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3. Levels in Hf'7 and Hf'"

Only two gamma lines have been observed in each
of these isotopes. Their energies and intensities are
shown in Table III. %hen the Hf'" lines are compared
with the Hf' ' lines, both isotopes are seen to show
intense E1 transitions from the capture state (a —,

'+ state
in each case) to a low-lying -,'sta. te (the -', isomeric
level at 378 keV in Hf'" and the —,

' ground state in
Hf'"), and also a somewhat less intense (but still
strong) transition from the capture state to a level just
above the ~ level. The spacing from the -', level to
the level just above it is about the same in both isotopes
—-44 keV in Hf'" and 47 keV in Hf'". The levels which
we observed in Hf'" have also been observed in (d,p)
work and have been identi6ed with the —,

'—and —,
' levels

in the -', (510) Nilsson band. ' The present data suggest
that the ground state and 47-keV state, to which we
have observed transitions in Hf'", are the —,

' and -',

levels in the -', (510) band.
It is interesting to see how our measurements on Hf'"

and Hf'" compare with known data on VP" The latter
has the same number of neutrons as Hf'", differing

only in that it has an additional pair of protons. The
ground state of W'~, like that of Hf'" isa ~ (510)state;
and this isotope has intense E1 transitions from the
capture state to the —,

' and 2 levels in the -', (510)
band. The transition rates are 13/~ and 3%, respec-
tively. "The ratio (4.3:1) of these two intensities in W'"
agrees fairly well with the ratios (5.9:1 and 3.4:1) for
the corresponding transitions in Hf'" and Hf'",
respectively. The energy separation between the —,

'
and 2 levels in the (510) band of W'~ is 46 keV, which
is close to the (44&3)-keV separation in Hf'" and the
(47&3)keV separation in HP".
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The study of resonance scattering of neutron-capture gamma rays has been extended using 22 capture
gamma sources and 57 scattering targets. About 50 resonance-scattering events have been observed in 23
elements and the e8ective cross sections evaluated. Some cases of complex spectra are described. The associa-
tion of the scattering with nuclei in the region of closed shells is clearly shown. Problems of minimum ob-
servable cross sections are discussed and some further applications of the technique are suggested.

QfTRODUCTION

'ANY instances of nuclear resonant scattering of
~ . gamma rays have been observed' 4 when various

elements are irradiated with monoenergetic neutron-
capture gamma rays. Resonant scattering occurs
when the energy of the gamma ray (after correction
for target recoil) happens to overlap, partially or
entirely, an individual nuclear level in the target
nucleus. In the works referred to above the scattered
spectra, in the energy range 6—9 Mev, were measured

~ G. Ben-David and B. Huebschmann, Phys. Letters 3, 82,
(1962).

~ B. Arad, G. Ben-David, l. Pelah, and Y. Schlesinger, Phys.
Rev. 133, B684 (1964).' H. H. Fleischmann, Ann. Physik 12, 133 (1963).' C. S. Younp and D. I. Donahue, Phys. Rev. 133, 1724 {1963).

using sodium-iodide detectors positioned at an angle
of 135' to the incident radiation. Despite the poor
energy resolution of these detectors —which permitted
the determination of the peak energy with a precision
of only 50 keV—it was usually possible to identify
unambiguously the particular capture gamma-ray line
responsible for the resonance, using the published
tabulations' of capture gamma rays, and thence to
determine the energy of the resonant level in the target
nucleus to the same accuracy as that of the known
galena line, i.e., to within 10 keV in most cases. A
comparison of the intensity of the scattered and in-
cident beam, permitted an evaluation of the effective

g ENclear Data Sheets, complied by K. Way et al. {Printing and
Publishing Ofhce, National Academy of Sciences-National
Research Council, Washington 25, D. C.).
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scattering cross section. This technique has permitted
the identification of highly excited nuclear levels, and
in favorable cases an estimation of the level widths.

In the present work the study of resonant scattering
has been extended using additional capture-gamma-ray
sources and targets. Some 50 resonance events have
now been found and evaluated.

EXPERIMENTAL METHOD

The experimental arrangement used is as described
in Ref. 2 except for a few minor changes in the elec-
tronic equipment designed to give improved stability
and energy resolution. The Dumont 6363 photo-
multiplier was replaced by a venetian-blind-type tube
RCA 8054, used with a "Spectrastat" spectrum
stabilizer power supply "locked" on the 2.6-MeU ThC
gamma line. These changes gave an improved energy
resolution with a precision in determination of the
peak energy improved to 25 keU, permitting more
precise analysis of the spectra and, in cases of doubt,
more certain identification of the resonant capture
gamma line.

The additional scatterers were prepared as in the
earlier work. However, the preparation of the thallium
targets raised some technical difhculties because of the
highly toxic nature of thallium. As a precaution against
health hazards the thallium was cast into thin stainless-
steel containers, located in a closed vessel. The process
was carried out under an argon atmosphere to eliminate
the hazard from the formation of the oxide during
casting.

The gamma beam was obtained by placing a suitable
source at an appropriate position in the reactor thermal
column, the beam reaching the target through an
access hole in the shielding wall. It was found that
during the early experiments a relatively large number
of neutrons reached the steel framework of the access
hole due to a faulty fitting of the borated plastic plugs
designed to prevent leakage of neutrons from the
thermal column. This resulted in a background of iron-
capture gamma rays which, while not noticeable in the
direct spectra of the various capture gamma sources,
caused the appearance of weak spurious resonances in
the experiments with lead targets, owing to the very
strong resonance of the iron 7.285-MeV line in lead
(effective cross section 4 b). This fault has now been
corrected and the previously published resonances
carefully remeasured. The effective cross sections for
resonant scattering have been evaluated for these
resonances, as well as for the new ones reported in this
work, using Eqs. (Sa) and (Sb) of Ref. 2. These for-
mulas apply strictly to targets consisting of one element
only, the effective cross section being averaged over all
the isotopes present. For targets consisting of chemical
compounds the appropriate formulas for the effective

cross sections are as follows:

C„gp 11.2 1 2
(~») =—— (1b)

C, q„hQ s'Xxo 2—(1+42)1Vxp g s 0', '

where 0-„ is the total nuclear cross section, cr, is the total
electronic cross section, (0») is the effective resonant-
scattering cross section, C„ is the counting rate of the
scattered beam under the photopeak, Co is the cor-
responding counting rate in the direct spectrum, go

and g„are the photofraction for direct and scattered
radiation, respectively; 11.2 is the factor taking into
account the scattering angle of 135' (for an assumed
dipole distribution of scattered radiation), AQ is the
average solid angle subtended by the detector, s' is
the number of atoms of element i per target molecule,
s' is the corresponding number of atoms of the resonant
element, .~Y is the number of target molecules per unit
volume, and xo is the target thickness in cm.

EXPERIMENTAL RESULTS AND ANALYSIS

Full details of the sources and targets used in the
general survey of nuclear resonance scattering are sum-
marized in Tables I and II. Of the 50 resonances ob-
served the great majority appear to possess simple
spectra, corresponding to a single gamma line. How-

TABLE I. Capture gamma-ray sources.

Source material Chemical composition

Ag
Al
As
Cl
Co
Cr
CG
Ie
Gd
Hg
K
Mn
Ni
Pb
S
Se
Sm
Sr
Yl
V
Y
Zn

metal
metal
As20g
polyvinyl chloride
CoO
metallic powder
metal
metallic powder
Gd20g
Hg2(NO3) 2 2HgO
K2C204. H20
MnO
metal
metallic powder
powder
metal
Sm20g
Sr (OH) 8II O
TiO
V205
+203
metal

Mass t,
'

g)

0.400
1.640
0.250
0.380
0.230
0.480
1.8N
0.440
0.100
0.310
1.000
0.240
0.900
1.000
1.000
0.400
0.200
0.250
0.210
0.120
0.200
0.500

C„go 11.2 1+42

Co g„hQ s'
s'0. '

X (la)
1—expL —(1+VX)cVxo P s'a.*']

0„&0.. [only applicable for a thin scatterer, where

exp(0 „+0,)((1]:
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F&G. f. (a) Complex scattered spectrum from Ye excited by Ni capture gamma rays (with Sb background). (b) Complex scattered
spectrum from Mo excited by Cu capture gamma rays (with Zr background). (c) Complex scattered spectrum from Zr excited by Se
capture gamma rays (with Se background). (d) Simple scattered spectrum from Tl excited by Fe capture gamma rays (with Bi
background).

ever some examples of complex scattered spectra were
observed, where two or more gaxnma lines appear in
the scattered beam. Typical examples are shown in
Fig. 1, together with a simple spectrum for comparison.
These complex spectra are caused either by scattering
of two or more source lines by independent nuclear
levels, by inelastic scattering events, or by a mixture
of the two. Figure 2 shows the complex spectrum ex-

cited by Ni capture gamma rays on Te, which can be
resolved into components at 8.5, 7.528, 6.7, and 5.0
MeV. These complex spectra are being studied using
the coincidence technique, and in favorable cases of
inelastic scattering it is hoped that the isotope responsi-
ble for the resonance can be identi6ed by identihcation
of the low-lying nuclear levels.

Several levels, including the 7.64-MeV level of
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TABLE II. Scattering targets.

Scattering target Chemical composition

Total Thickness
thickness parameter

(g/cms) g (barn)
Iooo—

5S MeV (QSO)

6,7MeV (Q75)

50

Ag
Al
Au
Ba
Bi
Bi
Br
Ca
Cd
Ce
Cl
Co
Cr
CU
Dy
Er
Fe
Gd
Hf
Hg
Hg
Ho
I
K
La
Mg
Mn
Mo
Na
Nd
Ni
P
Pb
Pb
Pbsoe
Pr
Pt
s
sb
Se
Si
Sm
Sn
Sr
Ta
Te
Th
T1
Tl
Tl
U
v
W
Y
Yb
ZIl
Zl

metal
metal
metal
BaO
metal
metal
NH4Br
CaCOS
metal
CesOa
polyvinyl chloride (CH sCH Cl)
CoO
metallic powder
metal
DysOS
Ers0$
metal
Gdsoa
metallic powder
Hg(NOS)s 2HsO
liquid metal
HosOa
crystalline
KsCsO4 HsO
LasO$
MgOs
MnOs
metallic powder
NasCOa HsO
NdsOS
metal
powder
metal
metal
Pbcoa
PrsOa
metal
powdeI
metallic powder
metallic powder
glass
SmsOa
metal
Sr(OH)s SHsO
metallic powder
metallic powder
ThOs
crushed sponge
metal
metal
UOSCls
V$0$
metal
YsOS
YbsOa
metal
ZrOs

10.84
12.00
17.60
11.34
14.44
2.91
5.96
2.03

12.79
12.12
6.50
2.80
5.84

13.20
2.36
2.37
9.28
2.38
2.41

11.50
19.60
2.37
9.74
4.45
6.20
3.66
6.21
8.41
4.34
2.36

10.99
3.67

15.84
3.25
8.48
5.41

17.00
2.31

15.57
3.57

11.37
5.42

10.84
3.02
2.47

15.30
2.73
3.48

14.85
3.81
3.63
3.60
8.10
3.44
2.34
9.82
8.10

12
2

19
15
20

~ ~ ~

14
36
11
15
9

20
7
5

50
50
6

50
60

17
50
13.5
16
24
12
13
11
10
51
6
6

19
~ ~ ~

~ ~ ~

27
17
11
10
18
5

29
12
65
60
11
73
11
20

~ ~

78
18
26
35
65

7
14

thallium excited by iron-capture gamma rays, have
been further studied using temperature variation and
self-absorption techniques, to give information on the
level widths. The experimental results are being
evaluated and will be reported elsewhere.

It was possible to analyze 46 of the resonances, and
obtain the effective cross sections, these being sum-
marized in Table III. The cross sections were usually
averaged over all the isotopes of the resonant element,
with an accuracy of &2(F/o. For calculating the relative
line intensities the latest tabulated data of Bartholo-
mew' were used.

The abundance of observed resonance events among
the different scattering targets is shown in histogram
form in Fig. 3. For the majority of multi-isotopic target
nuclei it was not possible to determine the isotope
responsible for a resonance event. However, in certain
cases it was possible to reject those isotopes where the
(y,e) threshold was below the resonant energy. For
example, in the case of the 8.997-MeV level in Sm,

0

eV(LOO)

7
Msv

505 MeV (O.IO)

8 9

Fxo. 2. The complex spectrum from Te resolved into separate
components E'figures in brackets give relative line intensities),

TABLE III. List of effective cross sections.

Energy Gamma
Scatterer (MeV) source (mb)

Energy Gamma
Scatterer (MeV) source (mb)

Sm'44
Pr141
La
Te
Cu
Zl
Zn
Se
Se
Sb
Cd
Ni
P1 141

Tl
La
Mo
Bisss
Te
Bisss
Bisea
pbsss
Cl
Pr141

Tl
La
Bissa

8 997 Ni
8.881 Cr
8.532 Ni
8532 Ni
8.499 Cr
8.496 Se
8.119 Ni
7.817 Ni
V.76 K
767 V
7.64 Fe
7.64 Fe
7.64 Fe
7.64 Fe
7.634 CU
7.634 Cu
7.634 CQ

V 528 Ni
7.416 Se
7.300 As
7.285 Fe
7.285 Fe
7.185 Se
7.16 CU
7.15 Mn
7.149 Ti

100
9
6
3$

24
3050

13
50
90

~ ~ Ib
40e

7c
12o

370o
7

11
4

66d
100
80e

4100
34
80

120
50

2000

Sn
Nd
P1141

Te
La
C(i
Mo
La
Mo
Tl
W
Sb
T1
Sn
Pbsos
Te
La
P1 141

Pt
Tl
Pbsos
Ce
Bjsse
pbses
Hg
Hg

7.01
6.867
6.867
6.7
6.54
6.474
6.44
6.413
6.413
6.413~.3
6.31
6.31
6.27
6.15
5.8
6.12
6.12
5.99
5.99
5.9
5.646
5.646
5.53
5.44
4.903

Cu
Co
Co
Ni
Ag
Co
Hg
Tl
Tl
Tl
Ti
Hg
Hg
Ag
Gd
Ni
Cl
Cl
Hg
Hg
Sr
Co
Co
Ag
Hg
Co

110
30
3

~ ~ ~

12
110
25g
72
10
25

~ ~ Ib
6e
20

75
~ ~ og
~ ~ 0 f
35

110
40 g

5g
~ ~ oh

17
55
70
75g

385

a High-energy component of a complex spectrum.
b A broad scattered spectrum with no observable peak structure.
& There are actually two lines of energies 7.647 and 7.633 MeV having

equal intensities in the iron capture gamma spectrum. The cross section
has therefore been corrected. although there is no possibility at present of
deciding which line is responsible for each resonance.

d Is probably an independent level in the complex spectrum of Ni y
rays on Te.

e Rough estimate.
& May be inelastic component from 7.528 level in Te.
g The relative line intensities in this case are due to Groshev and

co -workers.
h No line is known for the source at this energy.
1 D18icult to resolve among the many source lines present at this energy.

only the 82 neutron isotope has the (y, n) threshold
above this energy and it is thus possible to reject the
86, 87, 88, 90, and 92 neutron isotopes. A study of Fig. 3
shows that the distribution of resonances is not random,
there being pronounced grouping at elements in the
vicinity of closed shells of nucleons (shown in brackets).
These e6ects appear predominantly in the region of
the 50 proton and 82 proton shells, and the 50, 82,
and 126 neutron shells. The large number of resonances
found for La and Pr, both essentially mono-isotopic
elements with 82 neutrons, strongly suggests that the 82
neutron isotopes are the ones responsible for the reso-
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Fxo. 3. Histogram of distribution of observed resonances among the different targets. The atomic number is given directly beneath
the chemical symbol followed by the neutron numbers of the naturally occurring isotopes. Magic numbers are shorn in brackets.

nances observed among the rare earths. It is signiacant
that no resonances are observed among the seven
medium-weight elements between Gd and Ta, although
these possess a large number of isotopes having the
(y, n) threshold above the average gamma energies
used. These seven elements have in common a large
separation from regions of closed shells of nucleons. In
fact, only in two cases (W,Pt) were resonances observed
in elements not possessing isotopes within two nucleons
of a closed shell.

Any interpretation of the above phenomenon must
take into account the special nature of the gamma
sources, which in effect comprise a large number of
individual lines of widely differing intensities. These
lines are quite sharp, the width being determined
predominantly by the Doppler broadening caused by
thermal motion of the source nuclei. ' The line shape is
given by the form exp( —LE~—E)'/A, 2)}, which ex-
presses the intensity at energy E, for a peak gamma
energy E~. The Doppler width 6, is equal to F~(2kT;/
M'oo')'t', where k is the Boltzmann constant, T; is the
effective temperature of the source, ' and M&c' is the
rest mass of the source nucleus in energy units. For the
different sources used in this experiment 6, varied
between 4 and 8 eV. The effective cross section (o»)
for scattering one of these gamma lines from a particular
nuclear level, is obtained by integrating the elastic
scattering cross section over the incident gamma line

'B. Arad, G. Ben-David, and Y. Schlesinger, Nucl. Phys. 56,
683 (1964).

'r Vf. E. Lamb, Phys. Rev. 55, 190 (1939).

spectrum; it has been shown' to be given by

(o,„)=2s Mg(I'o/I')'@(x2, t2),

where A, is the gamma wavelength divided by 2x,
g is the ratio of spin weight factors for the excited and
ground states, I' is the full width of the excited state,
I'0 is the partial width for de-excitation to the ground
state, and %(x,t) is the well-known "Doppler" integraP
which corrects the Breit-signer cross section for
thermal Doppler broadening. The parameters x2 and t2

are given by x2 ——2h/I' and t2 (6,'+6')/I', wher——e g is
the energy separation between the ganesa line and the
resonant level peak (after correcting for target recoil),
and 6 is the target Doppler width.

For a given energy region the parameters P, h.,
and 6 are 6xed for a given target and source. The
variation of the effective cross section then depends
only on the level parameters g, (I'&/I')', and on the
energy separation h. The variation in (o») as a function
of 8 is shown in Fig. 4 for three different values of I',
namely 5, 1, and 0.2 ev. In this example the factor
g(r, /I')2 was taken as unity, and (6, +62) as 80 (eV)'
a typical value for the sources and targets used. It can
be seen from Fig. 4 that the maximum cross sections
(at zero separation energy) are quite sensitive to the
value of F, being equal to 18.6, 4.7, and 0.98 b, re-
spectively, for the above three cases.

Since the energy separation b between the resonant
level and a gamma line is quite arbitrary, the prob-

' F. R. Metzger, Progr. Nucl. Phys. 7, 53 (1959).
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F&G. 4. Variation in effective cross section for resonant scatter-
ing (0») as a function of the energy separation B. Nuclear levels
are chosen having g(I'0/I' )s equal to unity, and widths of 5, 1,
and 0.2 eV.

ability that a gamma line falls within a distance 8 of a
given resonant level in the target nucleus is itself pro-
portional to b. The curves of Fig. 4 therefore describe
the probability of observing a cross section greater than
a certain value, in scattering of random-energy gamma
lines from a given nuclear level. This probability is
simply proportional to the abscissa 8, the propor-
tionality factor depending on the density of gamma
lines. It can be seen that the shapes of these probability
distributions are not identical for different level widths.
While they are very similar in the Doppler region, up
to a few eV, at greater separations b where the
Breit-signer form predominates, the probability of
smaller cross sections drops o6' far more rapidly for
smaller values of F. In the example given, the level of
width 5 eV has its cross section reduced by a factor
of 1000 at a distance b equal to 128 eV. The correspond-
ing distance for the 0.2-eV level is 26 eV. It is clear that
the detection of resonance scattering is greatly in-
creased for broader nuclear levels, for not only is the
actual cross section larger (important where an ex-
perimental cutoff exists) but aiso, owing to the in-
creased sensitivity width, more gamma lines become
available for resonance scattering.

For levels having similar nuclear properties, in a
given nucleus, the experimental distribution in (0»)
could be expected to give information on the average
levelwidth and possibly the statistical Quctuation in
these levelwidths. Xo direct conclusions can be drawn
however, for the combined distribution of effective
cross sections for all the 45 measured resonances, since
the resonances occur in different nuclei, for different
sources, and in most cases the cross sections must be

increased to take into account the isotopic abundance
of the actual unknown isotope responsible for the
resonance. As an illustration of a case where the latter
uncertainty is reduced, Fig. 5 shows the combined
distribution of effective cross sections for all the 11
resonances found in La and Pr, effectively mono-
isotopic elements. The statistics are of course very poor,
but the integral distribution seems to be in agreement
with an exponential relationship. However even in this
case the experimental distribution is a sum over a large
number of distributions similar to those in I'ig. 4, with
differing nuclear parameters and Doppler widths, in
addition to which there is the effect of the cutoff
dictated by the experimental conditions. Because of the
very poor statistics available per target nucleus in the
present experiment, no direct conclusions can be drawn
concerning the general level properties, except of
course that the lower limit for the level widths can be
calculated in each case assuming a separation 8=0.
If more sensitive experiments become possible, as dis-
cussed below, so that a large number of resonances can
be observed for each target, valuable information could
be found from the distribution in effective cross
sections.

The above analysis has not taken into account the
cutoff cross sections, denoted by 0-., which depends
upon the experimental conditions, particularly the in-
tensity of the gamma line, the electronic cross section,
and geometry of the scatterer. If the electronic total
cross section is much greater than the nuclear eBective
cross section, 0, is not dependent on the properties of
the particular nuclear level involved. For the case where
electronic absorption predominates, the effective cross
section is determined experimentally using the follow-

I I I I I I I I I

loo

IO—

I I I I I I I I I ! I

0 I 2 3 4 5 6 7 8 9 IO I I l2
NUfnber of resonances wifh cross section greofer

I'hon &aye&

FIG. 5. Integral distribution of the effective cross sections
for the 11 resonances in the mono-isotopic elements lanthanum
and praseodymium.
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gamma line sources as a function of energy. The various lines
are divided into 11 intensity groups (A, 8, . ~ ., E), the mean in-
tensity of adjacent groups differing by a factor of 2. && denotes
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ing Eq. (3),

C., &, 11.2 (1+%)~.

Co g., AQ 1—expL —(1+v2)o.!Vxo]

where the parameters are as defined for Eq. (1). The
expression in curly brackets is de6ned as the thickness
parameter p, and can be shown to vary slowly with

energy over the range 5—9 MeV. p is shown for each
scatterer in Table II, for an energy of 7 MeV. The
values of x can be seen to be between 2 and 75 b, the
majority being in the range 10—30 b; hence in order to
examine average values of cr, we have taken a typical
value of 20 b for x. More precise calculations for a
particular scatterer must take into account the actual
value of y in each case. Substituting the experimental
values for (go/p„) 11.2/0, averaged over the energy
range, into Eq. (3) we find

(~v~)=246o(C-/Co)(x/2o&) (4)

The cuto6 value o, is then found by substituting the
value of Co for the particular gamma line, and the
minimum detectable value of C„ for that energy and
the relevant background conditions. Both these
quantities depend upon reactor power and the duration
of the experiment. %e have assumed a two-hour ex-
periment at 2 MK, typical for the cross-section experi-
ments carried out. The experimental values of Co for
each individual gamma line were obtained by nor-
malizing the integrated direct spectrum for each gamma
source using the experimental detector response func-
tions, and multiplying by the published tabulated line
intensities. These values of Co are shown in Fig. 6,
where it can be seen that the intensities vary by over
three orders of magnitude, with over 200 individual
gamma lines contributing to the over-all line spectrum.
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FK'. 7. Typical background curves for the four combinations of
strong and moderate sources and low- and high-Z scatterers.
v' Scatterer: Au; source: Cu: ~ Scatterer: P; source: Cu; o
Scatterer: Bi; source: V; ~ Scatterer: Mg; source V.

Undoubtedly many more lines of weaker intensity also
exist, and the spectrum will require revision as more
precise measurements and tabulations on capture
gamma spectra are published. The spectrum in Fig. 6
has arbitrarily been divided into 11 different groups
A, 8, -. , E, according to intensity, the mean in-
tensity of adjacent groups diBering by a factor of 2.
As the cross section is inversely proportional to Co,
the quantity o, is multiplied by a factor of 2 in going
from one group to its neighbor in the direction of de-
creasing intensity.

The minimum detectable value C,.(min) depends on
the detector resolution and on nonresonant background
intensity in the detector, itself a function of the particu-
lar combination of source and target. Typical back-
ground spectra are shown in Fig. 7, taking extreme
conditions. The background depends strongly on the
source intensity and target conditions, variations of
up to a factor of 10 being found for the extreme condi-
tions. Using the average values of the background, we
have estimated C„(min) as a function of energy, and
the results are shown in Fig. 8. As C„(min) varies ap-
proximately as the square root of the background in-
tensity, the use of the average values at low energies
introduces a possible error of a factor of 3 for the dif-
ferent source-target combinations used in the present
experiment.

The calculated values of fr„based on the data of
Figs. 6 and 8, are shown in Fig. 9 for three groups of



RESONA N T SCATTERI N G US I N G NEUTRON —CAPTURE y RAYS

IO—4

Ol
L

0
OJ

C
E

CJ
lA

O

resonances having relatively large cross sections, which
explains the small number of resonances observed in
those groups.

It should be emphasized that because of the many
approximations used, the above discussion on cutoB
cross sections is only qualitative, but does give orders of
magnitude of the sensitivity of the present experiment
for the different source-target combinations. In addition
these results can be used to predict the advantages
expected from various modi6cations of the present
experiment.

DISCUSSION

The pronounced resonance scattering found for ele-
ments in the region of closed shells has been discussed

7
MeV

8 S

FIG. 8. Variation of C„(min}, the minimum scattering in-
tensity under the photopeak for detection of a resonance. Ex-
perimental conditions: 2 MW, 2 h counting time.

gamma rays. The values for any other galena in-
tensity group can be found by using the appropriate
intensity. Comparing these values with the experi-
mental cross sections summarized in Table III and
Fig. 6, it can be seen that the great majority of reso-
nances are due to gannna lines in groups A—E. Lines in
groups with lower intensity than F could only detect
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FIG. 10. Strength function according to Cameron as a function of
the mass number A for different excitation energies E.

previously by Axel' and by the present authors. '
Cameron" studied the behavior of the strength func-
tion I'0/D as a function of energy and mass, and derived
the following relationship:

I'0/D= CA21'E', (5)

were Ffl is the mean level width for decay to the
ground state, D is the mean level separation and C is
a constant. Using the above equation, the expected
variation of I'0/D is shown in Fig. 10 for different values
of F. and A.

FiG. 9. Variation of the cutoff cross section e, as a function of
energy, for three different gamma line intensities. The assign-
ments A, F, and K are the same as in Fig. 6.

' P. Axel, Phys. Letters 4, 320 (1963}."G. W. Carmeron, Can. J. Phys. 35, 666 (1957).
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The curves show a smooth variation with respect to A
and no shell effects can be expected in the value of the
strength function using Cameron's relation. However,
it is known that heavy nuclei near or at closed shells
have relatively larger level separations than nuclei
far from closed shells, and hence, for a given strength
function as given by the Cameron equation, they have
larger values of the mean level width 10. Because of the
experimental cutoff in the resonant scattering cross
section the present experiment discriminates against
low values of I'0. More resonances would therefore be
observed in the region of closed shells, where there are a
few broad levels, than in nuclei between shells, having
many narrow levels.

The low density of low-lying levels in the region of
closed shells reduces the probability of a dipole transi-
tion to an excited state, thus giving a ground-state
branching ratio (I'0/F) close to unity for highly excited
states below the neutron emission threshold. For
nuclei far from closed shells this branching ratio is
usually much less than unity, which greatly reduces the
scattering cross section, and therefore the probability
of observing resonant scattering from these nuclei.

Another effect favoring the observation of resonant
scattering in nuclei with an even neutron number is
the rapid drop in the branching ratio above the (y,n)
threshold. Since even-1V nuclei have higher (y,.e) thresh-
old energies than odd-X nuclei, they have an extended
energy region for observation of resonance scattering.
The rapid drop in the threshold energy for the heavy ele-
ments U and Th is in itself sufhcient to explain the
absence of observed resonance scattering above 5 MeV.

Using the above arguments, Axel predicted pro-
nounced scattering for Pb, Hg, and Pt among the heavy
element even-even nuclei, for Bi, Tl, Pr, I.a, and Y
among the odd-Z even-E nuclei, and for Ba, Ce, Nd,
Sr, Zr, Mo among the medium weight elements. These
predictions are very well borne out by the experimental
results presented here.

In favorable cases it has been possible to analyze
individual resonances and to measure the level parame-
ters Fo and r. To do this a combination of several ex-
perimental techniques was used, including measure-
ment of the effective cross section for resonance scat-
tering and the changes due to temperature variation
of the scattering target, ' self-absorption technique, '
and rapid rotation of the scattering target to give a

Doppler energy shift to the galrona ray. " However,
these methods are only applicable to resonances having
a separation of less than 15—20 eV between the gamma
line and the level energy, and because of the good
statistics required, such measurements have only been
carried out for the relatively few cases where a very
large scattered intensity is available. Four cases have
been reported in the literature' ' ""and the results
do not permit any general conclusions to be drawn on
the levelwidth distribution.

As discussed above, the observed distribution in
eRective cross sections does not permit any analysis of
properties of the nuclear levels, because of the poor
statistics available for any particular nucleus. However,
the present experiment can be considerably improved in
several ways. For example the gamma source can be
strengthened by using a higher thermal neutron flux.
An increase by a factor of 100 would in effect increase
the efFiciency of the experiment by a factor of 10,
assuming that the background increases at the same
rate. The use of such high-intensity sources would
also permit the use of higher resolution Ge counters,
this again reducing the cutoff cross section for deter-
mining resonance scattering. By introducing both of
these improvements it is hoped to reduce the cutoff cross
section by one or two orders of magnitude. The in-
crease in the number of observed resonances then ex-
pected depends, of course, on the assumed level width
distribution, and may be calculated from the derivation
of the cutoG cross section given above, in conjunction
with the Cameron relation. It is expected that for
mono-isotopic targets in the closed-shell region these
improvements wiO permit the identification of at least
100 levels per target in the energy region 5—9 MeV. It
will then be possible to obtain valuable information on
the level parameters of these nuclei, without the neces-
sity of individual parameter analysis of each resonance.

The potentialities of the method described are clear,
and it is hoped that resonant scattering using the ran-
dom overlap between thermal neutron-capture gamma
lines and highly excited nuclear levels can be developed
as a powerful tool in nuclear spectroscopy.
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