parities of some of these levels were obtained by
measuring the angular distribution and polarization
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of the scattered radiation.

In order to determine the ground-state radiation
width I'; of the resonance level, it is necessary to
measure all the other parameters of the level,
namely, J, 8, I'y/I ,, where J is the spin of the
level, & is the separation energy between the peaks
of the resonant line and incident line (after correct-
ing for the recoil energy), and T',/T y is the ratio
between the ground-state radiation width and the
total radiative width of the level. It is clear that
four experiments are needed to determine these
parameters. The spin J is obtained by measuring
the angular distribution of the elastically scattered
line. The value of I',/T , may be directly obtained
from the scattered radiation spectrum (after ac-
counting for the angular distribution of the elastic
and inelastic lines). The remaining two parame-
ters 6 and I, may be found by the temperature-
variation experiment and a self-absorption experi-
ment.*® In the first, the ratio between the reso-
nant scattering cross section at liquid-nitrogen
temperature (80°K) and at room temperature is
measured. The result of this experiment is most
sensitive to the value of 5 and only weakly depen-
dent on the value of I', and T';,. In the second ex-
periment the self-absorption ratio related to nu-
clear absorption of a resonant absorber is mea-
sured. This ratio is very sensitive to the value of
I, and only weakly dependent on 6 and I',. Com-
bining the results of these two experiments, the
values of 6 and I', were obtained. The consistency
of the parameter values was checked by using a
fifth experiment in which the absolute scattering
cross section of the elastically scattered radiation
was measured. This cross section is very sensi-
tive to the values of all four parameters and there-
fore is very suitable for this check.

For unbound levels, another unknown should be
considered, namely, the neutron width I', of the
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resonance state. In this case, all five experiments
are required to determine the five parameters.
The total width T =T, +T", is obtained from abso-
lute cross-section measurements, while the value
of I' , is obtained from a branching-ratio measure-
ment. The value of I', may then be determined
from the difference between I" and I',. The exact
procedure for determining the level parameters
will be discussed in Sec. IIIE.

One remark should be added regarding the sign®
of 5. Because of the symmetric shapes of both the
incident and the resonance lines, the sign of & can
not be determined by the temperature-variation ex-
periment; it can be obtained by rotating the scatter-
er” for producing small Doppler shifts of the reso-
nance energy. It can also be obtained by measuring
the self-absorption at small angles where the ener-
gy of the scattered photons are close to the reso-
nance energy.® In the remainder of this text, we
shall always refer to “6” irrespective of its actual
sign.

The use of the present method for measuring the
radiative widths of some resonance levels was
made previously by many investigators.®®° In par-
ticular, the resonances in 2°®Pb, 2°T1, !2Cd, and
®2Ni were reported in the literature; large discrep-
ancies were obtained only for the level in *2Cd and
2Ni.

A brief mention of some of the results of the pres-
ent work was made earlier. %!

II. MATHEMATICAL ANALYSIS

In the following, the mathematical expressions
for the experimentally measured magnitudes are
given. The geometrical arrangement for the ex-
periment is given in Fig. 1. In order to obtain the
yield of the scattered radiation,*° one should con-
sider an incident y beam whose normalized energy
spectrum is given by Fy(E). One may then first
calculate the scattered intensity from an element
of width dx from the scatterer at temperature T
and account for the electronic and nuclear absorp-
tion cross section o, and o,(E) of the incident

ABSORBER SCATTERER

FIG. 1. Schematic description of the scatterer-absorber
geometry.
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beam. For large scattering angles, only atomic
absorption of the scattered beam should be taken
into account and no nuclear absorption should be
assumed to occur, because at these angles the en-
ergy of the photons is smaller than that of the inci-
dent beam and therefore are removed from the
resonance condition. If one denotes the elastic
scattering cross section by o, (E), then the elasti-
cally scattered intensity at an angle 6 per unit flux
of the incident beam per steradian from a scatter-
er (at an absolute temperature T) of infinite area
may be obtained by integration over the thickness
A of the scatterer and over the energy spectrum of
the incident photon line. The result is given by®

cr,0= [ s, 0k, 1)

S(E, 6)= GFy(E)o, (E)[1—e Y41 ) /(F, + ),

(2)

where G, F,, F,, and o, are defined by

G= a1+ Bcos?0)/4n(1+ $B)cosB,,

F,=[o, + a(T /T )0, (E))/cosB,,

F,=g,/cosg,

0,(E)=Tw,(E)/T,
N is the number of target nuclei per unit volume,
o the abundance of the isotope responsible for
resonance scattering, and B, the coefficient of

angular distribution of the scattered radiation, is
given by

W(#) <1+ Bcos?6 .

It should be noted that the above calculation is for
bound and unbound levels; however, for bound
levels T =T »

The normalized energy spectrum Fy(E) of the in-
cident y line is given by®

1 E-E, +6)®
Fy(E) NS exp (—"'A_zt‘_)_ s

e e 3)
6=E, -E,,

where A, =E, (2kT,/M,c?)*/* is the Doppler width
of the incident y line, E, the peak energy of the in-
cident line, E, the peak energy of the resonance
level, M, the mass of the emitting nucleus in the

y source, T, the effective temperature'® of the y
source, k the Boltzmann constant, and ¢ the veloc-
ity of light. The nuclear absorption cross section
0,(E) for photons of energy E by a nuclear reso-
nance level of peak energy E, is given by'?

0, (E)=05¥(x,,1,), (4)

where o= 2m%¢T,/T, and I', T, were defined earli-
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er. g=(2J+1)/(2J,+1) is a statistical factor; J and
J, are the spins of the resonance and ground states,
respectively, and = 27X is the wavelength of the

incident photon. The function ¥(x,, t,) is defined by

2
_(xr -y) /4tr

___1__f“° e ~
‘Il(x‘r! tr)_z(ntr)l/z e 1+y2 dy; (5)
where
2(E-E,) A2 2RT, \?
= 7/ ={ -z = —_ 7
xr 1‘ ) tr <I> 2 A?‘ ET MTCZ )

A, is the Doppler width of the resonance level, M,
the mass of the scattering nucleus, and 7, the ef-
fective temperature of the scatterer.

The above expression for F,(E) is accurate only
for capture states formed by neutrons of zero ener-
gy and for which the level width of the final state of
the compound system is zero.

In the literature,*® several approximations were
suggested for calculating C(T, 6) by obtaining sim-
ple analytical expressions. In the present work no
attempt was done to make any approximation, and
the calculations were carried out by numerical in-
tegrations using a computer. It is worthwhile, how-
ever, to mention the value of the scattered intensi-
ty from Eq. (1) for the case of a very thin scatterer
where only the first-order term of the exponential
is considered, giving

C(T, 0)= GNA f “Fy(E)o, (E)iE = GNA(,) , (6)

where (0,) = [; F,(E)o, (E)dE is an effective cross
section for elastic resonance scattering.

It may be shown® that (v,) may also be expressed
in the form

T
{0,y =om —rﬂ U (%, t,) (7)
where
_2|E, -E,| _26 CAP+AZ
TR Tr o TR

Hence (o,) may be calculated if the four parame-
ters T, T, g, 6, are known. It can be seen that
the temperature-variation ratio C(T,, 6)/C(T,, 6) is
also a function of T, T';, 6, and g, and may there-
fore be calculated from these parameters.

For the self-absorption experiment, one should
calculate the scattered intensities with a resonant
and a nonresonant absorber. For a resonant ab-
sorber of N atoms per cm? and thickness d cm,
the scattered intensity N, is given by

Nr =f e—[o(cn (£) +°e]NdS(E, 9)dE )
0

For a nonresonant absorber of N, atoms per cm?
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and thickness d, cm, the scattered intensity N,, is
given by

N,, =f e MU S(E, 0)aE .
0

The self-absorption ratio R defined by (N, —N,)/
N,, is therefore

nr
R:f S(E, 0)[1 —e""’""‘"’“]dE/f S(E, 0)dE
o 0

(8)

only for absorbers where Ndo, = N,d,0,,. Simple ex-
pressions for the temperature variation and self-
absorption may be obtained for special cases.*®

II. EXPERIMENTAL PROCEDURE
AND RESULTS

A. Experimental System

The experimental assembly (see Fig. 2) consisted
of an (n,y) source containing 10 kg of iron in the
form of five separated disks placed near the reac-
tor core along a tangential beam port. The result-
ing y beam was collimated, neutron filtered, and
allowed to hit various scattering targets. The flux
near the iron source is about 2x10'® »/cm? sec,
yielding typical y intensities of the order of 10°
monoenergetic photons/cm?sec on the target scat-
terer. More details regarding the assembly were
published in a previous report.’* The scattered ra-
diation was measured using either a 5X5-in.
NaI(T1) crystal or a 30-cc Ge(Li) diode. The spec-
trum was recorded with a 1024-channel TMC ana-
lyzer. These detectors were placed inside a large
scattering chamber of lead having inner dimensions
150 X170 X70 em3; the thickness of the walls is 15
cm.

B. Scattering Measurements

In order to measure the scattered spectra from
the various targets, the 30-cc Ge(Li) crystal was
placed at an angle of 135° with respect to the inci-
dent beam. This detector was covered with 8 mm
of Pb shielding for filtering out the large number of
low-energy photons obtained from atomic interac-
tions of the direct  beam with the scatterer.

A general survey of all scattering targets was
made using an iron capture y source. Table I
shows a list of all resonant targets, some of which
were found to scatter more than one incident line.
Note that only five resonances were observed by
Ben-David et al.® using an iron y source, while
here 21 resonances are found. In fact, almost
every target with Z = 20 may be found to yield a
scattering signal, provided the running time is
long enough. This is due to higher beam intensity,
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FIG. 2. Horizontal section of the experimental arrangement.
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FIG. 3. Scattered y spectrum at an angle of 130° measured by a 30-cc Ge(Li) detector. The lines at 7.646 and 7.279
MeV are independent resonances. Other lines are inelastic transitions leading to low-lying levels in one or two isotopes
of Sn. Energies denoted by P and F refer to photopeaks and first-escape peaks; other energies refer to double~escape
peaks,

TABLE I. List of resonant scatterers and resonant energies obtained using an Fe(,y) source. The isotope is speci-
fied only for cases where it was actually identified.

Strong scatterers Weak scatterers Very weak scatterers

Resonant Resonant Resonant
energy energy energy

Target (MeV) Target (MeV) Target (MeV)

62N 7.646 Cr 7.646,8.888 Mo 7.632

"Ge 6.018 Zn 7.279 Nd 7.632
BAs 7.646 Ag 6.018,7.632 Sm 7.632,7.646
H2cq 7.632 Sn 7.279,7.646 Dy 7.632,7.646

K Y 6.018,7.279,7.632 Sb 7.632,7.646 b 7.632

Wpy 7.632 Er 7.646
2057 7.646 Au 7.632,7.646
208 pp 7.279 Hg 7.632,7.646
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a lower background, and the use of high-resolution

Ge(Li) detectors compared with earlier work.® Fig-

ure 3 shows the scattered spectrum from an Sn tar-

get. This example is of interest because Sn was
considered to be a nonresonant target and was
used as such in the literature.®

C. Identification of Scattering Isotope

For some of the multi-isotopic target nuclei, it
was possible to determine the isotope responsible
for a resonant event by considering the energies of
the inelastically scattered lines which correspond
to known nuclear levels in the scattering isotope.
When such evidence is not conclusive, it is possi-
ble to use a small quantity (~250 mg) of a separated
isotope for identifying the scattering isotope. In
such a case, the 5x5-in. Nal crystal was used for
detecting the scattered radiation. This procedure
was used in the case of Tl and Cr where it was
found'® that the scattering isotopes are 2°°T1 and
5°Cr.

One may note that almost all observed resonance
levels are bound levels. However, at least one iso-
tope is known, namely, 2°°T1 where the (y,z) thresh-
old is below the resonant energy.®

D. Temperature-Variation Measurement

In this measurement, the target is placed inside
a Styrofoam container and the scattered intensity
from the target is determined with and without lig-
uid nitrogen inside the container; the detector used
was 5X5-in. Nal crystal. Care was taken not to
let any liquid nitrogen in the path of the incident
beam. To get high accuracy in the present mea-
surement, the contribution of atomic scattering
and bremsstrahlung should be reduced. The nor-
mal procedure of using a “nonresonant” target for
measuring this contribution at the two tempera-
tures was found to be inadequate. This is because
several of these assumed “nonresonant” -target
scatterers are in effect weak resonant scatterers
which may have strong temperature effects. The
best procedure is to reduce the same background
at the two different temperatures. This background
may be easily estimated from any of the neighbor-
ing-Z “nonresonant” scatterers.

One interesting feature of the temperature effect
is its relatively strong dependence on the scatterer
thickness. This dependence is more pronounced
for levels of large T, and is illustrated in Fig. 4
for a Pb scatterer. The temperature effect depends
also on the detector angle with respect to the inci-
dent beam; this is illustrated in Fig. 5, again for a
Pb scatterer. Care should be taken to account for
these two factors in experimental measurements.

For calculating the effective temperature,’® the
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FIG. 4. Calculated and measured temperature effect
(ratio of scattered signals at 80 and 300°K) for a Pb scat-
terer of various thicknesses. The temperature of the
iron vy source is 640°K.

correction curve given by Metzger'® was used. 1t
should be noted, however, that some large inaccu-
racies are expected in the determination of 6 be-
cause of the strong dependence of the calculated ef-
fect on the Debye temperature ©, at low tempera-
ture; this is illustrated in Fig. 6. The Debye tem-
peratures reported in the literature differ accord-
ing to the particular method of measurement. A
list of the values of ©, used in the present work is
therefore given in Table II. The measured tempera-
ture effect for the various scatterers of about 10
g/cm? thick were found to be between 1.05 and

0.83, depending on 6 and the nuclear mass of the
scattering isotope.

E. Self-Absorption Measurements

The geometry of the self-absorption measure-
ment is illustrated in Fig. 1. In this experiment,
the thickness of the two absorbers should be cho-
sen so as to give an equal electronic absorption.
The accuracy of the self-absorption measurement

93r

[6=["=0.78 eV
S ="71eV

RATIO

92 ¢F

1 1 Il 1 1

90° 110° 130° 150° 170°
DETECTOR ANGLE (deg)

FIG. 5. Calculated temperature effect as a function of

detector angle for a Pb scatterer (15 mm thick); the an-
gle of the scatterer is 60° (see Fig. 4).
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TABLE II. Debye temperature ©p, used for the calcu-
lation of the temperature effect and the parameters of
resonance levels appearing in the present work.

6

Element (°K)
Fe 450
Cr 460
Ni 440
Ge 370
As 275
Ag 220
cd 190
La 150
Pr 150
Tl 95
Pb 95

is highly dependent on the accuracy of the elec-
tronic thickness of the two absorbers. In addition,
since small irregularities in the density within the
whole effective volume of the absorbers can intro-
duce relatively large inaccuracies in the determina-
tion of the self-absorption ratio, an experimental
check of the equivalence of the thickness of the ab-
sorbers was necessary. This check was carried
out by using a y line whose energy is near the reso-
nance line and for which both absorbers are non-
resonant. This may be illustrated for the case of
Cd and In, of which Cd is resonant (7.632-MeV
line) while In is nonresonant. In order to check the
electronic thickness of the corresponding absorb-
ers, a Tl target which strongly scatters the 7.646-
MeV line was used, and the scattered intensities
for the Cd and In absorbers were compared. Simi-
larly, for measuring the self-absorption of a Tl
absorber, the equivalent thickness of a nonresonant
Bi absorber was checked by using a Cd scatterer.
In fact, this method may be extended and applied
for making precise measurements of attenuation
coefficients of y rays in various elements.’® An
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FIG. 6. The dependence of the deduced value of 6 on
the Debye temperature ©p for the case of a Pb scatterer.

alternative method is obtained by placing each of
the two absorbers in the path of the scattered radi-
ation in front of the Nal detector and comparing the
measured intensities for the two absorbers. At
large scattering angles the photons are removed
from the resonance condition, and hence no nuclear
absorption can take place in the resonance absorber.
In order to determine the value of the parameters
T', and 6 from the various experiments, the follow-
ing procedure® was adopted. The ratio of scattered
intensities for two target temperatures 80 and
300°K was computed for assumed pairs of values
(T, 8) such that the calculated result was equal to
the experimental value. The value of J and T',/T
for this calculation was taken from experiment. In
this manner, a line in the (I';, 6) plane was ob-
tained. In a similar way, another line in the (T, §)
plane was obtained by calculating the self-absorp-
tion ratio for pairs of values (T'y, 5) such that the
result was equal to the experimental value. The
point of intersection of these two lines fixed the
values of T'y and . Using these values of T',, T',/T,
and 6, the value of C(7T, ) was calculated using

TABLE III. Summary of the results of spins, parities, and total widths of resonance levels excited by y rays obtained
from neutron capture in iron. Parities in parantheses are uncertain,

Energy 6=|E,~E,| T'y/Ty ry
Isotope (MeV) (eV) Iy Jm, Transition 8%) (10-3eV)
Ocr 8.888 18 1 o+ 1 . 0.90 750+ 200
62N 7.646 14 =1 0+ 1- E1l 0.64 480+ 50
"Ge 6.018 4.5+0.5 ot 1- E1l 0.19 120+ 15
BAs 7.646 7.4+0.3 3/2- 1/ cee 0.11 360+ 100
10555 7.632 9 =1 1/2- 3/2 eee 0.7 2+ 1
H2cg 7.632 4.8+0.4 ot 1- E1 0.55 86+ 15

1397, 6.018 8.2+ 0.6 7/2% /2 E1l 0.50 5144

ipy 7.632 11.43:3 5/2* 5/2* M1 0.46 7273t
2057] 7.646 9.3+0.3 1/2* 1/29) I 0.58 980+ 90
208pp 7.279 7.1+0.3 ot 1* M1 1.00 780+ 60
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Eq. (1) and compared with the measured value (see
Sec. IIIG) for checking the over-all consistency of
all parameters. In some cases, large discrepan-
cies were obtained between the calculated and mea-
sured values of C(T, ). In the case of *!'Pr, the
value of T", obtained without the consistency check
(r,=0.133+0.023 eV)* is much larger than the
present value (I', =0.07213-05% eV). This may be
caused by a large error in the self-absorption mea-
surement, introduced by a weak resonance present
in the “nonresonant” absorber. In such a case the
values of 'y, T'/T, and 6 were varied within the
limits of experimental errors so as to get agree-
ment between the calculated and measured values
of C(T,6). Table III summarizes the results of T,
and & obtained from the various scatterers.

F. Angular Distributions

Angular-distribution measurements were carried
out by using either a 30-cc Ge(Li) diode or a 5Xx5-
in. Nal crystal. These detectors were mounted on
an arm pivoted around a perpendicular axis pass-
ing through the scatterer. The design of the system
permitted the variation of the distance between the
detector and scatterer. Great care was taken to
assure that the center of the collimated beam coin-
cided with the center of the target. This was done
by photographing the profile of the beam by mount-
ing a Polaroid camera in the position of the target.
The exposure time may be reduced by backing the
film by a sheet of lead, which backscatters soft
radiation to the Polaroid film. In an elastic reso-
nance-fluorescence process, one deals with a cas-
cade of the form J,~J~J,, while in an inelastic
process, the cascade is of the form J,~J—~J;,
where J,, J, and J; are the spins of the ground,
resonance, and low-lying levels, respectively.
Since our main concern in the present work is with
elastic transitions, the discussion is restricted in
the following to this case only.

For a (y,y) reaction in which the transitions are
of mixed dipole-quadrupole character, the angular
distribution can be written as

W,(0) =A,? + A%P,(cosb) + AP, (cosb) , 9)

where A,=1+x%, A,=a+2bx +cx?, A,=fx?. The
functions P,(cosf) and P,(cosf) are the Legendre
polynomials, x is the amplitude of the mixing ratio,
and a, b, ¢, and f are the corresponding F coeffi-
cients'® which depend on the spin of the ground

and resonance state and on the multipolarity of the
transition. For pure dipole transitions, the distri-
bution of an elastic transition takes the form

W,(8)=1+a%P,(cosb). (10)

SHLOMO, AND WOLF
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In order to find the spin of a resonance level for
an assumed pure dipole transition, the experimen-
tal angular distribution should be fitted with an an-
gular distribution of the form given by Eq. (10).
The constant a®> may be found by a least-squares
fit, and the spin J of the resonance level may be
deduced. By comparing the measured angular dis-
tributions of all elastic transitions with theoretical
distributions, it was found that all transitions are
predominantly dipole and the amplitude of quadru-
pole admixture was negligible. This was confirmed
for most cases by the results of polarization mea-
surement of the elastically scattered radiation.
Figure 7 shows a typical angular distribution for
the elastic scattering from the 7.632-MeV level in
109Ag, Table III summarizes the results of spins
of resonance levels.

For a mixed transition the determination of the
level spin is not always unambiguous, because of
the additional parameter x. Another independent
experiment such as a polarization measurement of
the scattered radiation is necessary in order to
determine the particular values of J and x.

G. Absolute Cross-Section Measurements

The use of a Ge(Li) detector for absolute scatter-
ing cross-section measurement in the present
work made it possible to obtain accuracies of the
order of 6%. This is to be compared with accura-
cies of the order of 25% obtained when Nal detec-
tors were used.*® The intensity of the direct v
beam was measured by placing the Ge(Li) detector
at the target position. To avoid pileups in this
measurement, the intensity of the y heam was re-
duced by using bismuth absorbers whose attenua-
tion was determined accurately by a separate ex-
periment.’® Care was taken to place the entire

- 3 7632
@ 134 '
>—
L

2k 1 0
E 10954
<
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o

90 10 130 150
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FIG. 7. Angular distribution of the elastic line in 1°Ag
as measured using a 5 X5-in, Nal detector. The solid
curve shows a theoretical dipole distribution for a & spin
value of the resonance state.
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active area of the detector in the homogenous part
of the incident beam. The number of counts under
the second-escape peak was taken as a measure of
the line intensity; it is given by

N =I;n;S4;, (11)

where I; is the intensity of line ¢ in the incident y
beam, n; the detector efficiency for the same ener-
gy line and for a collimated beam parallel to the
detector axis, S the active area of the detector per-
pendicular to the beam direction, and A; the total
attenuation coefficient of the bismuth absorbers
for the same line energy. The scattered intensity
was then measured by using a thin target having a
small surface area, so that the entire surface was
in the homogeneous part of the incident beam. The
distance 7 between the center of the target to the
center of the detector was relatively large (about
60 cm) so that a similar beam-detector geometry
was achieved for the direct-beam and scattered-
beam measurements,

The number of counts under the second-escape
peak of the elastically scattered line is given by

NS

; 6
zlin,ssocg, ) cosBy ’ (12)

where S, is the target area, and B, and C (T, 6)
were defined in Sec. II. The ratio between the scat-
tered and incident beam intensities is

Lzs C(T,0)cosB

N; r2A, : (13)

Since C(T, 6) can be calculated when T, T,/T", and
0 are known and since the quantities appearing in
Eq. (13) can be measured, it was possible to com-
pare the calculated value of C(T, 0) with experi-
ment and to check the consistency of the values of
all measured parameters, as explained in Sec. III
E.

Table IV gives the effective elastic scattering
cross section (0,) as calculated from Eq. (6) by us-
ing the experimental values of Ty, I',/T", and 3.

H. Polarization Measurements

The direction-polarization correlation of a y-y
cascade is treated in the survey work of Bieden-
harn and Rose!” and in the review article of Fagg
and Hanna.'® Here we restrict our attention again
to elastic resonance scattering, i.e., to the (y,y)
reaction only. For the case in which the transition
is of mixed dipole-quadrupole character, the y-y
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direction-polarization correlation for an M1-E2
mixture is given by

W (9, 9)=Wy(0)+cos2¢[(~3A,%+£b A,x)P(cosh)
- AP (cosh)], (14)

in which ¢ is the angle between the polarization
vector and the normal to the resonance scattering
plane, P{?)(cosf) and P{?)(cosf) are the associated
Legendre polynomials, and b was defined in Eq.
(9).

In the present work, the scattered photons were
observed only at 6 =90° with respect to the incident
beam. The theoretical polarization P is defined
as the ratio of the linear polarization intensities
parallel and perpendicular to the scattering plane.
For an M1-E2 mixture, P is given by

p_Ju_W(90,90) AP+Az2+Az2 - 4xbA,
J, W(90,0) A>2-24,2-3A.2+4xbA, "

(15)

The polarization for pure £2 may be obtained
from Eq. (15) by putting x =, and for pure M1 by
putting A,=x=0. For an E1-M2 mixture, the polar-
ization P is given by the reciprocal of the corre-
sponding expression for E2-Ml.

Thus for the cascade 0—~1-0, the polarization
P is zero for E1 transitions and P =« for M1 tran-
sitions. This means that the electric vector of the
scattered radiation is completely perpendicular to
the scattering plane for E1 transitions, This is
the analog of the polarization of light in a scatter-
ing process known from classical physics.

In order to measure P, a polarization-sensitive
mechanism such as Compton scattering should be
employed. For plane-polarized incoming radiation,

TABLE 1V, Effective elastic scattering cross section
(@, )=00 (Ty/Ty) ¥ (xy,t4), where &, J, T, T'y were
taken from Table III. The temperature of the scatterer
was 300°K, while that of the iron y source was 640°K.

Resonance
energy ()
Target MeV) (mb)

S0cr 8.888 905

82Ny 7.646 569

"Ge 6.018 61
BAs 7.646 4.4
1097 g 7.632 3.5

209 7.632 198

1391, 6.018 39

Mipy 7.632 20

2051 7.646 574

208pp 7.279 5560
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the differential cross section for Compton scatter-
ing is given by Klein-Nishina:

do v,2kR®/k k
G0 7o (E .20 _9gip2 2
PRI <k0+ 5 2 sin®n cos ¢>> , (16)

where ¢ =¢ - 90, and k,, %2 are the energies of the
incident and scattered photons, respectively, the
scattering angle ¢ is the angle between the plane
of polarization of the incident photon and the scat-
tering plane, and 7,=e?/mc? is the classical radius
of the electron. The energies %k and k&, are related
by

k=ko/[1+(ky/mc?)(1 - cosn)]. (17)
The asymmetry ratio R is defined by R =do(¢ =90)/
do(¢ =0); it is a measure of the analyzing efficien-
cy. For a given incident energy k,, the ratio R de-
pends on the Compton scattering angle and reaches
a maximum value at a certain angle. For k,=7
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MeV, R reaches its maximum value at about 7 = 50°
The degree of polarization was measured by a
Compton polarimeter?® in which the ratio Ny/N,

is determined. N, is the number of y rays Comp-
ton scattered in the plane of resonance scattering,
and N, the number of ¥y rays Compton scattered in
the perpendicular plane. This ratio Ny /N, is re-
lated!® to the theoretical polarization P by

NI_ P+R
N,  PR+1 (18)

The values of P and R were calculated from the
above equations and were corrected for finite ge-
ometry and for the detector efficiency of the scat-
tered photons. By comparing calculated and mea-
sured values of the ratio N, /N, the nature of the
radiation was determined.

The polarimeter® (Fig. 8) consists of a 1.5X2-
in. Nal crystal A placed with the front face 30 cm
away from the target, which served as the Comp-

RESONANT
SCATTERER

N

Nal

TMING | [awr
Y '/
[ corne fofanaLyser]< sum|
A 4
TINING L < T amp
y

FIG. 8. Schematic diagram of the polarimeter showing also a block diagram of the electronics used in the measurement.
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ton scatterer. The scattered quantum was detect-
ed in a 3X 3 in, Nal crystal B which could be set in
positions parallel and perpendicular to the scatter-
ing plane, The distance between the center lines
of detectors A and B was 9 cm. The axis of crys-
tal A made an angle of 90° with the direct y beam.
Absorbers of lead, iron, and paraffin were placed
in front of A for filtering out the intense 0.5-MeV
Compton-scattered component and the 0.511-MeV
component obtained from positron annihilation in
the target. For reducing background, the detec-
tors were inserted in holes made in a large lead
block (not shown in Fig. 8). The internal geometry
of the block allowed the resonantly scattered-radi-
ation to pass from the target to crystal A but not to
B; it also permitted the Compton-scattered radia-
tion to pass from crystal A to crystal B. The en-
tire polarimeter was shielded against neutron back-
ground using 1 in, of paraffin with an inner mantel
of borated plastic.

Experimentally, rather large spreads in 7, 0,
and ¢ were taken in order to obtain large counting
rates. The spreads in these angles were An =z 20°
centered around 7 =50°, A= 4° centered around
6=90°, and A¢ =+ 25° centered around ¢ =0 and
¢=90°, The correction due to the spread in 0 is
very small (~0.5%) and may be neglected; however,
the spreads due to 7 and ¢ introduce a relatively
large effect. Correcting the above spreads, the
calculated ratio Ny /N, for perfectly polarized E1
radiation of 7.5-MeV energy is equal to 1.15, as
compared with the value 1.24 for ideal geometry.
For checking the instrumental asymmetry of the
polarimeter, a thallium target was used. The spin
of the 7.646-MeV level in 2°°Ti is z, and therefore
the scattered radiation is not polarized. The ratio
Ny /N, was measured for a Tl target and was found
to be 1.001 in agreement with the above expectation.

The electronics shown schematically in Fig, 8
included a fast-coincidence circuit (27=60 nsec)
connected between detectors A and B, and a sum-
ming circuit to add coincident-pulse amplitudes
provided by the outputs of the amplifiers. Single
channels associated with the two detectors were
used to pass all pulses falling inside the energy
range of interest for the polarization measure-
ment.

The spectrum corresponding to the other plane
of the detectors was displayed on the other half of
the memory of the analyzer. Figure 9 shows a typ-
ical sum coincidence spectrum at ¢ =90 and ¢ =0°
obtained using a Cd scatterer, it may be seen that
the number of counts at ¢ =0° is higher than that
for ¢ =90°, which is indicative of E1 elastic scat-
tered radiation. This spectrum may in principle
be used to determine the parities of the low-lying
excited states; however, higher statistics is gen-
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erally needed for this determination.

In the actual experiment, two 3X 3-in. Nal crys-
tals were used for doubling the number of coinci-
dence counts. Both crystals were set in the same
plane with that of crystal A and were both rotated
around the axis of A to go from one plane to the
other. It should be noted that this polarimeter is
in effect similar to that used by Bartholomew,
Gunye, and Earle®' for parity determination of
levels populated through the (r,7v) reaction. How-
ever, whereas in the (n,y) case it is necessary to
perform a triple-coincidence measurement to de-
termine the polarization, only a double-coincidence
measurement is necessary in the (y,y’) reaction
because the direction of the incident beam is well
defined.

Table III summarizes the results of polarization
measurements and hence the parities of resonance
levels. For weak resonances, (e.g., in the case of
%Cr and °°Ag) it was not practical to carry out the
parity measurement because of the relatively high
background and the inherently long running times
required in such experiment.

IV. DISCUSSION

A. T'y of Bound Levels

Since the excitation energies of the levels in-
volved in the present work are in the range 6 to 9
MeV and are roughly at about the same excitation
as that obtained in neutron resonances, one should

000 Cd SCATTERER
000, POLARIZATION CORRELATION
t+* +~ ?H‘\ﬂ- - NJ__ -———e
900" ~a T3
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_ 700
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o 500
o
n 4L00F
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D 300f
o
(@]
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100}
O 1 1 | a2}
60 65 70 75 80

ENERGY (MeV)

FIG. 9. Sum-coincidence spectrum as obtained with
the 3 X 3-in, detector in planes perpendicular (L) and par-
allel (I|) to the resonance scattering plane.
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expect the partial and total radiative widths to

obey the same statistical distributions as those of
neutron resonances. In fact, almost all levels pop-
ulated here are bound levels, whereas those ob-
tained from neutron resonances are unbound levels;
hence, the present work is in a sense complemen-
tary to that of neutron resonances. By comparing
the radiative widths of bound and unbound levels,

it will be possible to study the behavior of radia-
tive widths across the (y, %) threshold.

A vast amount of information was accumulated
during the last ten years regarding radiative
widths of neutron resonances.??:?®  The statisti-
cal distributions of partial radiative widths and to-
tal radiative widths were investigated in detail,
and the systematics of the I', as a function of nu-
clear mass number A was also measured. The
starting point of the analysis of the present data
should therefore be the familiar Porter-Thomas
analysis® of partial and total radiative widths
known from neutron resonances. It is now clear
that the distribution of partial radiative widths T;
from different initial states to the same final state
is governed by a Porter-Thomas distribution,
namely, a x? distribution with one degree of free-
dom; it has the form

,O(Z) =z~ V2,-2/2 ,
where z = I“,-/I_",-, and fi is the average partial ra-
diative width. This is a very broad distribution
whose 90% confidence limit includes a range of
variation of more than 2 orders of magnitude. How-
ever, the distribution of the total radiative widths
that proceed through v exit channels should be a
x 2 distribution with v degrees of freedom, i.e., a
distribution of the form

p(2)=T(z/2)(¥-2N2g-val2

where I'(z/2) is the usual T function. For v=30,
this distribution is narrow; its 90% confidence lim-
it lies between 0.7I~"y and 1.4f7. Now, by consider-
ing the results of Table III, it may be seen that to-
tal radiative widths I‘7 of the vy resonances are sur-
prisingly close (except for "“Ge) to the values of T’
obtained by neutron resonances for the same or
neighboring nuclei.?® This result is at variance
with that of Ramchandran and MclIntyre® and

Reibel and Mann,*® who concluded that the T', of
bound levels are about a factor of 10 larger than
that of neutron resonances. This also indicates
that the value of I, is continuous across the (y,n)
threshold. It may be noted that in each isotope
mentioned in Table III, the I", of only one level is
presented, and therefore some deviation from 1"7
is expected within the 90% confidence limit men-

MOREH, SHLOMO, AND WOLF 2

tioned above. Besides, another deviation is expect-
ed because of the difference in excitation energies
of the resonance levels measured here and those
obtained by neutron resonances. An extreme case
is ™Ge, where the energy of the y-resonance level
is 6.018 MeV as compared with 10.20 MeV which is
the (y,n) threshold energy. Therefore the discren-
ancy between the measured value (I“7 =120 meV)
for "Ge as found in the present work and the aver-
age of I'y obtained from neutron resonances (I‘7
~300 meV) for nuclei in the range 70 <A <80 is not
unexpected and may be attributed to the above two
factors.

B. Spacing of Bound Levels

We consider the strength function defined by
T',/D, where D is the spacing of levels of the same
spin and parity. Assuming that this function is
continuous across the (y,n) threshold,?® it follows
from the continuity of fy that D is also continuous.
The above assumption may be justified by noting
that the average photon absorption cross section
{0,), which is proportional®® to I,/D was found
to be continuous across the (y,n) threshold for a
Bi target.”” Since T,/T, is expected to be con-
tinuous, it follows that T“.,/D is also continuous
across the (y,n) threshold.

In fact, it may be shown®® that the present mea-
surements yield spacing values which are of about
the same magnitude as those obtained from neutron
resonances. One such example is *°*La, where the
average value of the spacing of y resonances, as
obtained from the (y,y’) reaction using several y
sources,?® was found to be 130 eV at an excitation
of about 7.5 MeV. The spacing in this context is
taken between levels having one of the spin values
%, %, and § of both parities in **°La; the ground
state of this nucleus is %*. This value of the spac-
ing should be compared with a value of 100+ 30 eV
at 7.5 MeV as deduced from the observed spacing®®
of neutron resonances [23+7 eV, at 8.78 MeV in
the '3®La(n, y)***La reaction] after accounting for
the difference in excitation energies and for the
fact that levels with three different spins of both
parities may be excited in a (y,y’) reaction. This
result is considered to be a very good agreement
in view of all approximations and uncertainties in-
volved.

The spacing of ¥ resonances mentioned above
was obtained from experiment by making a simple
statistical argument®® and by assuming that a res-
onance scattering signal is detected when the in-
cident energy is as close as 15 eV from either
side of the resonance level (after recoil correc-
tions). Another assumption was that only strong
intensity lines in a y source can give rise to a de-
tectable resonance event. Both assumptions find
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their justification in experiment.

It should be remarked in this connection that the
spacing value can be determined using the (y,y’)
technique only for nuclei where both I') and I“O/I‘y
are relatively large, because only in this case is
a large resonantly scattered signal observed. This
condition is expected to be fulfilled for nuclei in
the region of closed shells where the level density
at low excitation is small. It is also expected that
all resonance levels having a small 1"0/1"7, and
hence a small T, will be missed in the present
technique. This occurs because weak scattered
signals will be generally masked by background
and therefore will not show up in the scattered
spectrum.

C. E1 and M1 Transitions

Among the ten resonances investigated in the
present work, four were found to decay to the
ground state by £1 transitions and two by M1 tran-
sitions. The other resonances were either weak
(*°Cr and !°°Ag), and therefore it was impractical
to measure their parity, or have isotropic angular
distributions, and hence their scattered radiation
is unpolarized ("®As and 2°°T1). Probably some of
the most interesting results of the present work
are the strong M1 transitions found in *!'Pr and
208ph. The level width of the M1 resonance in *'Pr
was found to be larger than the E1 resonance in the
neighboring *°La nucleus. The M1 radiation
strength® is given by K,,, = I';(DE;®)~!, where D is
the spacing of levels of the same spin and parity
near the resonance energy. In order to get a rough
estimate of the radiation strength, one may choose
D =100 eV, which is probably an upper limit for
the spacing of neutron resonances® 23 of the same
spin and parity at an excitation energy of about 7.6
MeV in 'Pr. The radiation strength K, for the
ground-state transition 7.632 - 0 in *!'Pr is thus
found to be 104X107° MeV~3, to be compared with
K,,=20X10"°MeV~® obtained by Bollinger,*! who
averaged the results of 17 M1 transitions from neu-
tron resonances. The value of D selected above is
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higher than the value expected for the spacing of
neutron resonances in this region of nuclei at such
an excitation energy. Therefore, the M1 radiation
strength in 'Pr is at least five times higher than
the average value.

The level width of the M1 resonance in ***Pb
seems to be higher than the average. The value of
K,, may be calculated by making a rough estimate
of the spacing of 1* levels at 7.28-MeV excitation
using the results of Biggerstaff et al.®? regarding
the 2°"Pb (n,y) reaction. These authors report a
level spacing of 15 keV for 2* levels at an excita-
tion energy of 7.4 MeV in 2®®Pb. By introducing the
appropriate spin factor, the level spacing for 1*
levels may be found to be D =25 keV. The corre-
sponding value of the radiation strength is K, =81
X 107° MeV~3, which is a factor of 4 higher than the
average value of the M1 radiation strength. It
should be noted, however, that M1 transitions of
similar strength were observed3® in neighboring nu-
clei, namely, in **"Pb using the 2°°Pb(n,y) reaction.

The E1 radiation strength®® given by Kz, =T
X (E$DA%3)-! corresponding to the ground-state
transitions of the four E1 resonances of Table III
is also found to be generally higher than that of
neutron resonances. This probably reflects the
fact that the present technique selects those levels
whose I, is relatively large.

More work remains to be done regarding the to-
tal widths of bound levels in order to find out
whether the details of the systematic behavior of
total radiative widths in neutron resonances per-
sist for the case of bound levels.
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A four-parameter correlation experiment which measured neutron emission in “long-range
alpha” (LRA) fission is described. The energies of both the fission fragments and of the o
particle as well as the time of flight of the neutron were recorded. The experimental data
were analyzed with the aid of a computer, and the method of analysis is described.

Some of the results of the present experiment have already been published. In this paper we
discuss the pre-neutron-emission mass distribution of LRA fission as well as some proper-
ties of the neutrons as a function of a-particle energy. In addition, the neutron kinetic
energy as a function of fragment mass is given. The probability of o -particle emission
as a function of the fission-fragment mass ratio is also discussed.

I. INTRODUCTION

At present there are two principal methods for
studying the scission configuration of a fissioning
nucleus. The first method is to investigate the
properties of the prompt neutrons emitted from
individual fission fragments, thereby obtaining in-
formation on the deformation energies of the vari-
ous fission fragments at scission. These studies
were summarized by Terrell.! The most impor-
tant characteristic of the prompt neutrons in low-
energy fission is the “saw tooth” dependence of the
average number of neutrons as a function of frag-

ment mass. The second method of obtaining infor-
mation on the point of scission is by studying the
properties of the « particles and fission fragments
in “long-range alpha” fission (LRA fission). This
process, which occurs about once in every 300 fis-
sion events, is characterized by the emission of
an a particle in addition to the fission fragments.
As has been discussed by Halpern® and by Fraenk-
el,® the fact that the o particle seems to be emit-
ted at or very near the time of scission makes
this particle extremely useful in studying the ini-
tial conditions at scission. The main conclusion
obtained in studying the LRA fission process is



