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Measurement of Scattering Cross Sections for Low-Energy Neutron Resonances
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The thick-target method for the measurement of the ratio of total to scattering cross section for low-
energy neutrons as a function of energy has been extended to include semi-thick targets. A family of cali-
bration curves has been developed by means of which the measured scattered count may be interpreted in
terms of (o,/o~) in the range 0-1.

The 5.19-ev and 16.6-ev levels of silver have been investigated by this method. The data agree very well
with a Breit-Wigner shape over a wide range centered at the resonance, although slight deviations can be
noted at distance & 10I' away from resonance. The scattering measurements yield three independent
ratios between various groups of the Breit-Wigner parameters. These ratios may be used together with
transmission data to calculate the parameters. The results obtained for silver are for the 5.19-ev level:
I'=0.128 ev, I"„=0.0155 ev, Ol0=22 200 barns, Rg 1=0.66 barn&; for the 16.6-ev level: I'=0.110 ev,
P„=0.039 ev, 0'pp= 7300 barns, Rs p

——1.10 barn&; o„(normal element) =5.90 barns.
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mission as a function of energy, and provide such quan-
tities as the resonance energy, level spacing, and in
many cases, reasonably accurate values of the level
strength. In some cases, such as the Cd resonance""
at 0.176 ev, where the capture process is predominant,
and the fast neutron resonance in sulfur" at 108 kev,
where scattering is predominant, good experimental
evidence has been provided for the validity of the
Breit-tA'igner resonance equations. Recently, a method
has been developed for measuring the ratio of scattering
to total cross section as a function of energy, which is
particularly applicable to resonances wherein both the
capture and scattering processes are appreciable. This
situation is characteristic of a large number of low-
energy resonances of the medium and heavy elements.
The 4.91-ev resonance in goM has been studied" in
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detail by this method. Brockhouse30 has used a similar
method to study the strong capture levels in cadmium,
rhodium, indium, and several rare earth elements, all
at relatively low energies. It has been shown by these
investigations that this type of measurement provides
an additional means of evaluating the resonance level
parameters; in particular, the spin of the compound
nucleus.

The method consists of counting the neutrons scat-
tered from a thick target of the element under inves-
tigation, utilizing a slow neutron spectrometer for
energy determination. Although thin targets (in the
sense of near unity transmission) have the advantage
that the measured scattered count may be interpreted
directly in terms of scattering cross section, they have
the disadvantage of low counting rate and limited
energy range near a resonance over which the trans-
mission is near unity. In addition, the data generally
require resolution and Doppler corrections. On the
other hand, a thick target possesses none of these dif-
ficulties. A target which is thick in the wings of a
resonance will be more so in the region of the peak,
while the counting rate is many-fold higher. Also reso-
lution and Doppler eGects are much less important. One

difhculty that exists in the use of thick targets when the
percentage of scattering is not negligible, is the inter-
pretation of scattered counts in terms of cross section.
This is not available directly for thick targets because
the scattered count contains an appreciable percentage
of multiply scattered neutrons. Furthermore, calculation
of the relationship between scattered count and target
cross section involves a prohibitive amount of laborious
numerical integration. The problem has therefore been
resolved" empiricially in the following way:

The scattered count from a thick sample of the
unknown target (E,) is measured as a function of
energy, together with that from a carbon reference
target (~V,), alternating the targets in successive cycles.
By taking the ratio cV,/Ã„ the data are made inde-
pendent of incident neutron flux and variation of
counter efFiciency. It is then easy to show that

where cr, and a& are the scattering and total cross
sections respectively of the unknown target, and f, (9,a„)
are functions of geometry and the relative thickness,
(a,), of the unknown target. (a„=no,a, where
= number of atoms per cm', and a = thickness in cm.)
Calling this ratio F, we see that, aside from geometrical
considerations, Ii depends in general upon the relative
thickness and the ratio o.,/o ~. If, however, the thickness
of the target is such as to satisfy the criteria: T(=neu-
tron transmission) & 0.1, and o,/«& 0.5, over the
range of measurement, the target can be considered
"infinitely thick. " The functional dependence upon
energy of the coeKcients of (o,/o. &) in Eq. (1) then

disappears, and we may write:

g (0)(o /«)'

where g;(0) are functions of geometry alone and are
independent of the properties of the scattering nuclei.

then becomes a function of a-,/o.
& alone and it is

possible to determine this function empirically by
measuring the scattered count from a standard target,
satisfying the thickness criteria, for which the ratio
o,/o& as a function of energy is already known. The
resulting curve (Fig. 6, reference 32) may then be used
to determine o,/o-, from the scattered count data taken
with any infinitely thick target.

Many resonances exist, however, for which the afore-
mentioned technique would not be valid, owing to the
impossibility of satisfying the criteria for infinite thick-
ness over the range of measurement. The present paper
is concerned with an extension of the method to include
moderately thick targets, thus widening the scope of
this type of measurement. Of particular value is the
extension of the range of valid measurement further
into the wings of the resonances, especially in the case
of weak levels. In addition, procedures for analyzing
the measured data to determine level parameters are
also presented. These will be exemplified by the two
lowest levels of silver, at 5.19 ev and 16.60 ev, respec-
tively.

II. EXTENSION OF THE METHOD

From Eq. (1), the counting-rate ratio can be seen to
be a function of both the relative thickness and of o,/«
whenever the target does not satisfy the criteria for
infinite thickness. It follows, therefore, that the cali-
bration in terms of a standard target for noninfinitely
thick targets is valid only when the relative thickness
is the same for both. When this condition prevails, the
comparison is valid for any value of o,/a&. However,
because of the energy dependence of a„, which in general
will not be the same for the unknown as for the standard,
the comparison would be valid at only one value of the
energy. This suggests the use of a family of calibration
curves, each valid for a different value of a,. Such a
family of curves could be developed from measurements
taken on a series of standard targets of varying thick-
nesses covering a sufFiciently wide range of a„and a
range of o.,/« from 0 to 1. Actually, only a range of
o,/«between 0.5 and 1 need be considered since for
o,/a&&0. 5, it is always possible to satisfy the criterion
T((1 for targets of reasonable physical dimensions and
therefore use the calibration curve obtained previously.

This procedure for extending the method to targets
of any thickness and o.,/o&)0. 5 has one difhculty. Its
use presumes a prior knowledge of a„and therefore of
o-& as a function of energy. For most of the known reso-
nances, this is not a serious objection since it is possible
to determine with reasonable accuracy the values of 0-&
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by fitting the experimental data (open circles). As may
be seen, a good ht to the dispersion formula is ob-
tained in the range for which o.,/a~&0. 5. However, on
the left are five points for which o,/o ~)0.5, for which
the calibration curve for infinitely thick targets is not
valid, and for which it was consequently predicted that
they would fall below the theoretical curve, as shown

in the 6gure. The calibration curves of Fig. 3 were then
used to determine a,/o.

& from the original data for these
points. The resulting values of o,/oi (black dots) now

fall on the theoretical curve, which, since this is an
isolated level, tends to confirm the validity of the new
calibration curves. It is signi6cant that four of these
five points required the use of the new curves in the
region where it was 61led in by extrapolation.

The shape of the curves in Fig. 3 indicates that, for
a„) 2.0 and o,/oi& 0.9, the conversion of Il to
o,/o. , is insensitive to the value of a,. Consequently, for
most applications only a very rough knowledge of o-& is
required in advance. In the region where the curves
slope more rapidly (high o,/o& and low a„), for which
more accurate values of a„are needed, the curves are
generally used only for the wings of the resonance
where such values of (T& are available from transmission
measurements. In the rare cases where this is not so
(weak resonances having high I'„/F), a trial and error
procedure may be used. Using transmission data as a
guide, one may guess values of 0.

& in this region as a
first approximation to be successively refined by curve-
Qtting.

III. DOPPLER EFFECT

Since the ratio o,/o & is the quantity measured in these
experiments and since Doppler effect should broaden
the resonant peaks of o-, and 0.

& in the same manner, the
effect on their ratio is expected to be small. This was
tested by applying Doppler correction'4 to the Breit-
'tA'igner equations for capture and scattering, including
in the latter Doppler broadening of the interference
term. The approximations involved in this computation
are the assumption of a Maxwellian gas model for the
target and the neglect of the factor (Ep/E)'* in the
capture cross section, which is very nearly unity in the
range investigated. Neither approximation leads to
appreciable error.

Since this effect would be most noticeable in cases
like the Ag 16.6-ev level, where the ratio of natural to
Doppler width appears to be relatively low, the param-
eters of this level as determined below were used to make
a computation of o.,/o. i, with and without Doppler
correction. The results are shown in Fig. 6. The solid
line represents the theoretical Breit-signer curve of
o,/rr~ without Doppler correction. The effect of the
correction is indicated by the dashed line. The deviation
of the latter from the uncorrected curve is small, and
extends over a very limited region near resonance. It
arises mainly from the fact that the Doppler effect

'4 H. Bethe, Revs. Modern Phys. 9, 140„(1937).
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sources: 0 points from scattering data of Fig. 1; Q points from
slight extrapolation of curves of Fig. 1; Q point from calibration
curve for in6nitely thick targets.

.8

flattens the region of the peaks very close to resonance,
so that in this region o,/o g would remain more constant
than it would for the sharp resonance peaks of the
natural level. The deviation is too small to affect the
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Fzo. 5. Portion of curve of 0-,/fr& vs energy for the gold 4.91-ev
resonance~ measured previously. The open circles represent the
experimental points using the calibration curve for in6nitely thick
targets, valid for 0&p,/p i&0.5. The black circles represent the
same data using the calibration curves of Fig. 3. The solid curve
is a theoretical Breit-Wigner curve with parameters adjusted for
the best 6t.
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The 5.19-ev resonance was measured with instrument
resolution widths of 6.15, 3.8, 3.1, and 2.4 microseconds
per meter, full width at the base of the resolution tri-
angle. No change in the curve was noted for resolution
widths of 3.8 microseconds per meter or less, indicating
that the curve is completely resolved under these con-
ditions. The 16.6-ev resonance was studied with a 2.4
microseconds per meter resolution. The curve for this
level is not quite resolved. Resonances below about 10
ev are completely resolved with resolution widths of
2.4 microseconds per meter and nearly so up to about
30 ev. Since this width represents the lowest that can
be used with the present apparatus, consistent with
reasonable running time, it was not feasible to resolve
this level.

FIG. 6. Doppler effect on p', /p & in vicinity of the silver 16.6-ev
resonance. Dashed curve is corrected, whereas solid line is uncor-
rected, for Doppler effect.

evaluation of resonance parameters from the data and
would in any case be hidden by the eGects of instrument
resolution. As far as the present measurements are con-
cerned, therefore, it is significant only insofar as it
affects the recoil energy-loss correction, ""in a small
region near resonance, where this correction is deter-
mined by a Doppler broadened curve of total cross
section. The net eGect is therefore to reduce the mag-
nitude of the correction.

IV. SCATTERING MEASUREMENTS ON SILVER

The experimental procedures followed in the scat-
tering measurements on the two lowest resonances of
silver were essentially the same as that established for
the gold measurements. "The only difference is the use
of a 8" target as a backing for the silver and carbon
targets in addition to its use as a background target.
This was done to avoid erroneous background measure-
ments, since part of the curves for both resonances
extended to the semithick region. The silver target. was
a slab 4 in. &(6 in. and 1-,' in. thick, having the smaller
surfaces bevelled at 45' so as to present an area of
4 in. &4 in. to the beam with uniform slant thickness
of 2.12 in. The effective target thicknt. 'ss in the direction
of the beam was 57 g/cm'.

Ps This correction was originally calculated (see reference 32)
for the gold scattering data on the assumption of a stationary free-
atom model for the target. Brockhouse and Hurst (see reference
36) have worked out the correction more carefully taking into
account thermal motion of the target atoms, both bound and free.
Because of the neglect of this motion, Brockhouse (see reference
30) estimated that some of the parameters reported by Tittman
and Sheer for the gold resonance would be in error by about
j.0 percent. Accordingly, the present authors calculated the
energy loss correction for this case (as well as the silver 5.19-ev
level) using the improved method, and found the difference to be
negligible. The reasons for this are that the correction is reduced
by instrument resolution in addition to Doppler broadening, and
that it is significant for such a small region relative to the range
of measurement that the experimental points involved can be
omitted without materially affecting the results of the curve-
Btting process.

, Brockhousp and D. Q. Hurst, Phys. Rev. 88, 542 (1952).

X+Y(E—Ep)
0'g =0'p+

4(E—Ep)'+rs
(5)

where Eo= energy of exact resonance, 0,0= capture
cross section at resonance, i' =F„+Fr= total level
width, I'„=neutron width, I'~=width for radiative
capture, X=4mGJXO'F„', I =16mGJXoF„R, o- =KG JR'
+47rG~'R", =total potential scattering cross section,
GJ, GJ' ——spin weight factors for the resonant and non-
resonant spin states of the compound nucleus, respec-
gively, R, R'=effective nuclear radii for the resonant
and non-resonant spin states.

Equations (4) and (5) are for monoisotopic targets.
When more than one isotope is present, the cross section
for an element containing k isotopes is given by

rso=rstp't+rsso'2+'' '+rsvp p

where 0-& o-~=cross sections for the individual iso-

topes, ei eJ, =number of atoms of each isotope per
cm' of target, as= number of atoms of all kinds per cm'
of target, o = crosg s|:ction of the natu, ra, l element. Thus,

V. ANALYSIS OF THE DATA

The experimental curves of o,/o& vs energy in the
region of a resonance provide information which, when
used in conjunction with transmission data, permits the
evaluation of all of the resonance constants. All of
these except J may, in principle at least, be evaluated
by a curve-6tting process from the transmission data
(p. & ps energy) alone. The advantage of using thick
target scattering data in curve-fitting is that, for the
same percentage error in the measurements, a curve of
o-,/p-, ps E is inherently capable of providing more
accurate values for some of the parameters than a curve
of o.] es E.

The Breit-Wigner one-level dispersion formulas form
the basis for the analysis. These will be used in the
following form:

~,pi" (Ep/E) 1

4(E—Ep)'+F'
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we may write
k

&=Q Gri&ip

where Gr, ——n,/e= isotopic fraction.
In the case of silver, there are two isotopes of nearly

equal abundance: Ag", for which G»=0.5135, and
Ag'", for which G» ——0.4865. Furthermore, the 5.19-ev
resonance is known" to occur in Ag"' whereas the
16.6-ev resonance occurs in Ag"'. In all of the subse-
quent discussion, the subscript "1" will be used to
refer to Ag'" and hence to the 5.19-ev resonance, while
the subscript "2" will refer to Ag"' and the 16.6-ev
resonance. Since the two resonances occur in diferent
isotopes, there is no possibility of interference between
the levels, and the cross sections for natural silver will
be given by

G„( „F),(E„/E): G„( „FP,(E., E:) /)
6

4(E—E„)'+F,' '
4 (E—Epi)'+F 2

Xl+ Vl(E Epl) X2+ Y2(E Epp)—
o..=o„+ (7)

4(E—Epi)'+Fi' 4(E—Epp)'+Fp'

The potential scattering for natural silver consists of
four components, two each for the resonant and non-
resonant spin states for each isotope. The factors G»l
and Gr& in Eq. (6) will be omitted in the subsequent
discussion, and the quantities (o,pI')~/(o, pF')p will be
assumed to be multiplied by the approximate isotope
factor. The subscripts will also be omitted in other
cases where there is no chance of ambiguity.

The quantities involving the level parameters which
may be obtained directly from the measured curve of
o,/oi, when the resonance is completely resolved, are
the following ratios: F„/F, o.„Fp/o„, and I'/o- . The
ratio X/o.„ is easily shown to be obtainable from the
first two of these. The evaluation of all of the Breit-
Wigner parameters of the level from these quantities
requires the independent knowledge of three additional
data. A convenient choice for these three quantities
consists of the resonance energy, Eo, the spin weight
factor, Gz, and any one of the quantities o-&Or', 0-„, X,
or I". For most of the strong, low energy resonances,
this auxiliary information may be obtained from trans-
mission measurements, particularly those taken on
recently developed high resolution neutron spectrom-
eters. In particular, the resonance energy has been
measured for a large number of resonances with high
precision. Also values of the level strength (o,pF') for
a number of resonances, as determined by independent
investigators have shown a high degree of consistency.
Finally, the spin weight factor, GJ-, can be determined
with the aid of high resolution measurements of the
peak total cross section. The scattering data yield the
quantity I"„/F directly. This is equal to the value of
o,/o. i at resonance. Thus, using the relation o ip

——4prGJ KP

)& (I"„/F) one may calculate two alternative values of o ip

corresponding to the two possible values of Gg. Com-
parison of the values so calculated with those obtained
by transmission measurements often enables a unique
choice of Gg to be made, which is consistent with both
the scattering and transmission data. In particular, if
the experimental value of r&0 lies definitely between the
two calculated values, the smaller value is at once ruled
out since measured values of o-&0 are always less than
the true value owing to resolution and Doppler effects.
This method of determining Gz is especially good where
the resonance occurs in an isotope of small nuclear spin
for which the alternative values of 0&0 are far apart.

YVhen Eo, G~, and 0-&OI' are known, the remainder of
the level parameters may be determined by analysis of
the measured curve of o.,/o. i vs energy as described in
the previous paper on gold. However, the curve-fitting
process may be simplified by replacing o.,/o-i with o,/o,
via the relation o,/a, = (o,/o &)/(1 —o.,/o i). If we divide
Eq. (5) by Eq. (4) and multiply through by (Ep/E)'*,
we obtain:

(,/, ) (E,/E)-:= (4.,/. „F) (E—E.)
+ (V/o, pI') (E Ep)+ (X+o—I')/o. pI'. (8)

Equation (8) represents a parabola in the form
y= ax'+bx+c, where y= (o,/o, ) (Ep/E)'*, x=E Ep, —
a=4o„/o.pF', b= I'/o'. pF', and c= (X+o„I')/o,pF'.
=X/a, pF'+o„/o. ,p. Since generally o„((o.,p, we may
write for the constant term of the parabola: c=X/o. pF'.

Thus, after the experimental values of o.,/oi have been
converted into (o,/a, ) (Ep/E) *', a quadratic least-squares
fit to these on an E—Eo scale is performed. This yields
the numerical values of a, b, and c for the parabola
which best fits the data in the range of measurement.

Having determined the constants u, b, and c, the
Breit-Wigner parameters may then be calculated from
the value of the level strength with the aid of Eqs. (4)
and (5) and the following relations:

F„/F=c/(c+1); ~„FP=~„F&(1—F./F);
X=c(,o1'); F=b(o..I"); „=-,'a(,oF'). (9)

5.19-ev Resonance of Silver

The above analysis was carried out on the scattering
data for the 5.19-ev level of silver on the assumption
that this is an isolated resonance in the range of
measurement (0.7 to 9.0 ev). The result of the least
squares fit is shown by the dashed line parabola of
Fig. 7. Inspection shows that although the experi-
mental points appear to 6t this curve well in the wings,
they are consistently below the curve in the region of
the minimum, close to resonance. Since this effect could
be caused by the contribution of higher energy reso-
nances, and possibly a level of negative energy near
zero, the procedure was repeated using a more restricted
range close to resonance; (below the horizontal dashed
line in Fig. 7). The results are shown by the solid-line
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in accordance with the relations (9). These are:

a= 0.0734&0.0040; b =0.1175%0.0071;

c=0.1381&0.0088.

.8—
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.6—

5—

,2—

I

I 1 —
1

X
2 3

FIG. 7. Parabolic curves of (0',/0', ) (Zs/Z)& as a function of E—Eo
for the silver 5.19-ev level. The solid curve represents a least-
squares fIt to the data below the horizontal dashed line, while the
dashed curve is the fit to all the data.

TABLE I. Table of parameters for the 5.19-ev and 16.6-ev
resonances of silver. Quantities marked with an asterisk represent
auxiliary data from other measurements. Values are for the normal
element except where noted.

fT fo

a„(isotope)
R'

*5.193 ev
*366b-ev'

1
0.121&0.007
0.128~0.016 ev
0.0155%0.0022 ev
5.90&0.37 b

44.43&3.17 b-ev'
37.80&2.59 b-ev2
0.66~10 barn&

22 200 b
*4.64 b
0.42 barn&

*16.60
90 b-ev'
0
0.35&0.05
0.11&0,013 ev
0.039~0.006 ev
5.90&0.37 b

31.5&4.1 b-ev~

31.6&3.8 b-ev2

1.10&0,11 barn&

7300 b
7.09 b
0.65 barn&

parabola of Fig. 7. This curve appears to fit the data well

near the minimum but not in the wings. Since the dis-

torting eGects of other levels (see discussion below)
should be negligible near resonance, the constants of
this parabola were used to calculate the level parameters

Values of 366+10 b-ev' for o-10F' and 5.193&0.005 ev
for Eo were used for the computation of the level
parameters. These represent the results of the most
recent measurements" at Brookhaven and agree re-
markably well with independent measurements of
other investigators. '' " The choice of a value for J
was relatively easy in this case since, of the two alter-
native values of o.

&o calculated with the aid of the first
of Eqs. (9), the one corresponding to J'=0 was con-
siderably lower than the peak cross section as measured
directlyin transmission experiments. The choice of J=O
is therefore ruled out, and J was taken to be 1.

A list of parameters calculated on the above basis is
shown in the 6rst column of Table I. The calculation of
R', the eGective radius for the nonresonant spin-state,
required the knowledge of an additional independent
datum. This arises from the existence of two isotopes
in silver, only one of which is responsible for the reso-
nance. Although in the above analysis, the second term
on the right of Eq. (6) and the third on the right of Eq.
(7) were assumed negligible, the constant term in Eq.
(7) o ~, now contains an additional component. It should
be written

o.„=4sgrRrs+4rrg'Rr's+Gzso „s, (10)

where 0„2 is the contribution of the nonresonant isotope
(Aglr) to the potential scattering of the element. Since
the scattering measurement 6xes only R&, in addition to
0-„, the potential scattering of either Ag"' or Ag'"
must be known. If 0-„2 is known, R&' may be determined
from Eq. (10). If o» is known, R&' may be determined
from the relation: Grro. „r——47rgrRrs+47rgr'Rr's.

The assumption may be made that the contributions
to the total potential scattering of the two spin-states
of Ag'" are in the proportion of their respective spin
weight factors. This is equivalent to assuming equal
nuclear radii for the two spin-states (Rr=R&'). From
this assumption we obtain (7„~=5.47 b and 0-„2——6.31 b.
I'The assumption that the nuclear radii for the two
spin-states are equal, is, however, open to question,
since the corresponding quantities were found to diQer
in the case of the 4.9-ev leveP' in gold, and in sodium
and cobalt' as well. An independent measurement of
the isotopic potential scattering would be preferable.
Such a measurement has been made by Hibdon and
Muehlhause" who determined both 0-» and 0-» by
counting neutrons scattered from thin foils of normal
and enriched silver, using cadmium and thick silver
filters to remove both thermal and resonance neutrons
from the beam. They obtained the values 0-„~=4.64 b;
o-„~=7.91 b. Using the value of 0-~~ as the independent

"R.E. Wood (to be published).
"C.O. Muehlhause, Phys. Rev. 79, 1002 (1950).I C. O. Muehlhause (private communication).
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datum yields R&'=0.42 b. The same value of o-» may
be used together with the value of o-„obtained from
the present measurements to calculate o.» by Eq. (10)
as a check on over-all consistency. When this is done,
a value of o-„2——7.09 b. is obtained which is 10 percent
lower than the measured value of 7.91 b. On the other
hand, using o.»= 7.91 as the independent datum yields
o.»= 3.78 b which is slightly less than 4'&E&' as deter-
mined from the scattering data. This would require E.'

to be essentially zero within the accuracy of the
measurements. These results are summarized in Table II.

A curve of o,/o~ vs energy based on the parameters
given in the first column of Table I is shown in Fig. 8.
The range of analysis is indicated by the vertical
dashed lines marked 3 and B. The slight deviations of
the data from a true Sreit-Wigner single-level shape
can be noted in the high- and low-energy regions,
although it is not as apparent here as when plotted in
the parabolic form of Fig. 7.

16.6-ev Resonance of Silver

The analysis of the 16.6-ev resonance was compli-
cated by two factors: (1) The strong level at 5.19 ev
contributes appreciably to the experimental curve near
the 16.6-ev level. (2) The experimental curve for this
level is not completely resolved. The former difficulty
requires the use of all terms in Eqs. (6) and (7), and

merely increases the computational labor since the
parameters for the 5.19-ev level are available. The latter
precludes the parabola method of analysis discussed

TABLE II. Values of isotopic potential scattering and non-
resonant spin state nuclear radius computed from several assumed
independent data together with the value of a~ (potential scat-
tering of the element=5. 90 b) derived from the present experi-
ment.

Assumed as the independent datum

R1=R1'

o-„1=4.64 b
o»——7.9j. b

Computed from assumed datum

o„1=5.47 b; o„g=6.3i b;
Ry'= 0.66 barn&

o„2——7.09 b; R1'=0.42 barn&
o 1=3.78b; R1'—0

above. A trial and error procedure was therefore
adopted for this level.

In the first trial analysis a value of 23 for o.toF' was
used, which was obtained from the transmission measure-
ments" of Merrison and Wiblin. "This appeared to agree
with an early rough value of 25 obtained at Columbia. '
The procedure used was as follows: Using o~oI'= 23, a
value of 1'„/I' was assumed which gives o,aF', F, and
I'„. Using for Rs the values o„s/4n. , the constants Xs
and I'& were calculated and a curve of o.,/o.

& ns energy
computed from Eqs. (6) and (7). This curve, however,
could not be compared directly to the experimental
curve since the latter is not completely resolved. There-
fore, the calculated curve is translated into a curve of
scattered counts (F) ns energy by means of the calibra-
tion curves. This resulted in the curve that would have
been measured with perfect resolution if the assumed
parameters had been correct. In order to make a com-
parison to the measured data, a resolution function
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pro. g. Curve of a,/0, ss energy for the 5.19-ev level of silver. Solid line represents theoretical Breit-Wigner curve using param-
eters obtained by a least-squares fit of the data in the range AB.

'0 After the analysis of this level was completed, the paper by Seidl et al. (see reference 29) was published reporting a value of 31
b-ev'. This value would not alter signiicantly the results of the ensuing analysis.



C. SHEER AND J. MOORE

LO

.8

.6

.5

.3

.2

l9
p

IS
I

I7

iL

/

I6
I

IS
NEUTRON

NEUTRON ENERGY IN ELECTRON VOLTS
I5 l4 I3 l2

I I

I I

I9 20 2I
TIME OF FLIGHT IN MICROSECONDS PER METER

22

IO

23
I

24

Fro. 9. Calculated scattering curves for the 16.6-ev level of silver on the basis of 0'~pP =23. The solid line and
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curves, and the heavy lines are the result of applying the resolution function shown, and which should be
compared to the experimental points (crosses).

t.s

~NEUTRON
I6 14

I

I I

IS l9
NEUTRON TIME OF

ENERGY IN
I3

I

20
FLIGHT IN

ELECTRON VOLTS
I2 II

I

2I 22
MICROSECONDS PER METER

IO

I

23

FgG. 10. Scattering curves for the I6.6-ev level of silver calculated
on the basis of F /F =0.40 for four values of p ~pF'.

appropriate to the apparatus must be applied to the
calculated F vs energy curve. Since the resolution
function is known only approximately, the results of
fitting such a curve to experimental data are neces-
sarily less accurate than if the experimental curve were
completely resolved. Fortunately, the present case is
one in which the data are only slightly altered by reso-
lution effects, so that the uncertainties in the shape and
width of the resolution function are not too important.

A series of such curves were computed for values of
F„/F ranging from 0.05 and 0.5. Two of these, corrected
for resolution, are shown in Fig. 9 for the choices of

I'„/F, 0.05 and 0.5. The crosses represent the experi-
mental points without the correction for recoil energy
loss. However, this correction will materially aAect

only points near resonance. Points lying above about
19microseconds per meter will be practically unaffected.
Nevertheless, Fig. 9 indicates marked disagreement
between the experimental data and the curves calcu-
lated on the basis of o,pI"= 23 for a wide range of I"„/I'
throughout the range of measurement. Furthermore,
the disagreement could not be eliminated by varying
either the resolution function or the value of E2. It was
tentatively concluded, therefore, that the available
values of 0-~01' were inconsistent with the present data.

A wide range of both 0gpFs and F„/I' were then in-

vestigated and plotted in various combinations. In each
case, the resolution function was applied to the calcu-
lated curve and the results compared to the data. It
was found impossible to match the shape of the experi-
mental curve unless a value of I' /I' 0.4 was used.

Figure 10 shows a set of four calculated curves for which
F„/I'=0.4 and 0'gpF'=23, 50, 100, and 150 respec-

tively. It is interesting to note that when F„/F is close

to 0.5 the curve of o.,/o.
& vs energy is sensitive to the

quantity 0-,0F' in the wings of a resonance. Figure 10
shows this eGect to be strongest for the 16.6-ev reso-

nance in the region between 18 and 23 microseconds per
meter, where resolution effects and the energy loss

corrections are unimportant. Consequently, the match
in this region was used as the basis for the tentative
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FIG. 11. Scattering curve for the 16.6-ev level of silver representing the best 6t to the experimental data.
Parameters used were a &OF'=90 b-ev', F„/F =0.35, o~= 5.90 b. The thin line represents the calculated curve
while the heavy line is the result of applying the resolution function.

choice of o.,sl'. The values I'„/I'=0.4 and o.,sl'=100
were used to complete the first trial analysis.

With these parameters as a starting point, the 6t was

successively refined by trial and error. The best 6t was
obtained for the values I'„/I'=0.35, o.~el'=90 b-ev',
X2=31.5 b-ev', and F2=31.6 b-ev'. A curve based on
these parameters is shown in Fig. 11. All corrections
have been applied to the data. The thin line represents
the calculated curve and the heavy line is the result of

applying the resolution function. The latter matches
the experimental points fairly closely except for the
point on the left, where the effect of the next level

(31 ev) would be expected to become noticeable. In
order to check the sensitivity of this analysis, par-
ticularly in view of the comparatively high values of
I'„/I' and r~prs obtained, a series of curves were plotted
in which these quantities were varied and the results
compared to the experimental data. This is shown by
the three curves of Fig. 12. They indicate that an uncer-
tainty ~&15 percent should be assigned to the above
values of r./r and o,rs.

Since no independent measurement of a-&0 for this
level could be found providing a value intermediate
between the two possible values indicated by the
present results, no definite assignment of J couM be
made. However, a tentative choice was made with the
aid of a measurement of the resonance absorption
integral. This quantity, denoted by Z, has been

measured by Harris et al. ,"and is given by

Using the value Z, =80.6 b, reported by these inves-
tigators, and I"„/I'= 0.35 from the present analysis, one
obtains Gqi'=0. 023. Inserting the values I"„/I'=0.35
and 0&07'=90 b-ev' into the relation

a.,si'= 47r Xp'g (I'„/I') I',
one obtains GJI'= 0.003. From these two figures
Gg=0.18 is obtained, which is more consistent with
~r (J=O) than with f (J=1).Accordingly, a tentative
assignment of J=0 was made for the spin state of Ag"'
responsible for this resonance.

The second column of Table I contains a list of the
level parameters based on the above evaluation.

DISCUSSION

It appears to be characteristic of the type of cross
section measurement described in this paper that it
leads to values of the peak total cross section in general
higher than those obtained from other measurements.
When the thick-target scattering technique was first
used to study the gold 4.91-ev level, " the resulting
value for o &s (24 600 b) required by the choice J = 1,"4'

'In view of the recent transmission measurement, the values
J=1, originally chosen for Au' 8, must be ruled out. The value
J=2, as reported by Wood (reference 42), appears to be the cor-
rect choice.

~ R. E. Wood, Phys. Rev. 95, 644(A) (1954).
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appeared to be in agreement with other measurements
of o,s 25 000 b, (mainly from self-indication experi-
ments). Since then more refined transmission measure-
ments have placed o-&p for gold at 31 000 b,""and more
recently at 37 000b." A similar situation exists with
regard to the silver 5.19-ev level. Early measurements

by Coster et al.~ as corrected by Groendijk" yielded
ogp= 8800 b for this resonance in the element. Selove"
obtained 12 000 b, Seidl et al." 14000 b, Draper and
Baker" 16000b, and Wood" 16500b. This upward
trend in the values reported for this parameter has
paralleled the concomitant improvement in resolution
with which the measurements were made. Consideration
of the existing discrepancy in o&p should therefore take
cognizance of the basic difference between the two

types of experiments as regards the importance of reso-
lution as well as Doppler effect. The thick-target scat-
tering experiment measures o,/o& which is a slowly

varying function of energy near resonance, and for
which the data can be completely resolved. Also the
results of Sec. III above indicate that the Doppler
effect does not distort the experimental curve measur-

ably. On the other hand, experiments whi. ch measure
o.

& alone (or o, alone) are faced with the difficulty of
determining a sharply peaked function that may vary
over several orders of magnitude in an extremely
narrow energy range near resonance. Evaluation of peak
cross sections would therefore require accurate reso-

4s ~ood, Landon, and Sailor (to be published).
«Coster, DeVries, and Diemer, Physica 10, 281 (1943)."J.E. Draper and C. P. Baker, Phys. Rev. 95, 644(A) (1954).

lution and Doppler corrections. In fact, the only case
where agreement has been reached between the results
of thick-target scattering and transmission experiments
is the scattering measurement by Brockhouse" of the
0.176-ev cadmium resonance. In this case the scattering
measurement indicated that the accepted value of 0~p

for this resonance was too low, and provided the incen-
tive for a careful measurement of the resonance by
transmission which raised the value to substantial
agreement with the scattering experiment. The energy
of this resonance is so low, however, that resolution and
Doppler corrections are virtually negligible.

The high resolution of the most recent transmission
measurements have reduced the discrepancy in o-t, p to
~10 percent for the gold 4.91-ev resonance and ~27
percent for the silver 5.19-ev resonance. In the latter
case this represents a sufficiently wide difference that
it is doubtful whether further improvement in resolu-
tion would close the gap. In fact, the Doppler correction
is now considerably greater than the resolution cor-
rection in the latest total cross section measurements at

5 ev. Since the Doppler correction would be greater
for silver than for gold, it is possible that a refinement
in this correction would serve to reduce the existing
discrepancies to the range of experimental error. How-
ever, the theoretical basis for such a refinement is not
clear at the present time.

In the case of the potential scattering, which does
not involve the resonant parameters, the results of the
present measurement in silver are in good agreement
with values reported by other investigators. Hibdon
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FIG. 12 Scattering curves for the 16.6-ev level of silver in which the quantities r„/r and 0 gpr are varied
by &20 percent and the results compared with the "best Gt" curve of Fig. 11. (The resolution function
shown has been applied to all calculated curves. ) Curve A shows a +20 percent variation in o ~pr' with
r„/r held constant. Curve 8 shows a &20 percent variation in r„/r with o.&pr constant. Curve C shows
a simultaneous &20 percent variation in both r„/r and 0 ~pr'.
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FIG. 13. Parabrabolic curves analogous to Fig, 7 for the gold
4.91-ev level.

and Muehlhause" obtained the values 0„(element
=6.50 b, 0-„(107)= 7.91 b, and 0.~(109)=4.64 b. More
recently, Wood" obtained o.„(element) =6.0 b, 0.~(107)
=7.3 b, and ~109 =~( )=4.7 b. These results compare
favorably with those listed in Table I.

The results of ththe present scattering measurements
on the 16.6-e. -ev level of silver seem to indicate that the
percentage of resonant scattering and the level strength
are considerably higher than that obtained from trans-
mission measurements. ' ""The value I'„,I'=0.3'
determmined herein, may be subject to doubt since the
scattering data for this level were t 1 1were no comp etely re-
solved. The disagreement in o- F' h, "n

of 3 to 1

o-&o owever, "ny a ratio
o to 1 constitutes a serious discrepancy because this
quantity is insensitive to resolution a d D 1 8an opp er eGects
when determined by transmission. Therefore improve-
ments in experimental technique would not be expected
to raise its value significantly. On the other hand the
results shown in Fig. 10 indicate that 't ld b
unlikelun i e y to correlate the scattering results with a value

of o-«0~ below about 60 b-ev' especia]1 in thy in e region
ere»e no appreciable corrections to the data
&sec/m) This would still league a d;screpa

o conclusions can therefore be drawn for th
resonance from t erom t e present work, except to sa th t th

p 'minary results indicate more scattering and a

that the
stronger level than reported by other investi t d

e probable value of J for the level is 0. It is con-
iga ors, an

ceivable that higher levels have 8 t d h
ata more than anticipated. In this respect a thick-

'
g experiment using a target of isoto ic A "
e ig y desirable. This would remove both

neighboring levels in the case of the 16.6-ev resonance.
Because of material requirements such an experiment
would be feasible only with an intense neutron beam
of small cross section.

An interesting possibility arises in connection with
the apparent distortion from a true Breit-W' hrei - igner s ape
no e in the case of the Ag 5.19-ev level (see Fig. 8).
As previously mentioned in the t t, th'

assumed to be due t
ex, is was ori inall

o other levels including a possible
g

negative level near zero energy. As a check on this idea
the same t e
tering data for the gold 4.91-ev level, the results of
which are shown in Fig. 13. Th d

' '
f

para oic s ape is even more pronou d
'

th
an or the silver. Since this is an isolated level it would

be diKcult to ascribe the distortion to other levels. The
possi i ity exists that this ef'feet arises from the neglect
of second-order terms in the Breit-Wigner formula
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