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Although the partial radiation widths of the
high-energy states excited by neutron capture
have been studied for many years, little is
known about the average widths of transitions
from many initial states to individual final states.
The reason for this dearth of information is
that the broad Porter-Thomas distribution'
that governs the widths of transitions from
individual initial states prevents the thermal-
neutron-capture y rays from giving useful av-
erages, and it is not technically feasible to
measure the spectra of enough individual neu-
tron resonances to deduce average widths with
the required accuracy. We have bypassed these
difficulties by directly measuring the average
y-ray spectrum formed when neutrons that
are distributed in a relatively broad band of
energy are captured in many resonances. In
this paper we describe the application of this
new method to a study of the dependence of the
radiation width on y-ray energy.

Basically, the method of measurement con-
sists of observing, with a Ge-diode y-ray spec-
trometer, the capture y rays emitted by a B"-
surrounded target that is placed in a high-flux
region of a nuclear reactor. The boron absorb-
er selectively removes low-energy neutrons
and the 1/E spectrum of the incident neutron
flux assures a low intensity of energetic neu-
trons. The combination limits the energies

of the neutrons absorbed in the sample to a
band that is broad enough to contain many reso-
nances but narrow enough to preserve the ex-
cellent resolution of the Ge diode. A key con-
cept of the measurement is that, even though
there is a great variability in the magnitude
of the contributions by the various resonances,
a. meaningful average is obtained if one has
contributions from enough resonances.

The experiment outlined above is feasible
only because of the high sensitivity of the in-
ternal-target facility' in the reactor CP-5.
Here, the target is mounted in the high-flux
region of a tube that passes straight through
the reactor tangent to the core. Both thermal
neutrons and a, 1/E spectrum of epithermal
neutrons impinge on the target from all direc-
tions. Capture y rays from the target are viewed
by a Ge-diode detector located outside the re-
actor, about 5 m from the target. A careful-
ly designed collimation system ensures that
the main source of radiation viewed by the
detector is the target of interest.

In our measurements, the thermal flux at
the target was 3&&10" sec ' and the epither-
mal flux was roughly (18/E) x 10" eV ' cm
sec '. The solid angle viewed by the detector
was about 2&&10 ' of the unit sphere. The de-
tector had an active volume of 4 cm' and gave
a resolution width of about 8 keV at 7 MeV.
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FIG. 1. Average spectrum for the reaction Pt (n, y)Pt~~ . The energies associated with the peaks are the ener-
gies of final states fed by the high-energy transitions in Pt~e~.

The final collimator allowed about 0.6 cm'
of the detector to be illuminated by the source.

The validity of the method outlined above
was checked by measuring the average spec-
trum of Pt"'(n, y)Pt'" and comparing the re-
sulting average widths for high-energy tran-
sitions with the values obtained by Jackson
et al. ' from an observation of 22 individual
resonances of Pt"'. In this comparison the
B" a.bsorber was made relatively thin (-0.30
g/cm') so that the resonances that contribute
most to the average spectrum are the same
as the ones studied by Jackson et al. ' The plat-
inum target was a disk 1 in. in diameter and

—,
' in. thick.

The average spectrum of Pt"'(n, y)Pt"' for
the thin B"absorber is given in Fig. 1. Here
we see y-ray lines of roughly equal intensity
for transitions to all the low-energy states
in Pt"' that have been observed in the study
of individual resonances. In addition, there
are prominent lines from capture in 8". At

y-ray energies less than 6.1 MeV the spectrum
is too complex to be interpreted quantitatively.

In addition to the excellent quality of the da-
ta, two features of the spectrum in Fig. 1 are
noteworthy. First, the plantinum lines have
a distinct tail on the high-energy side, an ef-
fect that is not present in the boron lines. This
asymmetry is even more pronounced for the

platinum lines obtained with a thicker B"ab-
sorber. Presumably the tail results from cap-
ture of neutrons in the keV region and its pres-
ence is definite evidence that the lines result
from primary transitions.

The second interesting feature is the pres-
ence of a strong line at 6560 keV. Although

this line was not seen in the previously report-
ed measurements of resonance capture, it ap-
pear s to be associated with a transition to a
state in Pt'" at 1360 keV. The existence of
such a state has recently been reported by Jan-
sen and Pauw.

The average widths obtained in our measure-
ment are compared with those of Jackson et al. '
in Table I. Except for the problem with the
6560-keV line, the agreement is good in view
of the fact that the contributions from the var-
ious resonances are weighted in entirely dif-
ferent ways in the two experiments. On the
strength of this agreement and the fact that
everything about our data is consistent with
what is expected, we conclude that our meth-
od is basically sound.

The emphasis in the initial applications of
the new method of measurement has been on
the study of the widths of high-energy radia-
tive transitions as a function of the Z-ray en-
ergy. The first reaction studied has been
Pt"'(n, y)Pt"'. The measurement to determine
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Relative intensity
Jackson This
et al. experiment

7.920
7.564
7.231
6.777
6.560
6.516
6.310
6.237

0
356
689

1143
1360
1404
1610
1683

2.0
1;2
1.4
0.7

2.0
1.25
1.24
0.75
0.70
0.79
0.66
0.77

aAll values +20%.

the energy dependence is like the one that led
to the spectrum in Fig. 1, except that it is made
in such a way as to allow a greater number
of resonances to contribute signicantly to the
average spectrum. This is done by surround-
ing the platinum sample with a thicker 8" ab-
sorber, which has the effect of diminishing
the contribution of low-energy resonances and

hence expanding the effective energy range in
proportion to the square of the absorber thick-
ness.

The widths obtained from a measurement
with a thick (0.60 g/cm') B"absorber are giv-
en in Table II and are presented in Fig. 2 as
a plot of I'&&/E&' vs E&, where I

&&
is the av-

erage radiation width for transitions to a final
state j and E» is the»-ray energy. One sees
that the data appear to be inconsistent with the
E»' energy dependence that is expected from

Table II. Average intensities measured with a thick
(0.60 g/cm ) Bi absorber. The quantities I', I'/E ~,

and r/E& are in arbitrary units and the uncertainty in
each quantity is about +11%.

Final
state
( eV)

0
356
689

1143
1360
1404
1610
1683

1000
707
696
393
378
354
331
326

1000
811
915
629
665
635
654
668

1000
890

1099
860
972
937

1029
1072

Table I. Average intensities measured with a thin
(0.30 g/cm2) Bt absorber. The data are normalized at
the ground-state transition. Most of the energies listed
are those reported by Jackson et aL3

y-ray Final-state
energy energy
(MeV) (keV)

the single-particle model', rather, the widths
seem to vary approximately as +»'.

Before the E»' dependence of the widths can
be accepted as significant, the uncertainties
in the widths must be evaluated. Statistical
errors associated with the number of counts
ar e only a few per cent and may be neglected.
The uncertainty in the energy dependence of
the detector efficiency is also small, since
the relative efficiency was accurately deter-
mined from the relative intensities of well-
understood»-ray cascades in Be", B", C",
and N", as described in detail in Ref. 2. The
main error results from Porter-Thomas fluc-
tuations in the radiation and neutron widths
of individual resonances. In principle, the
magnitude of this uncertainty in the average
widths can be calculated from the known con-
ditions of the experiment, but we consider this
calculation to be too complicated to be reliable.
Therefore, we have used an approach in which
the key information is obtained from the aver-
age spectrum itself. This information is the
pulse-height spread or width w (full width at
half-maximum in energy units) of the observed
platinum lines (which are broadened by neutron
capture over a range of energy), as compared
to the width u» of the unbroadened line from
capture in boron. Then the width tv~ of the spec-
trum of captured neutrons is given by so~'= M)'

-ze»2. Mor cover, approximate calculations
show that the rms uncertainty in the intensity

I& of a line from resonance capture is given
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FIG. 2. Energy dependence of widths of high-energy
transitions in Pt~ee. The decay scheme on the right
summarizes the published information about low-ener-
gy states in Pt ~ that are fed by strong neutron-capture
y rays-i. e., states with J=0, 1, or 2.
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by

bI (2+ p )"2
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n
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0 D ( r )a a
(2)

where o, is the peak cross section of a reso-
nance, I'~ is the neutron width, and I' is the
total width. The statistical factor gz is 2(2&~
+ 1)(2I + 1) ', where I is the spin of the target

where D is the spacing of resonances that form
the average spectrum. The quantity p, , which
satisfies the relation 0& ILL &2, is associated
with the fluctuation of neutron widths. Numer-
ical calculations show that the accuracy of Eq.
(1) is quite insensitive to the shape of the spec-
trum of captured neutrons.

For the platinum data p, = 1, D=25 eV, and
Ml~=6. 5 keV. Hence the rms uncertainty in
the measured intensity is about +11%. This
value is believed to be quite reliable and is
in satisfactory agreement with the +9% rms
deviation of the data points from the solid line
in Fig. 2.

A second major source of uncertainty about
the significance of the data is our ignorance
about the spins and parities of some of the fi-
nal states. What is known about the states from
other measurements is summarized in Fig. 2.
The y-ray spectrum surely is formed almost
entirely by s-wave neutron capture. Thus,
since the spins and parities J of the first three
states of Pt"' are known to be 0+, 2+, and 2+,
the three transitions of highest energy are sure-
ly El in character. Moreover, in view of the
smooth E& dependence of the average width
the other transitions must also be El —since
other multipolarities would be expected to be
an order of magnitude weaker. This expecta-
tion implies that all of the low-energy states
involved must have positive parity and J=0,
1, or 2. The results of Jackson et al. ' suggest
strongly but do not prove absolutely that none
of the states have J=1.

The data of Fig. 2 may also be used to show
that none of the final states have J= l. In spite
of multiple scattering of neutrons in the sam-
ple, it can be shown that the intensity Ia~ of
transitions from initial state a with spin Ja
to a final state b is given approximately by the
relationship

nucleus. The exponent rn satisfies the relation-
ship 2 &I & 1 and its value is roughly 0.6 for
this experiment. Thus, on the assumption that
I'&/D~, 1'~/D~, and the total radiation width
are all independent of Ja, one sees from Eq.
(2) that the transitions 1 -0+, 1 -1+, and
1 —2+ are of equal strength, and that the tran-
sition 0 —1+ is roughly 0.65+ 0.2 times as
strong. As a result, since a 1+ final state can
be populated by both the 0 and 1 initial states
that are formed by s-wave capture in Pt'",
in the average spectrum the intensity of tran-
sitions to the 1+ final state is expected to be
about 1.65 times the intensity of transitions
to 0+ or 2+ final states, and the data points
would be expected to fall along the two lines
drawn in Fig. 2. Unfortunately, the platinum
data do not provide a good test of this expec-
tation, since all of the states known to have
J= 1 are at too high an energy to be resolved.
Nevertheless, since all of the points cluster
along one line and since the reduced width of
the poorly resolved transition to the 1810-keV
state with J=1 appears to lie well above the
line for J=O or 2, the data provide fairly con-
vincing evidence that none of the final states
of interest have J= 1.

The arguments outlined above show that the
transitions listed in Table II are almost cer-
tainly El transitions from 1 initial states to
either 0+ or 2+ final states and that the width
of each of these transitions is uncertain by
about 11%. If the widths are assumed to vary
as E&™,where n is a constant, then a least-
squares fit to the data gives the value e = 4.9
+0.5 where the uncertainty in e results from
the 11/0 error in the individual widths. Thus,
the data are almost surely inconsistent with
the E&' energy dependence predicted by the

single-particle model.
There is no adequate, theoretically based

explanation of the E&' dependence of the exper-
imental widths, although an idea introduced
by Brink' and developed by Axel may be rel-
evant. These authors postulate that the high-
energy transitions following neutron capture
result from the same physical processes as
are responsible for the dipole giant resonance
and that the energy dependence of the transi-
tions may be inferred by extrapolating to low
energies the shape of the dipole resonance.
Axel has considered this idea in detail and shown
that the classical Lorentzian shape (which fits
the central part of the giant resonance) leads
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approximately to an E&' dependence of the widths
for transitions to the ground state when E& is
in the neighborhood of 7 MeV.

Unfortunately, the energy dependence inferred
from the giant resonance refers to ground-state
transitions from a variable initial state, where-
as our data consist of transitions from a fixed
state to a variable final state. The (P, y) mea-
surements of Alias et al.' suggest why the da-
ta nevertheless conform to the E&' dependence.
For very light nuclides such as C", these au-
thors find that the giant resonances built on
excited states are similar to the resonances
built on the ground state, except that the reso-
nance curve is shifted towards higher energy
by an amount that is equal to the energy of the
excited state. If this behavior is assumed to
exist for heavy nuclides also, then it is easily
shown that the energy dependence of radiation
widths depends only on the y-ray energy, in-
dependent of whether the energy of the initial
state or the final state is varied.

It is still too early to know whether the high-
energy radiative transitions in most heavy nu-

clides are related in a simple way to the shape
of the main part of the giant resonance. How-

ever, it is clear that the average-spectrum
method of measurement is capable of provid-
ing the answer.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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In a recent paper' Franco has pointed out
that double-scattering effects in the quark mod-
el' may produce appreciable corrections to
total cross sections. In this note we should
like to point out that the same double scatter-
ing provides a natural explanation for the sharp
break in the high-energy proton-proton differ-
ential cross section at a momentum transfer
square of about 0.6 (GeV jc)'. Provided the
quark model, or any other composite model,
is accepted, the possibility of such an expla-
nation is strongly suggested by the recent work
of Franco and Coleman, ' who show that a sim-
ilar structure in proton-deuteron scattering
can be explained as a double-scattering effect.

In this paper we shall try to make semiquan-
titative estimates of the double-scattering con-
tribution to the proton-proton differential cross
section, assuming a quark-model description
of the protons. We consider the elastic scat-

tering of two high-energy protons in the cen-
ter-of-mass system,

P(i) +P(-i) -P(q.+ &) +P(-q-&)

We shall assume that each proton is composed
of three quarks at positions r„r„and r, rel-
ative to its center of mass (thus r, +r, +r~=0),
and may be described by a nonrelativistic, com-
pletely antisymmetric spatial wave function

g(r» r„r~)." For convenience we normalize
F(b,), the proton-proton scattering amplitude,
so that

do/d~'= w IZ(~) ]'

and

o = 4v ImF(0).

Then, assuming that quark-quark scattering
is spin and isospin independent, the usual ap-
proximations associated with the eikonal meth-
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