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Neutron Resonance Parameters of Ag"'f
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Brookhaueri, Satzoeal Laboratory, Upton, Eel York

(Received 21 July 1965; revised manuscript received 20 August 1965)

The transmission of a thick sample of 99.2% Ag"'has been measured for incident neutron energies from
20 keV to 30 eV. The total cross section from 320 to 30 eV has been 6tted in detail with the Breit-%'igner
single-level parameters for 15 resonances in this energy region. An acceptable fit was obtained for a common
radiation width of 120~10 meV and a radius parameter R' of (0.63~0.01))&10 "cm. From the average
cross sectionin the keV region a neutronstrength function of (0.54+0.10)X10 was obtained.

L INTRODUCTION

""TILIZATION of automated data-handling tech-
niques coupled with computer-programmed reso-

nance-parameter analysis has made practical a more
detailed study of neutron transmission data over a wide
energy range. These techniques permit greater accuracy
in the determination of the Breit-Wigner resonance
parameters. The present paper illustrates the appli-
cation of these methods in a study of the neutron total
cross section of Ag"'.

A small computer, continuously time-shared between
fast- and, slow-chopper experiments at the Brookhaven
Graphite Reactor, recorded detected neutron events
for the sample in and out of the beam. The same com-
puter was used to reduce the raw data to transmission
form by performing the necessary normalization and
background subtraction. The main analysis was subse-
quently performed using the IBM 7094 computer from
which were obtained plots comparing measured trans-
mission with the transmissions computed, from the sum
of Breit-Wigner single-level resonance terms.

The desirability of obtaining more accurate parame-
ters for this particular nuclide d,erives principally from
the interest in the S-wave neutron strength function
and in the radius parameter, Z', for Ag"'. As pointed
out by Jain et al. ,

' a more accurate knowledge of the
S-wave compound, -nucleus cross sections in this
region would aid in the determination of P-wave
strength functions from kV neutron transmission and
capture measurements. Furthermore, the low / =0
strength functions generally found, in neighboring
nuclides have been difficult to 6t with an optical model,
evenwhenneutron absorption is considered to bepeaked
at the nuclear surface. ' Ag"' lies in the A region where
X+=3m. and, as has been noted by Seth, this implies
that the R' parameter derived from resonance analysis
can be closely identified to the radius R of the optical
model. Sheer and, Moore' have made d,etailed fits to the
lowest lying resonances of Ag"' and, Ag"" and, have
obtained a substantial difference in the R' for these

t Work supported by the U. S. Atomic Energy Commission.
' A. P. Jain, R. E. Chrien, J.A. Moore, and H. Palevsky, Phys.

Rev. 137, 383 (1965).
'A. P. Jain, Nucl. Phys. 50, 157 (1964).
s K. K. Seth, Rev. Mod. Phys. 30, 442 (1958). Paragraph (3),

p. ~~~ of this reference should be corrected to read E0R=n~
4 C. Sheer and J. Moore, Phys. Rev. 98, 565 (1955).

two isotopes. In the present experiment detailed curve
fitting over many resonances in a wid. e energy region is
performed to ensure an R' determination free from the
eBects of resonance wings.

II. DESCRIPTION OF EXPERIMENT

The Ag'0' was in the form of two metallic foils of
nominal dimensions 1.07X0.82&(0.040 in. , with the
narrow (0.024 in. ) neutron beam passing through the
0.82-in. dimension. The BNL fast chopper contains
two slits per arm, and both slits were simultaneously
utilized. The actual sample thickness, averaged over
the two samples, was 0.121 atoms/b.

A resolution of 50 nsec/meter is obtained with the
BNL chopper operating with a flight path of 30 m.
The 10 cm thickness of the BFs bank introduces an
ad, d,itional resolution spread of 0.0092 p,sec per psec of
flight time.

The data accumulation, centered in an SDS-910 com-
puter system, has been previously described. ' Events
were accumulated into 1024 channels, each 0.5 p,sec
wide. The raw data were reduced to transmission form
by performing normalization and background subtrac-
tion before 6nal output; however, the raw data are
permanently stored on magnetic tape for subsequent
examination, if this should prove necessary. Back-
grounds were recorded at 25-min intervals throughout
the entire run by cycling a 3-in. Lucite plug in the
beam. Normalization of sample-in to sample-out runs
was checked in a separate experiment by running the
samples separately in each of the pair of the chopper
slits. The average transmission of the sample over the
spectrum of neutrons passed by the chopper (roughly
1/E down to 30 eV) was 0.440.

III. ANALYSIS

The method of analysis employed uses a modified
version of the Atta and Harvey area analysis code. '
In brief, this method uses the area above a transmission
d,ip to d,educe a value for the resonance neutron width,
provided the other Breit-Wigner parameters (Ee, R',
g,F) are known. Initial guesses can be made for these

5 R. K. Chrien, S. Rankowitz, and R. J. Spinrad, Rev. Sci.
Instr. 35, 1150 (1964).' S. E. Atta and J. A. Harvey, Oak Ridge National Laboratory
Report No. ORNL 3205 (unpublished).

1129



1130 R. E. CHRI EN

L :::!~ ':.I.:Is!II.::.I, .
)

C

I—'K
——'' 2'A

J3

I

I

I
""

Bl
Q

. I

kj \ «J Qjj««a
~ % ij~ ' Ilji jf iijij' O'I )4

Q. " ' 'n '' ' '' Ii
s e . : 8

.::jIIII"::::::.::;.;";::::I' '-:: I: j 'I '.': - ~j:":'j.::.::""-

jj
I

II
- . ", '::, ":::::.:.::. Iji

jp

g-: o
I

: :::
I '. ' .. :::'

Ii, j I

nji f
O)

)ICQI

I

P

gr-
gI

c )F

)I j [ 8. I

j)I I !. .' i

. . ILo

I -.44- '' a
I

I

"I '-'. Clog
:, ::,:: -::,; I;.1;;;:,

I
", .-;:. ;.;, «::@s«":.:.)%% ~

'I':lo-. i'+ " '-'

': t)iII!' ".:::::'::::::::::":::::::::d
. ir --::::-:::::::::::::::::-:::::3

'
~ I y: . ': . .': .

" ' '.
;

'.":
8a"3

", .II f
Pnl ' '

~
' « ~ ~ ~': -. " D

lO

.I

.I:u' " "~ -' 'I. '«''i: mr ' " ~ . : ~
'

~
'

I&

il+

'k!I
:II:Q~ .

: '. :
' AI'. II

I .::...
y )f .' .. . . : I~

9
RI:

'o-I.:
I li"')4.

t ' '' ' ' . 'I«iip lj)

I
'

..-Ml
1f ' D

Ii'~
' . ll:g+I. ..:. . i I',

I
':":;:'IR~

)X, l j. .. . ; gn

II)pl!. . . ':: i

'rid
. I "r

'::I ej 'IIP':
'" 3ii) ' ' " '"' ': "'I

, ,;:, ";;:, ::;-, ;:.;;;:: glj.

:' ' ~l'ii'"
Q gl

'8- I!

~I
~F o

I'::.
::::.. I

-
' g e .

I::::: l.
I' if: "
.'g ()

Pg j

ivy Ia
I' '

I saIIS"

I

V

~~~o''
il I. '

I I

I
.':: j146J

Ig
~I% I I&

5,':. s'g; ',
, Ivj

Is~
I

jiD

or;, I: '': &v

I5
V Q

Io ~ g4
o

& o~
E! rn ~

4~W
(Q

~ cd

+~a E

~~8
rII ~~ EI

~B
o gA
~iB ~
(Q ~ Cd

p„~A+
OQ w™~~

O O~~
g g Cd

0 NMcdvo~
EI g Cd

oO~rII&
hQ

Cd cd

V+" p,

0~~~~ 8
~g

Cd

y).~~ ~ g
G4 0 M

gQ eH +

C CO CL7 ~+
CdE~ eUV~

~ Cd

0 Cd O

o & 0
n Cd cd ~

ca

g 0 TAN~o„v
«))

bOo~" 0~~wi 0

~ a~ 5
~QCd

Cd
Q

W Cd
0 N

tH
(Q Cd

~~8

parameters or they may be available from other experi-
inents and the corresponding neutron widths obtained.
The region between resonances may be used, to obtain
2)." and possibly F. The process is reiterated, being
terminated, with an acceptable X' is obtained for the
fitted curve obtained from the parameters over the
entire energy range being investigated.

A report describing the details of the version of the
Atta-Harvey code used in the present analysis will be
made available shortly. ~ The principal modihcations
which have been made are as follows:

(1) A value of the neutron width is calculated from
a resonance area for an assumed value of the radiation
width. In the original code, the total wid, th is assumed.
The values of the radiation width usually vary little
among resonances of a nuclide owing to the large number
of exit channels available for the (ri,y) process. The
radiation width may be known fairly well from capture
or scattering data. Furthermore, consistency among the
derived neutron width, the assumed radiation width,
the statistical weight factor, g, and the total width are
assured, in the present program.

(2) A program due to Bhatr replaces the PFCN
routine of the Atta-Harvey code for the calculation of
Doppler-broadened cross sections. This new program
has, among other advantages, provisions for increasing
the speed of calculation at the expense of accuracy.

(3) A inore accurate convolution of the various ex-
perimental resolution factors is performed.

From scattering and capture data taken at Harwell, '
a mean radiation width of 120 meU for the resonances in
Ag"' has been deduced. This mean value was used, for
all the resonances analyzed in the present experiment.
Acceptable fits were obtained with this procedure. In
all cases where the spin, and therefore the statistical
weight factor, j, is know'n, that value is employed, here,
otherwise a g of 0.5 is assumed, .

In the kilovolt region where the resonances are not
resolved the size and energy dependence of the total
cross section are used to calculate the S-wave neutron
strength function. A FORTRAN program' is available
which calculates (F„')/D from the total-cross-section
data, providing the necessary corrections in relating
average neutron transmission to the average over a
Porter-Thomas d,istribution of neutron resonances. The
expression for the compound, -nucleus cross section for
1=0 neutrons has been given by Feshbach, Porter, and,

Weisskopf, "
&ri o 2)r'K'g(1'„)/——D,

and o.i e has thus a 1/tj energy dependence. A least-
squares fit is made to the average cross section after

7 M. R. Shat (private communication).
'Atomic Energy Research Establishment, Nuclear Physics

Division Progress Report AERE-PR/NP8, 1965 (unpublished).' R. E. Chrien, Brookhaven National Laboratory Report No.
BNL 8711, 1965 (unpublished).' H. Feshbach, C. E. Porter, and V. F. W'eisskopf, Phys. Rev.
96, 448 (1954).



NEUTRON RESONAN CE PARAMETERS OF Agxoo

TABLE I. The reduced neutron widths of Ag"' obtained in the
present experiment. (1'~=120 meV; 2=0.63X10 " cm.) The
double errors shown are, in order, a statistical estimate of the
width uncertainty, followed by a bracketed error which is derived
from a 10-meV uncertainty in the assumed F~, 120 meV. The
isotopic assignments of the 83.5- and 264-eV resonances are
considered less certain than for the other resonances. The question
marks indicate lack of knowledge of the level spin, and for these
levels g=0.5 was assumed in the analysis. For the balance of the
levels, the spins were obtained from the work of Asghar (Ref. 11)
and Desjardins et al., (Ref. 12) except for the level at 317 eV. For
the latter a 7= 1 was indicated from a comparison of the reduced
neutron width of the present experiment with the reduced widths
reported by the Columbia" and Harwell14 groups.
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Z, (eV)

30.35&0.08
40.04~0.12
55.4 +0.2
70.4 ~0.2

(83.5 +0.4)
87.6 ~0.4
106.0+0.6
133.2~0.7
141~1
172%1
209~1.5
252~2

(264~2)
291~3
317&3

gI'„' (meV)

1.02 ~0.01 a(0.1)
0.59 &0.01 a(0.04)
1.04 a0.02 a(0.08)
2.44 a0.05 a(0.15)
0.004&0.001+(0.002)
0.51 &0.02 a(0.02)
0.010&0.002& (0.004)
5.4 a 1.5 w (0.2)
0.081&0.014&(0.04)
3.20 &0.27 a(0.10)
0.73 ~0.10 ~(0.02)
0.48 &0.11 ~(0.02)
0.10 ~0.02
0.51 &0.07 a(0.02)
7.2 ~0.5 ~ (0.1)

gl'„0 (meV)J (Columbia)

1.02
0.69
1.30
2.43
0.002
0.51
0.006
5.30
0.09
2.55
1..26
1.12
0.12
0.39
7.14
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FxG. 2. The keV cross section of Ag"'. The experimental points
are the "apparent" cross sections derived from a = —1/I lnT,
where T, represents the average transmission over a 4.0-@sec
interval. The corrected cross sections are the "true" average cross
sections derived from the average transmissions, after evaluating
the effects of averaging over the Breit-Wigner resonance shape
and over the Porter-Thomas distribution of resonance widths.
The curve is shown for the least-squares 6t to a ((I' ')/D)& 0 value
of 0.54X10 4

corrections for level Quctuations and isotopic impurities
It is appropriate to emphasize here that for thick
samples (no.r=1), an accurate knowledge of E' is
needed in this analysis so that the total cross section
may be decomposed into compound nucleus and po-
tential-scattering cross sections. Hence the value of R'
d.educed. from the lower energy resonance analysis is
necessary for the strength-function analysis of the
thick sample of the present analysis.

The fluctuation corrections applied to the difference
between total cross section and potential-scattering
cross sections are dependent on the neutron widths of
the resonances, and, therefore, on the neutron strength
function and the average level spacing D. The latter
is adequately known from the low-energy data, but the
former is just the quantity to be measured. However,
the total cross section extrapolated, to zero time of
flight must be 4xE",and the imposing of this restriction
permits the extraction of a unique strength function
from the analysis.

IV. RESULTS AND DISCUSSION

The procedure outlined above has been carried out
to produce the results of Table I and the calculated,
transmissions of Fig. 1. Acceptable fits were obtained,
for J|!'=6.3&0.1 F, for an assumed radiation width of
120 meV. The corresponding X.' value over the 653
data channels from 320 to 30 eV was 1.6 per degree of
freedom. The principal deficiencies in the 6t are to be
found near the peaks of the resonances. Spin assignments

in Table I are taken from the report of Asghar" and
the paper of Desjard. ins et al. ,"except in the previously
unassigned, level at 317 eV. For this level a J=1 as-
signment is ind. icated, from a comparison of the present
data with the results of Garg el al. '" and Pattenden. '4

$/ofe added in Proof In a priv. ate communication M.
Asghar indicates that he assigned J=1 to the 317-eV
resonance from scattering, capture and transmission
work —M. Asghar, thesis, Oxford University, 1964
(unpublished). $ The sizable level ascribed to Ag'" at
144 eV by Asghar is not seen in the present experiment
and must be presumed to be in Ag" . The gF„values of
the present experiment are compared to values obtained
by Garg et al."Values obtained at Harwell by Pattenden
have been quoted in report from. ' Results of Garg
et al. are for normal silver and have been recalculated
for Ag"'.

Two kinds of errors have been attached to the results
in Table I. The first error is a statistical estimate, the
second, bracketed error is calculated from a presumed
10-meV uncertainty in the radiation wid, th and indicates
the dependence of the results on radiation width.

Many additional levels have been observed by Garg
et at."in natural Ag, but are too small to be observable
with the available resolution. Many of these are un-
doubtedly P-wave levels. The 51-eV level of Ag"' shows
up in the present experiment because of 0.8%%uq

Ag"'
impurity in the sample used, . Analysis of this level
"M. Asghar (unpublished); see Ref. 8.' J. S. Desjardins, J. L. Rosen, W. W. Havens, Jr., and J.

Rainwater, Phys. Rev. 12Q, 2214 (1960)."J.B. Garg, J. Rainwater, and W. W. Havens, Jr., Phys. Rev.
137, 8547 (1965)."N. J. Pattenden (unpublished) &

see Ref. 8.
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yielded the following parameters for (J=1):Es——51.3
&0.2 eV, I'„'=3.28+0.16+ (0.16) rneV.

Figure 2 shows the cross section measured in the
keV region and the true average cross section as com-

puted taking into account the sample thickness cor-
rections. The value of the spin-averaged strength func-
tion is (0.54+0.10)X10 '. The principal source of
uncertainty stems from the error in Z', and is included
in the error estimate of 0.10X10 '. The value of (I' ')/D
calculated from the resonance parameters from the rela-
tion (I'„')/D= Pg I'„ /(Et Es) is —(0.76&0.27) X 10 e.

Garg et al.rs have reported a value of (0.46&0.05) X 10 '
for natural Ag. This result, with the result of the present
experiment, implies nearly equal strength functions for
the Ag"' and Ag"' isotopes.

The value of R'= 6.3+0.1 F is somewhat lower than
the value of Sheer and, Moore' of 6.6+0.1 F, obtained

from a scattering experiment at 5 eV. Zim~nerman and
Hughes" obtained a result of 6.6+0.6 F from total-
cross-section data. The present result is obtained by
fitting over a much wider energy region that is done in
previous work. As noted previously, the value of R' in
this A region should be very nearly equal to the radius
parameter E of the optical model. For the value of
ra=1.35 in the relation A=re' ', a value for Ag"' of
6.4 F is obtained, which is in excellent agreement with
the present result.
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Nuclear Spin anti Moment of Ag"' by Paramagnetic Resonance*
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AND H. HOLLrs WICICIXANt
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paramagnetic resonance was observed in 253-day Ague, present as Ag'+ in the p(iso-C3H7)2NCS2$2Ag
complex. Eleven hfs lines were observed, the positions of the other two lines being obscured by other absorp-
tions present in the sample, and the nuclear spin of 6 was confirmed. A hfs constant ano = (7.108&0.02)
&&10 ' cm ' was determined. A hyperfine anomaly of &io7, we= —0.40%&0.1% was observed for stable
Ag2+ in this complex, indicating that the hfs arises from contact interaction. A nuclear moment of p»0~
=+3.55&0.04 nm was derived after a 3.7% hyperfine-anomaly correction. It is pointed out that hyperfine
anomalies can be infinitely large for very small moments, and that the anomaly may cause a finite moment
to exhibit vanishing hyperfine structure or conversely. The nuclear moment does not agree with shell-model
predictions using empirical g factors, being low by 1 nru. It is suggested that the (g9~s)" proton configuration
might be coupled to spin ~. This yields a moment of +3.54 nm. The hyperfine fields for Ag in Fe and Ni are
corrected to —282&20 kG and -87&8 kG, respectively.

I. INTRODUCTION

YPERFINE magnetic 6elds at nuclei of 3d, 4d,
~ ~ ~ ~ and Sd transition-group metals in iron, nickel,
and cobalt hosts have been the subject of several recent
investigations. ' These fields are measured by means of
the Mossbauer eGect, nuclear orientation, low-tempera-
ture specific heats, perturbed angular correlations, or
nuclear magnetic resonance (NMR). Irrespective of the
method employed, the measured parameter gives the
product of either the nuclear gyromagnetic ratio or the
magnetic moment times the hyper6ne magnetic field,

Hh~. In those instances where the nuclear spins and

*This work was done under the auspices of the U. S. Atomic
Energy Commission.

t Present address: Bell Telephone Laboratories, Murray Hill,
New Jersey.' D. A. Shirley and G. A. Westenbarger, Phys. Rev. 138, A170
(1965).

magnetic moments are known, the hyperhne fields are
easily calculated. The quantity pIIh&, in Ni and Fe
lattices, and the nuclear spin of Ag"'~ have been
measured. "In this paper we report measurements of
the nuclear moment of Ag'"

The quantities of Ag" available and safe to handle
excluded the possibility of a direct NMR measurement
of the gyromagnetic ratio. The two most feasible tech-
niques are atomic-beam magnetic resonance and para-
magnetic resonance (PMR). We report herein the results
of paramagnetic resonance measurements.

Pettersson and Vanngird have reported the PMR
spectra of Ag'+ diisopropyl dithiocarbamate in solution

' G. A. Westenbarger and D. A. Shirley, Phys. Rev. 138, A160
(1965).' W. B. Ewbank, W. A. Nierenberg, H. A. Shugart, and H. 3.
Silsbee, Phys. Rev. 110, 595 (1958).


