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Total Neutron Cross Section of Manganese*
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(Received 20 January 1964)

The total neutron cross section of manganese has been measured from 0.01 eV to about 50 keV and a
multilevel analysis of the data from 0.01 eV to 15 keV has been carried out. This analysis shows that the
strength function is F„'/D=9.5 s.s+")&10 ' and that the potential-scattering amplitude for the I=3 series
of levels is substantially less than 4 F.

INTRODUCTION

l
'HE total neutron cross section of manganese has

been the subject of a great deal of investigation
over the past 6fteen years, largely because of the
several strong resonances below 10 keV. The first clear
case of the interference between two s-wave scattering
resonances was observed in manganese, ' and studies of
the total cross section of manganese were important in
establishing' that a maximum in the s-wave strength
function occurs near 2 =55, the mass of manganese.
Krotkov' attempted to fit the observed total cross
section of manganese with an R-matrix approximation,
but was unable to find a set of parameters that would
describe the total cross section and give a value of the
coherent-scattering amplitude that agreed with the
measured value. Ke have remeasured this well-studied
cross section in order to take advantage of advances in
experimental technique.

Three main questions could be answered by high-
quality results obtained with good resolution: (1) Had
some resonances below 20 keV escaped detection'
(2) What were the spins of the resonances at 7100 and
8800 eV? (3) Could the total cross section be adequately
described by a multilevel analysis? By the time of the
second Geneva Conference on the Peaceful Uses of
Atomic Energy, held in the summer of 1958, these
questions had been answered4 to a fair degree. A new
resonance had been found at 17.8 keV, ' the spins of the
resonances at 7100 and 8800 eV had been determined,
and the data for neutron energies between 250 eV and
10 keV had been reasonably well 6tted by a simple
multilevel approximation. ' Preliminary attempts to fit
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the data over a wider range of energy were reported~

early the following year. The results discussed at that
time were derived from an analysis based on the ap-
proximations of Refs. 3 and 6, which gave experi-
mentally indistinguishable values of the cross section
over the entire range, except for the very bottom of the
deep minimum near 1200 eU. For the resonances above
10 keV, parameters that were consistent with the
results of the present measurements and those of
Marshak and Newson' were used with param, eters of
possible bound levels (adjusted to obtain as good a fit
as possible to the data for neutron energies between 0.1
and 15 keV). An entirely satisfactory fit was never ob-

tained with this approach. When the R-matrix analysis
of Firk, Lynn, and Moxons (hereafter referred. to as
FLM) became available, it was adopted as the most
useful method of analyzing the problem. Their analysis
involved less severe approximations than those in

Refs. 3 and 6 and eliminated the need to specify directly
the properties of levels outside the range of interest. In
addition to this simplication, the relations between the
residual R functions used to take account of the eRects
of distant resonances and such quantities as the strength
function and the eRective nuclear radius actually allow

more information to be extracted from the data in some

cases. The present paper describes the results of apply-

ing their analysis to the data on manganese.

EXPERIMENTAL DETAILS

The measurements were made by the transmission

method with the Argonne fast chopper4 at the heavy-
water research reactor CP-5. The rotor that was used

gave a neutron burst whose full width at half-maximum

is 1.2 psec for a speed of 15 000 rpm. The neutrons were

detected in boron-loaded liquid scintillators" located at
distances of 60 or 120 m from the chopper. The best
over-all time-of-Qight resolution of the system was

about 12 nsecim. All of the data were stored in a 1024-

channel time analyzer. " For most of the data, both

sample and open-beam counts were recorded alternately

7 L. M. Bollinger, R. E. Cote, T. J. Kennett, and G. E.Thomas,
Bull. Am. Phys. Soc. 4, 35 (1959).

s H. Marshak and H. W. Newson, Phys. Rev. 106, 110 (1957).
9 G. W. K. Firk, J.E. Lynn, and M. C. Moxon, Proc. Phys. Soc.

(London) 82, 477 (1963), referred to hereafter as FLM.
1o L. M. Bollinger and G. E. Thomas, Rev. Sci. Instr. 28, 489

(1957}."R.LW. Schumann, Rev. Sci. Instr. 27, 686 (1956).
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FIG. i. The observed total neutron cross section of manganese.
The solid curve was computed for the values of the parameters
listed in Table I and the residual E functions as described in the
text. The dashed curve was computed for values of the parameters
of the unbound levels listed in Table I and with a constant nuclear
radius of 5 F. The statistical errors are, for most of the points, the
size of the dots or smaller. For a small number of points these
errors are as much as three times as large as the dots.

on a 4-min cycle over periods of 15—20 h. Such a pro-
cedure eliminates most of the systematic errors that
are likely to produce data of poor quality.

Six thicknesses of samples were used; the thinnest
had 4.02&&10" atoms/cm' the thickest had 2.70&&10"
atoms/cm'. All but the two thickest were made from
the same manganese powder, which was shown by
chemical analysis to contain no impurities that could
cause any gross errors in the measurement. For the
measurements of the cross section in the thermal region
and for most of the measurements of the cross section
where this value is below 10 b, the samples were made
from purer manganese obtained in 1963.

EXPERIMENTAL RESULTS

The primary results obtained from the measurements
are the transmissions of the various samples of man-

ganese as functions of the energy of the incident neu-
trons. From these primary results, the total cross
sections were obtained under the assumption of perfect
resolution, i.e., by the expression o = —(1/e) lnT, where
T is the measured transmission and e is the sample
thickness in atoms per barn. The resulting plots of total
cross section versus neutron energy are shown in Figs. 1
and 2. As is customary for the construction of such
curves, the points near the peaks were taken from the
measurements made with thin samples to minimize the
effects of the finite resolution width of the system and
the points in the off-resonance regions were chosen from
thick-sample data (for which AT/T and hence ho/o. is
small).

The neutron resonances at 6 and 35 keV in the alu-
minum of the reactor tank cause the time-of-Bight
spectra obtained with no sample in the beam (i.e., the

open beam) to vary rapidly in the vicinity of these
resonances. Because of the 6nite resolution of the
system, it is possible that such variations may not
cancel properly. Hence, at these energies the difference
between the measured and computed cross section may
be larger than the standard statistical errors associated
with the data points.

The results shown in Fig. 1 established the existence
of the "resonance" at 17.8 keV and made possible the
assignment of 1=2 for the resonance at 7100 eV and
J=3 for that at 8800 eV. The latter assignments can
be made solely on the basis of the peak heights of the
resonances, but are confirmed by the detailed multilevel
fit in the wings of the resonances. The remainder of the
paper deals with the question of a detailed multilevel
fit over the entire energy region from 0.01 eV to 15 keV.
The region above 15 keV is not included because to do
so would require the accurate assessment of large reso-
lution corrections.

The attempts to fit the data were originally restricted
to neutron energies between 1 eV and 15 keV. Rather
severe difhculties arose in attempts to fit the data
between 1and 250 eV while at the same time maintaining
agreement between all other known data and the com-

puted values. Therefore, wherever the total cross section
is less than 20 b, it was remeasured from 0.01 to 1300
eV with new pure samples. The data shown in Figs. 1
and 2 include the results of these new measurements.
They disagree with previous results" over some parts
of the range.
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FIG. 2. The observed total cross section of manganese from 0.01
to 1.0 eV. The solid curve was computed for the values of the
parameters listed in Table I and the residual 8 functions as de-
scribed in the text.

"D. J. Hughes and R. B. Schwartz, Brookhaven National
Laboratory Report BNL-325, 2nd ed. (unpublished).

ANALYSIS

Since manganese is known to lie close to the peak of
the s-wave neutron strength function, it was assumed
that all resonances were associated with s-wave
interactions.

For the data treated in this paper, there is little dif-
ference between the cross sections computed on the
basis of the equations derived in Refs. 3, 6, and 9, so the
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discussion will be limited to the use of the analysis of
FLM. FLM use the reduced. R matrix of Thomas" to
simplify the general signer-Eisenbud" theory for use
in deriving explicit formulas for the various cross
sections. This reduction is valid if the partial width for
the reaction in each channel other than the entrance
channel is much less than the level spacing.

The reduced J|!function (for angular momentum J) is

PXJn2

E~(E)=2
ExJ E gag J7

where the sum is over levels A of angular momentum J
with eigenvalues E~J and reduced neutron widths
yy J„'.The width FqJ„is the total reaction wid. th of the
level, i.e., it is the total width I'~J minus the neutron
width I"~J„.For s-wave neutrons, the neutron wid, th is
related to the reduced neutron width by

I xJ 2kg+xJ

where k is the neutron wave number and u is the arbi-
trary radius chosen to separate the entrance channel
from the internal nuclear region.

The collision function Uq(E), the amplitude of the
outgoing wave in the entrance channel resulting from
scattering of a unit-Aux plane wave, is (for s waves)

1+ik/zing(E)
II (E)—s—sike

1 zI//zR—g(E)

From, this the total cross section is

2m' lI+kl
~ (E)=—Z a~t:1—«L/~(E) j,

k' J=lr—ll

where I is the angular-momentum quantum number
of the ground state of the target nucleus and
-', [I&1/(2I+1)j is the spin statistical factor. The
elastic-scattering cross section is

x l r+kl

-(E)=— 2 g. l1—fI.(E) I'
k2 J-li—,'l

and the coherent elastic-scattering cross section is

x' I r+))
~-h(E) =—

I 2 g~L1 —~~(E)j1' ~

k'

Because the parameters are known for only a few
resonances (those in the region of interest) whereas the
function Ez of Eq. (1) is defined over all resonances of
the same I, Rz(E) is taken by FLM to be the sum of a
local component RJ' " and a residual component
Rg"'(E) based on resonances outside the region of
interest. The local component is calculated as in Eq. (1)

"R.G. Thomas, Phys. Rev. 97, 224 (1955).
'4 E. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947).

and the residual part E~'"(E) is expressed in terms of a
power series as

QI7,Jn
Eg'-(E) =Rg"+Q

Eps J E1/2

PpJn 2

+(E—Et/s) Q
(EpJ Et/2)

+II,Jn2

+(E-E.) Z +
(Es& E&/z)

2
Z Pp Jn ~JIJn

~ ~ ~

2 s (E„g—Et/s)s

where E~~2 is the energy at the center of the region of
interest and p signifies levels outside of this region.
FLM abbreviate this expansion as

~J (E) ~J+I J(E Et/2)+Cz(E El/s)
+Dg(E Et/s)'+ —+zEg+

The procedure followed to obtain values of EqJ,
y~J„', l ~J„and the constants 3J, BJ, etc., was much
the same as that followed by FLM. First attempts to
fit the data used the cross section above 20 b—i.e., in
the peaks of the resonances —since these regions are
relatively insensitive to the choice of the nuclear rad. ius
and to the effects of neighboring resonances. In Fig. 1
the data are compared with a curve (the dotted curve)
computed on the basis of the parameters of the five
prominent resonances only and a nuclear radius of 5 F.
The curve almost completely satisfies the data over the
range from 200 eV to 10 keV. However, above 10 keV
and below 200 eV the agreement is unacceptable. In
addition, it is impossible to satisfy the data that pertain
to the thermal region.

A limited analysis of this type leads to good deter-
minations of the energies E~J and good estimates of
most of the y~ J„',but gives almost no information about
the total radiation width I'~, which for manganese is
equal to the total reaction width FzJ,. However, either
of two pieces of information can be used to estimate
F~. These are the resonance-capture integral and the
thermal-capture cross section. %e have chosen to use
the resonance-capture integral for this purpose, since it
is less adversely a6ected by the uncertainty caused by
a lack of detailed. knowledge of the bound. levels. Recent
measurements" appear to agree that a value of 8.0~0.5
b is the best value for the resonance-absorption integral
without the 1/n contribution. From this value, the reso-
nance parameters of Table I, and a correction for the
contribution" of the resonances above 10 keV, the

"R. Dahlberg, K. Jirlow, and E. Johansson, J. Nucl. Energy
14, 53 (1961);W. H. Walker, C. H. Westcott, and T.J.Alexander,
Can. J. Phys. 38, 57 (1960).

"Lawrence Dresner, J. Nucl. Energy 2, 118 (1955); E. Kuhn
and L. Dresner, zgd 7, 69 (1958). .
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FIG. 3.The residual R functions Rq" for each spin as a function
of neutron energy. The curves represent the variation in RJ"'
with energy, as calculated by the power-series expansion for
Rg" with the coefBcients given in the text and the bound levels
dered by the parameters listed in Table I.

average radiation width 17 is found to be 0.45+0.04
eV. It is assumed, of course, that F~ does not vary from
resonance to resonance or with J.

As the 6nal step in the fitting procedure, it is re-

quired that the coeKcients in the expansion of the re-
sidual R function be chosen so that the total cross
section below 20 b can be reproduced and that the
following thermal data are satisfied. (a) The magnitude
of the coherent-scattering cross section is o„q(th)
=1.7&0.1 b and its amplitude is negative. " (b) The
radiative capture cross section" is a ~(Ih) = 13.3+0.2 b.
(c) For polarized manganese nuclei capturing polarized
thermal neutrons, the ratio of capture with parallel
alignment to that with antiparallel is 0.96 for the par-
ticular set of polarizations used in the experiment of
Bernstein eI al. t7 (d) The gamma-ray spectrum ob-
served by Kennett, Bollinger, and Carpenter" for the
capture of thermal neutrons is very different from the
spectrum associated with the capture of neutrons at the
resonance at 337 eV, although the contribution of this
resonance to the thermal-capture cross section is quite
dominant. It is implied, of course, that the E~g„and
&zan„' will also be adjusted slightly to improve the

jV0

(eV)

335.5& 0.4
1098 & 2.3
2355 w 7
7110 a35
8740 &45—2830—78

(eV)

556& 3
199&10

3780+10
2295%10
1802*10
2300

7.3

p 0

(eV)

1.22
0.44
8.31
5.04
3.96
5.05
0.016

' S. Bernstein, L. D. Roberts, C. P. Stanford, J. W. T. Dabbs,
and T. E. Stephenson, Phys. Rev. 94, 1243 (1954).

'ST. J. Kennett, L. M. Bollinger, and R. T. Carpenter, Phys.
Rev. Letters 1, 77 (1958).

TABLE I. Best values of the parameters for the resonances in
manganese up to 10 keV and the parameters for the postulated
bound levels required in order to satisfy the measured cross section
in the positive-energy region.

quality of the over-all fit as measured by the value of
y' for a particular set of parameters.

As was described by FLM, it was found to be expe-
dient to study each sensitive region of the cross section
separately to find the best values of the RJ'" for each.
These values were then plotted. as functions of the
neutron energy, and the coefficients of the expansion
for each R&'" were obtained through a least-squares fit
of the polynomial to these values. In cases in which the
variation of RJ'" was very rapid (an indication of a
level just outside the region of interest), a level with
parameters that would produce the rapid change in
RJ'" was postulated, and the polynomial was fitted to
the remainder. The variations of Rg'- for each spin are
shown in Fig. 3. The points represent "best" choices of
each Eq'"(E) for each of the regions discussed above;
the curves represent the calculated variation of RJ'es(E)
with energy. This calculation employed the bound
levels listed in Table I and the expansion coefficients
used were those defined by

R,-s= 0.425

Rs'- ——0.203+0.764X 10—4(E—E,is)+0.204X 10—' (2)

X (E—Eip)' —0.282X10 "(E—Eris)'.

The 6nal computed total cross section was based on
the expansions of Eq. (2) and the parameters listed in
Table I. It is shown as the solid lines in Figs. 1 and 2.

DISCUSSION

It is clear from Figs. 1 and 2 that the parameters of
Table I and the coefficients of Eq. (2) give as accurate
a description of the physical situation as is warranted by
the data. Some further refinement might be m, ade, but
it is not clear that any new physical content would. be
added. In addition to describing the total cross section
accurately, the final parameters yield (a) the correct
sign for the coherent-scattering amplitude, (b) values
of the thermal-capture cross section and coherent-
scattering cross section that are in agreement with the
measured values, (c) agreement with the results of
Bernstein et al."on the capture of polarized neutrons
and, it should be recalled, (d) agreement with the meas-
urements of the resonance-capture integral.

A word should. be said about the agreement between
the results of the present analysis and the results of
Bernstein et al.' The latter measured the cross section
for capture of polarized neutrons by polarized man-
ganese nuclei as a function of the relative orientations
of incident and bombarded particles. The parallel/
antiparallel ratio of the capture rates for the particular
polarizations of sample and neutron beam used in their
experiments was reported to be 0.96&0.003, after
correction for incomplete neutron flipping. In the
present analysis, the quantity related to their result is
the relative cross section for capture in each spin state
at thermal neutron energies. To make the present
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analysis consistent with their result, it was necessary
to introduce a rather weak bound s-wave level at —78
eV with a reduced neutron width of 0.016 eV and J=3.
Although this represents a rather narrow width, there
is a 5 jo probability of finding such a resonance in a
population governed by a Porter-Thomas" distribution
with the average width given by the average of the
three positive-energy levels of the same spin. Alter-
natively, the results could be explained in terms of a
bound p-wave level.

The results of Kennett, Bollinger, and Carpenter"
can be attributed to the bound level that had to be in-
cluded for J=2 and to the existence, established by
Cote and Bollinger, "of interference in radiative tran-
sitions associated with capture in neutron resonances.
Lane and Lynn" had suggested a possible explanation
in terms of direct capture, but they were unaware of
the evidence for a strong level near the binding energy.

Let use now consider some of the physical quantities
that can be derived from the above results. The
strength function computed on the basis of the hve
dominant resonances is y'/D=0. 41 s is ' " and the
average level spacing per spin state is D=4200 ~250+'"'

eV. An estimate of the size of the potential scattering
length for J=3 can be obtained from a consideration of
the expansion coefficients for E3'".We estimate that the
levels between 20 and 40 keV contribute about
0.15/10 ' to 83. In addition, the levels above 40 keV
contribute about 0.1)&10 '. This leaves about 0.5 &(10 '
that needs to be accounted for by the negative-energy
levels, which appear to be somewhat larger than the
positive levels. Hence, R3 &23 because of the im-

perfect cancellation of the y„'/(F —Ei s) terms from
positive and negative levels. This implies that the po-

"C.E. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).
' R. E. Cote and L M. Bollinger, Phys. Rev, Letters 6, 695

(1961).
"A. M. Lane and J. F.. Lynn, Nucl. Phys. 17, 586 (1960).

tential scattering length a'=a(1 —R") is considerably
less than 4 F; u was chosen to be 5 F for all of the cal-
culations. Because the bound level postulated at
Eo———2800 eV dominates the variation of R2'", no
estimates of the sizes of the coefficients A2, 82, etc., can
be derived, and therefore the potential-scattering am-
plitude for the J=2 states cannot be determined from
the present experiments. FLM found that for vanadium
the two amplitudes were measurably different.

The linear term in the expansion of Eq'" can be used
to obtain another measure of p'/D. It was stated by
FLM that, under the assumption of equally spaced
levels,

Ds 6

where m is the number of level spacings in half of the
measured range. The number was taken to be 2 for the
present case. The small bound level postulated for the
J=3 set of levels does not introduce any appreciable
uncertainties in the expansion coefficients for Rs"'(E);
therefore the variation of this quantity may be analyzed
by the procedure followed by FLM. Combining the
linear term 83 with a value of the level spacing D leads to
y'/D=0. 4 s is+". This value, when combined with the
result based on the 6ve resolved levels, leads to a hnal
value P'/D=0. 4 s.i+s s so that P„s/D=9. 5 s.s+s s)(10 '.

ACKNOWLEDGMENTS

The authors are very grateful to J. E. Lynn for many
helpful discussions while he was a visiting scientist at
Argonne National Laboratory and are grateful for the
use of his R-matrix code for the IBM-704 with which the
final analysis was done. The authors are also grateful to
Miss J. P. Marion for assistance with the computations.
One of us (R.E.C.) also is happy to acknowledge the
assistance given by J. E. Monahan in the early stages
of the analysis.


