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FAST-NEUTRON TOTAL AND
SCATTERING CROSS SECTIONS OF BISMUTH*

by

A. B. Smith, J. F. Whalen,
E. Barnard, J. A. M. de Villiers,
and D. Reitmann

ABSTRACT

Total neutron cross sections of bismuthwere meas-
ured with resolutions of 1 keV over the energy range 0.2
to 1.4 MeV. Differential elastic scattering cross sections
were determined at intervals <50 keV from 0.3 to 1.5 MeV
with resolutions of ~20 keV. The inelastic neutron excitation
of a state at 896 + 1 keV was observed, and the respective
differential excitation cross sections determined with inci-
dent resolutions of 10 keV. Partially resolved resonance
structure was evident in all the measured values. The ex-
perimental results were assayed for possible intermediate
structure and were compared with the results of optical-
model and statistical calculations. The model calculations
were cognizant of the fluctuation and correlation of compound-
nucleus resonance widths and of the shell closureat N = 126.

.
I. INTRODUCTION

The heavy and readily available element bismuth is used in reactor
systems as a shielding material. This element has been proposed as a pri-
mary target material for the production of intense neutron sources using
medium-energy positive-ion accelerators. The fast-neutron properties of
bismuth are important in these applications. Despite this fact, the reported
fast-neutron total cross sections of bismuth are not always consistent in
either structure or magnitude. The differential elastic scattering cross
sections of bismuth are not well defined, and relatively little is known of
the inelastic neutron scattering. Fast-neutron interactions with bismuth
are of basic physical interest in the context of intermediate resonance
structure and of the optical potential in the region of a neutron shell closure.

The present work was undertaken primarily to provide reliable and
internally consistent data to meet the applied need. Further, physical

*The numerical data resulting from this work have been transmitted to the National Neutron Cross Section
Center, Brookhaven National Laboratory.



understanding was an objective, particularly where it leads to the reliable
calculation of fast-neutron cross sections and the quantitative extrapolation

of experimental results.

II. EXPERIMENTAL METHODS

Total neutron cross sections and differential elastic and broad-
resolution inelastic scattering cross sections were measured at the
Argonne National Laboratory. Detailed fine-resolution inelastic scattering
measurements were performed at the Pelindaba Laboratory.

Total neutron cross sections and associated statistical uncertainties
were determined from the measured transmissions. Below an incident neu-
tron energy of 475 keV and above 1200 keV, transmission measurements
were made using the monoenergetic source method and the source reaction
"Li(p,n)"Be.}’? Incident neutron resolutions were 1.5-2.5 keV. The absolute
energy scale was determined to within £5 keV, relative to the known source-
reaction threshold. Between incident neutron energies of 475 and 1200 keV,
a pseudo-white-source time-of-flight method was used to determine sample
transmissions.’ The time-of-flight resolution was 0.1-0.15 nsec/m. The
time-of-flight energy scale was determined relative to the velocity of light
and believed known to +10 keV. For both methods, "in-scattering" cor-
rections were small and sample transmissions were >50%. The mono-
energetic and time-of-flight results are in good agreement in a region
of overlap from 450 to 500 keV and at selected check points at higher
energies.

Broad-resolution (~20 keV) differential elastic and inelastic scattering
cross sections were determined using a multiangle time-of-flight system.*
Measurements were made at eight laboratory scattering angles, typically 28,
38, 53, 69, 85, 115, 129, and 155°. Scattered neutron resolutions were
~1.5 nsec/m, sufficient to resolve elastic neutron groups and inelastic
neutron groups resulting from the excitation of known level structure in
bismuth.® All broad-resolution scattering measurements were made
relative to the known differential elastic scattering cross sections of carbon®
and were corrected for sample attenuation, angular resolution, and multiple
scattering effects.” The measured differential elastic scattering values
were fitted by the method of least squares with the expression

do o o
7 Al L 2 wiPi(o) [, (1)

i=1

where P;(6) are Legendre polynomials expressed in the laboratory coordi-
nate system, and o and w; are derived from the fitting procedure. At lower
energies, uncertainties in i = 5 and higher coefficients generally exceeded



their magnitudes, and the series was terminated at n = 4. Above incident
energies of approximately 1.0 MeV, n was increased to 5. With these choices
of n and with the derived parameters o and Wi, Eq. 1 was descriptive of the
measured values over the observed angular interval (as shown in Fig. 2
later). The elastic scattering cross sections, Ogl,were judged known to
+8%, inclusive of uncertainties in the carbon standard. The standard
deviations of the wj values were obtained from the fitting procedure. Broad-
resolution inelastic-excitation cross sections were determined concurrently
with the elastic neutron scattering cross sections. Generally, the observed
inelastic scattering angular distributions were symmetric about 90° and
nearly isotropic. Inelastic-excitation cross sections were obtained by
averaging the observed differential values weighted inversely with the
respective fractional solid angles. All the inelastic scattering results were
corrected in the same manner as the elastic scattering measurements.
Broad-resolution inelastic cross-section uncertainties were determined
from counting statistics and estimated systematic uncertainties, including
an estimated ~5% uncertainty in the carbon reference cross sections.

Fine-resolution inelastic scattering results were obtained at the
Pelindaba Laboratory using a 3.0-MV pulsed Van de Graaff and time-of-
flight techniques. Incident neutron resolutions of 10-12 keV were obtained
using metallic lithium targets and the source reaction 'Li(p,n)’Be. Scattered
neutrons resulting from the inelastic excitation of a state at ~896 keV were
observed by means of a well-shielded, 10-cm-diam, conventional proton-
recoil scintillator placed between 1.0 and 1.2 m from the sample. The
experimental apparatus is described elsewhere.>

The fine-resolution measurements were also made relative to the
elastic scattering cross section of carbon.® Scattering samples of bismuth
and carbon were chosen small enough so that the flux-attenuation corrections
were <20% at all energies. The results were corrected for flux attenuation
in bismuth and carbon and for multiple scattering in bismuth by means of
an expression derived from semianalytic considerations and Monte Carlo
calculations.®

During a given series of fine-resolution measurements, care was
taken to avoid shifts in the neutron-energy scale. In particular, accelerator
parameters, other than energy, were held constant. To minimize the rela-
tive energy shifts between successive series of runs, a region of overlap
inclusive of a well-defined reference peak was always ensured.

Angular distributions of inelastically scattered neutrons were meas-
ured with fine resolution at selected incident neutron energies and at
typical laboratory scattering angular increments of 15° between 30 and 150°.
The experimental points were least-squares fitted with an expression of
the form of Eq. 1, where do/da) and 0 refer to differential and total inelastic
scattering cross sections, respectively, and n = 2. The parameters o, Wy,
and w,; were derived from the fitting procedure, with the Legendre poly-
namials expressed in the laboratory coordinate system.



The errors in the individual fine-resolution data points were inclu-
sive of statistical uncertainties from the integration of bismuth and carbon
experimental peaks and a 5% uncertainty in the relative detector sensitivity,
but not of systematic uncertainties in the carbon reference-standard cross
section. Fine-resolution 90° inelastic-excitation functions were determined
with a better precision (£10%) than were data points associated with other
angles (10-15%).

III. EXPERIMENTAL RESULTS

A. Total Neutron Cross Sections

The total neutron cross sections of bismuth were determined from
0.2 to 1.40 MeV. The results are summarized in Fig. 1 (see the appendix
for numerical tabulation of the results). A great deal of partially resolved
resonance structure exists superimposed on a general energy-dependent
trend. The energy-averaged behavior of the present results is in good
agreement with a number of early determinations of the total cross sections
of bismuth.’"!! The present work extrapolates well to lower-energy
results,'? and the present values are in good agreement with the reported
total neutron-scattering cross sections.® The major features of the struc-
ture observed in the present work agree with those of Ref. 13, and the
energy-averaged magnitudes of the two results are reasonably similar.
The energy-averaged magnitude, structure, and energy scale of the results
of Ref. 14 are not in detailed agreement with those of the present work.
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Fig. 1. Total Neutron Cross Sections of Bismuth. Vertical bars indicate the
present results with respective errors. The solid curve is taken from
Ref. 10. The dashed curve is the total scattering cross section of
Ref. 6. The dotted-dashed curve is the energy average of the total
cross sections of Ref. 13. The boxes are elastic scattering results
of the present work. The curves noted as CALC-1 and CALC-2 are
the result of calculations described in Section IV.

B. Elastic Neutron Scattering

Elastic scattering angular distributions were determined at incident
neutron-energy intervals of <50 keV from 0.3 to 1.5 MeV, with resolutions



of ~20 keV. Figure 2 compares a representative measured angular distri-
bution with the fit of Eq. 1 to the experimental results. Figure 3 summa-
rizes the elastic scattering results expressed in the form of Eq. 1. (The
corresponding numerical values are given in the appendix.) The present
measured elastic scattering and total-cross-section results are reasonably
consistent, as illustrated in Fig. 1. The results of the present work are

in good agreement with previously reported elastic scattering determina-
tions'®?° and are consistent with the reported total neutron-scattering
angular distributions.®

Fig. 2
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=y Elastic Scattering of 1.0-MeV Neutrons from Bismuth. Solid
3 Kﬂt& points are from the present work, open circles from Ref, 16,
b"q ‘g o i N’ = and open squares from Ref. 17. The solid curve is the result
=l - of fitting Eq. 1 to the present results. The dotted and dashed
—=—F-r lines are calculated from optical potentials as discussed in
—=—CALC:=) Section IV,
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C. Inelastic Neutron Scattering

Neutrons corresponding to the excitation of a single state in
bismuth at 896 + 1 keV were observed. The excitation energy was care-
fully determined in a supplementary measurement at the Pelindaba
Laboratory using a germanium-lithium detector to observe gamma-ray
emission following the inelastic neutron process. This observed state



was judged equivalent to the 900-keV, 7/2-level reporf':ed in other work.®

The differential cross sections for the excitation of this state at a.L laboratory
scattering angle of 90° were measured for incident neutron energies between
1020 and 1500 keV at intervals of 5 or 10 keV. Because of the rz‘ither low
cross section and correspondingly low detector response rates, 11': was con-
sidered too time-consuming to attempt any further improvement in reso- .
lution. The experimental results are shown in Fig. 4. These good-resolution
results were consistent with the broad-resolution (~20 keV) measured v.alues.
(Numerical cross-section values are given in the appendix.) An. appreleable
amount of structure is present. However, the magnitude of the inelastic
cross section is too small to be reflected in the total cross sections shown

in Fig. 1.
20 —
3
=~
2 15
€
El
b
°
fo1 il =
2
g
s =
o 1 l | 1 | | I
0.8 1.0 1.2 1.4 16

En, MEV
113-2547 Rev. 1

Fig. 4. Differential Cross Sections for the Excitation of the 896-keV State in Bismuth
at a Scattering Angle of 90°, Crosses indicate the results of the present fine-
resolution measurements. Solid circles are the result of the angle integral of
fine-resolution differential-angular distributions divided by 4m. Solid squares
denote the results of broad-resolution measurements. Vertical bars indicate
cross-section uncertainties. The triangular datum point indicates the value
given in Ref. 22. The solid curve indicates the result of Hauser-Feshbach
(H-F) calculations, and the dashed curve, calculated values inclusive of cor-
rection factors, as described in Section IV,

The results for inelastic scattering angular distributions measured
at incident neutron energies of 1090, 1140, 1170, 1095, P2 NS IE2 33 dl
1306 keV are tabulated in the appendix, together with the w, and W, coef-
ficients derived from a fit of Eq. 1 to the measured data. No statistically
significant deviation from isotropy could be established.

Previous knowledge of inelastic scattering from bismuth at the
energies of the present work is sparse. One reported value? at 1.37 MeV
is markedly lower than that indicated by the present work, while the results
of Beyster et al.?2 are reasonably consistent with the present work near
1.0 MeV.
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IV. INTERPRETATION AND DISCUSSION

A. Optical Model and Statistical Calculations

The measured elastic, inelastic, and total cross sections were
compared with results of optical model and statistical calculations.?®?* The
point of departure for the calculations was the surface-absorption optical

potential of Moldauer,?®
s e 7 \? 1 df
= + iWof +V b= —
of1(r) + iWofy(r) So(mﬂc> g !'r Tt (2)
where
= R) pa
£y = L+
1 ExXp a ,
r-R, i
f, = -
2 €xp a g

Ry =1 + roAl“, R, = R+ r;
ro = 1.16F, r; = 0.6F, r, = 0.5F,
a; = 0.62F, and a; = 0.5F.
This potential has been shown to be descriptive of neutron interactions with

spherical nuclei.?® In the present application, the real and imaginary
strengths (Vo and W) were varied to minimize *X ?, where

2
2L calc X
X = Z wti(Bi - Bf P)
i
and (3)
- Oel .
By = E' Bi = By w; of Eq. 1

Thus the potential was adjusted to best describe the observed elastic
scattering in the form of Eq. 1. The weighting factor, wtj, was set to unity
or inversely proportional to the estimated uncertainty in B; with little effect
on the choice of optimum V, and W,. Calculations were carried out at each
measured elastic scattering energy and included compound elastic and in-
elastic processes, as determined using the Hauser-Feshbach formalism.?®
The optimum values were Vo = 45.5 MeV and Wy = 6.2 MeV and were
essentially constant over the measured energy range 0.3-1.5 MeV. The
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elastic scattering and total cross sections calculated using these optimum
e in good agreement with the present measurements as
indicated in Figs. 1, 2, and 5 by curves

noted as CALC-1. This potential yields
3 : E ﬁﬁﬁﬁ f/ s-wave strength functions of 1.12 x g7,
© consistent with values reported from

resonance measurements.27 The potential
differs appreciably from the general form
of Moldauer only in a reduction in the
surface absorption by approximately a
factor of two. Vonach et al., pointed out
that such reduced absorption is charac-
teristic of the region of the double closed
shell at A = 208, and the values for the
absorption obtained above are similar

to those proposed by Vonach et alz

parameters wer

The above potential differs from

o 08 3 some others used in the interpretation
Emahie of neutron interactions with bismuth at
113-2030 Rev. 2 similar energies.??”3! For example,
Fig. 5. Comparison of Measured (crosses) and ~ Cox has achieved good quantitative
Calculated (curves) Differential agreement between calculated and meas-
Elastic Scattering Cross Sections of ured differential elastic scattering

Bismuth. The format is that of Eq. 1.
The interpretation of the calculated
results is discussed in Section IV.

angular distributions and polarizations
near incident energies of 1.0 MeV.?? His
calculated results are indicated by the
CALC-2 curve of Fig. 2. Figures 1 and 5 compare results calculated
using the Cox potential (CALC-2) and the form derived above (CALC-1)
with measured values over a wider energy range. The two potentials give
similar agreement with experiment, that derived from the present work
being slightly more descriptive of total and scattering cross sections but
less appropriate to polarization.

It is of interest to compare results of calculations using the above
potentials with reported experiments over a wide energy range. The forces
are nonlocal, and the equivalent local parameters will be energy-dependent.
Here the energy dependence V = V- 0.25E, W = W, - 0.2E, and a volume
absorption U = 0.125E is used as proposed by Engelbrecht and Fiedeldey.?
Figure 6 compares experimental results to 10.0 MeV with the resulting
calculated total cross sections based upon the parameters from the above
X? fit (CALC-1) and as given by the potential of Cox (CALC-2).}° Both
potentials give a qualitative description of experiment, but both calculated
total cross sections tend to be small in the region of the large optical
resonance at 4-5 MeV. Both of the above potentials lead to calculated
differential elastic scattering cross sections at 6.0 MeV similar to those
experimentally reported, the Cox potential being the more suitable.?3
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Fig. 6. Comparison of Calculated and Measured Total Cross Sections of Bismuth
over an Extended Energy Range. The present experimental values are
indicated by bars. The curve with circular points is from Ref. 10. The
curve noted KFK-1000 is from Ref, 13, and the two calculated curves,
CALC-1 and CALC-2, are described in Section IV.

The cross sections for the neutron excitation of the single state in
bismuth (Ex = 0.896 MeV, 7/2-) energetically attainable in the present
experiments were calculated using the above potential determined from
the X? fitting procedure and the Hauser-Feshbach formalism. Figure 4
compares the results with the experiment. The qualitative agreement
between calculation and experiment is reasonably good, though the calculated
values tend to be larger than the experimental quantities. It is known that
the statistical result of Hauser-Feshbach is influenced by fluctuations in
resonance widths and correlations in resonance spacings. Moldauer*
discussed these effects extensively and derived a "corrected" transmission
coefficient of the form

80, = Q—Z[l {1+ 0T, (4)

where T, is the statistical transmission coefficient and Q, is a parameter
varying from 0 to 1 (Qqg = 1 for strongly overlapping resonances; Qg = 0 for
isolated resonances). The dashed curves of Fig. 4 indicate the inelastic-
excitation cross sections calculated by using the "corrected" transmission
and values of Qg = 0. Values obtained with Q, = 1 are essentially the same
as those resulting from the "uncorrected" calculations. Generally, the
"correction" factors tend to lower the calculated inelastic cross sections,
particularly for Qg = 0, and bring them into better agreement with experi-
ment. However, the effect is small in this case, partly due to the relatively
large values of the spins involved.

B. Structure and Correlations

The structure evident in the total cross section of bismuth (shown
in Fig. 1) has been associated with an "intermediate structure" character-
ized by widths and spacings much larger than those of the compound nuclei,
but small relative to those of the diffraction or single-particle resonance.}*:35
The association is often based on qualitative inspection and can be decep-
tive.?®37 A more quantitative assay of the present experimental results has
been attempted using the correlation function”:3®



14

<o(E+8) - o(E)> (5)

i) = O(E+8)> <o(E)>

and the averaging function®’

N
c®) = 3 . [o(Es) - 3(E)T, (6)
i=1
where
1 Ei+R/2
o(E;) = = o(E) dE
RJg. -r/2

Before C(68) and C(R) were evaluated from the measured total cross sections,
the slow energy dependence of the cross section was removed in one of

two ways. In the first method, a cubic energy dependence was least-squares
fitted to the measured total cross sections. The resulting cubic expansion
of the average energy dependence was subtracted from the measured values
and a positive constant added to ensure nonnegative quantities. The results
of the cubic fitting procedure were essentially identical to the total cross
sections calculated with the optical potential derived in Section A above.

The second method employed the "shape" cross section calculated from

the optical potential of Eq. 3, using the V, and W, derived from the fitting
procedures. The "shape" cross section was subtracted from the measured
total cross section to obtain a remaining "fluctuating" cross section. Both
of the above procedures led to very similar C(6) and C(R) distributions and
resulted in "fluctuating" cross sections retaining intermediate-structure
characterized by widths and spacings of <200 keV.

The calculated C(6) distributions rapidly decreased with 6 in an
essentially Lorentzian manner, as shown in Fig. 7. The half-width of the
Lorentzian was 2-3 keV, approximately the
experimental resolution. For large values of
&, C(&) oscillates in a manner and with an rms
magnitude characteristic of the finite energy
. range of the experimental sample.?” There was
AN = little evidence for a second Lorentzian char-

i ke\;’: Y i acteristic of an intermediate structure width

% — ' of 10 to 50 keV. Some tendency for a general

113-2029 Rev. 1 slope of the function C(6) over an energy interval

Fig. 7. C(§) of Eq. 5 Evaluated rom ©f >100 keV was probably due to a residual slow
the Total Cross Section of energy dependence not fully corrected for in
Bismuth either of the above subtraction procedures.

c(3)|.
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The C(R) function derivedfromthe meas-
F """""""""""""""""""""""""" ured values increases monotonically with R to
SR an oscillatory plateau, as shown in Fig. 8. The
g behavior is again consistent with the experi-
mental resolution and sample energy range
with little indication of a second plateau char-
) s acteristic of intermediate structure. Generally,
R, kev the behavior of C(6) and C(R) is consistent with
113-2028 Rev. 1 known distributions of compound-nucleus
Fig. 8. C(R) of Eq. 6 Evaluated from resonance widths and spacings, and neither
the Measured Bismuth Total function shows appreciable evidence for an
Neutron Cross Sections intermediate structure of another nature.*’

V. SUMMARY REMARKS

The experiments reasonably achieved the objective of providing
well-defined total neutron and elastic and inelastic neutron scattering
cross sections of bismuth up to incident neutron energies of ~1.5 MeV.
The energy-averaged total and elastic scattering cross sections were well
described by a surface-absorption optical potential and statistical theory.
Best agreement between experiment and calculation was achieved with a
surface absorption smaller than found widely applicable in other mass
regions. This reduced absorption was believed due to the shell closure
at Z = 82 and N = 126 and is consistent with similar effects reported
elsewhere. The optical potential and statistical theory led to calculated
inelastic scattering cross sections ~20% larger than observed experimen-
tally. Width-fluctuation corrections to the calculated inelastic scattering
led to only marginally improved agreement with experiment. The optical
potential derived from the present measurements was extended to a wider
energy range and found qualitatively descriptive of reported experimental
values. However, the potential was not unique. Considerable energy-
dependent structure was observed in the measured cross sections. A
quantitative assay of the structure observed in the total cross sections led
to results consistent with well-known compound-nucleus resonance struc-
ture and the available experimental resolution.



APPENDIX

Tabulation of Measured Cross Sections

All data have been transmitted to the National Neutron Cross Section
Center, Brookhaven National Laboratory.

NATURAL RISMUTH DATA BLOCK
FINAL VALUES=--=--8/69
T0 BE PUBLISHED
PELINNABA-REPUBLIC OF SOUTH AFRICA
E. PARNARD=-J, DEVILLIERS- D, REITMANN
ARGONNE NATIONAL LABORATORY
A. SMITH= J. WHALEN

ELASTIC SCATTERING CROSS SECTIONS OF RISMUTH
FIMAL VALUES
TIME-UF=FLIGHT METHOD
INCTLENT RESOLUTION ABOUT 20 KEV
SCATTERED KESOLUTION 1.5 NSEC/M
FSTIMATED ERROR IN INTEGRATED X=SEc 8 PERCENT INCLUDING STD.
FRROR TN OMEGA COEF, ESTIMATFD FROM LEAST SQ. FITTING,
FORMAT
I X=SEC= (X=SEC/ 4+P[)*(1,+ SUM OMFGA*P)
SUM FROM 1-5
P=LEGENDRE POLYNOMIAL IN LAB. SYSTEM
MEASURFD ANGULAR INTERVAL 25-155 DFG. AT EIGHT ANGLES
ALL DATA CORRECTED FOR MULTIPLE SCATTERING
ALL RESULTS RELATIVE TO DIF. CARRON X=SEC NF ANL=5567(REV)
FOLLOWING CARD FORMAT 6X, 214, 5(15,14) , BCD
WHESE RESPECTIVE VALUES ARE,
E=N IN KEV
X=SEC*100
OMEGA=1 #1000
D=0OMEGA=1+1000

OMEGA=5 #1000
D-0MEGA=5+1000
FOLLOYING THE ABOVE EQUATION

aoaoaooaonaoaoonoaaaooaoaoanaoaoanoaoaonaaaaan

300 699 414 55 318 B1 106 66 66 71
340 773 415 84 69 Bl =-72 85 20 B85
344 813 283 B1 267 80 79 88 42 B2
405 643 322 69 325 86 103 B84 30 B0
4n0 764 400 B8 129 56 211 66 74 91
420 787 457 83 98 122 113 146 131 200
450 667 309 B8 440 60 194 58 173 57
460 670 464 58 254 61 144 45 111 57
480 711 448 61 222 75 155 90 79 123
490 631 397 78 484 111 190 140 78 152
505 748 404 69 254 61 184 68 150 69
515 629 424 66 296 64 204 69 0 60
540 636 403 66 273 64 262 69 66 60
545 581 555 61 489 B6 342 41 29 121
560 620 332 64 386 66 354 63 =6 69
565 684 289 65 $65 67 202 66 128 62
580 646 303 61 454 61 200 67 33 61
600 593 370 68 375 66 262 63 =58 64
600 601 389 62 413 K4 320 75 123 96
600 651 346 69 405 71 275 85 89 117
605 600 280 65 358 68 385 64 134 66
620 621 494 62 421 K7 356 67 45 78
640 615 450 6B 497 61 360 69 19 68
650 599 547 65 589 60 397 64 112 61

500000000000 DODOODODOODDO
DO DO0O000O00O000DDODODO0000O0O



1000
1000
1000
1020
1020
1025
1040
1040
1050
1050
1060
1060
1090
1100
1150
1200
1250
1300
1350
1370
13R0
1400
1400
1400
14720
1420
1440
14490
1450

623
580
596
598
601
571
556
578
551
549
546
521
511
531
499
479
492
544
542
531
450
501
552
517
551
478
548
519
563
536
471
4R7
493
473
561
518
475
534
508
489
507
515
478
512
496
489
510
475
465
503
446
469
453
461
490
520
500
508
503
537
536
522
527
534
533
531
472

484
513
430
370
474
490
344
585
552
484
598
557
482
461
609
535
498
507
595
553
403
469
409
520
388
494
585
674
564
575
561
549
500
524
653
546
495
484
416
545
601
590
529
577
638
587
619
612
598
524
573
775
699
695
770
780
600
B67
B07
R62
AB3
688
746
R26
804
751
R75

62
68
66
68
65
69
66
60
60
69
63
64
60
60
66
54
63
68
71

65
67
63
61

68
60
60

60

60

60

70

60

60

60
104

91
100
109
139
147

70
131
134

98
137
132
113
139
134
136

60

90
130
127
129
136
160
131
131
131
131
148
138
135
139
130
122

472
446
461
438
470
466
412
513
409
476
525
440
507
420
508
By
323
413
554
502
343
336
516
487
515
390
424
525
496
426
545
477
383
374
585
469
435
409
452
600
445
615
558
352
715
419
337
536
557
673
535
760
606
630
687
801
700
936
893
981
989
1043
783
809
955
941
768

63
67
69
65
61
57
53
58
61
61
64
67
84
59
60
30
64
56
101
67
62
63
66
56
60
60

150
60
60
70
B8
60
60

100

133

103

102

158

170

102

137

136

144

135

135

165

132

135

138
R7

127

143

138

141

150

190

147

147

148

147

168

158

152

134

135

173

418
353
479
358
549
546
411
58n
487
564
580
663
636
598
TET
538
473
609
815
719
629
622
64R
660
59R
626
a0n
961
758
790
909
764
705
686
828
856
866
782
B23
861
90r
943
831
827
937
869
935
1006
951
901
1013
Q46
1185
1127
1232
1220
1280
13509
1337
1497
1500
1164
1287
1305
1462
1452
1612

AN
62
66
62
61
69
67
69
67
58
57
68
1917
71
LY
190
79
67
128
64
66
75
55
67
60
60
102
160
AN
60
70
105
60
AN
105
159
100
100
169
186
122
131
143
172
130
134
1597
136
142
147
104
162
155
148
156
164
110
155
158
156
385
187
164
165
137
13A
221

L

41
-21
23
135
38
24
102

249
161
171
245
272

65
165
292
319
158
130
291
207

60

51

61
204
341
217
138
233
341
337
115
120
242
421
131

72
213
422
3095
584
184
372
517

521
391

97
500
120
345
575
322
524
580
520
642
609
708
720
524
626
644
705
677
834

64
64
64
66
84
95
89
95
67
69
67
69
119
97
71
133
105
92
142
61
63
103
75
92
60
60
140
174
60
60
70
145
60
60
108
218
101
109
195
115
168
138
159
236
138
136
271
137
158
163
243
180
161
154
158
171
130
170
170
474
170
196
186
187
132
133
245

CooDOoo00O0O0DD
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109
150
130
170

80
140
160
100
152
135

50
138
150
150
100
185
162
155
160
173
120
197
197
199
198
199
120

50
130

32
251
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1450 535 A58 143 942 164 1419
1450 533 738 161 925 190 1534
14A0 506 542 151 739 176 1346
1500 565 915 107 995 105 1520
1500 493 1033 105 1125 104 1584

c
¢ INCIDENT RESUUTIOGN 10-12 KEV , X-SEC MB/SR,
c IN. ENERGY IN KFV
£ ANG(LAR)==- 1090, 1140. 1170, 1195.
g awale DRl S S SR oo g S e e e o
20.
30. 10s1%=1,2 B,2%%1.0 13.69=8,8 11,5¢1.7
45, 10,3*=1.2 8.2+-1.0 14.5+-2,6 12,1+~1.5
60. 9,5+*=1.1 9,9+=1.1 15.1+-2,6 A.h*=1.:5
75. 9ui*=1.1 9.8*1.0 11.3%=1,6 9.A*=1.:6
9n. 10.8+=1,0 10,3+-0.9 16.6*~1,7 11.4+-2,1
105. B.0%=1,1 9.1%+#=1.1 16.2%-2,5 12.N+=1,+6
120. Bedt=1.1 11.7+-1.2 11.8%=2.6 11.3+~1:4
135, 12.1%=1.3 B8,7+-1.1 15.,3%-2,8 9,4+-2,0
145, 1 2aS%=1,7
148, 13,4+-3,2 13,7+=2,3
150 9.8+-1.8
C
c
C XSEC. 130.4 121.2 185.4 142.3
+=4,93 +-4.52 +-8.72 +=6.,93
e
OMEGA=1
=.096 -.101 ~.012 =, 065
+=,0169 +=,071 +=-,091 +=-,NB5
OMEGA=2
+.137 =.140 ~.139 +,141
+=.0N95 +=,097 *=.115 *wo129

NF CAKBON GIVEN IN ANL-5567

END CF RLOCK

FORMAT 3E12,6
1) ENFRGY IN KEV
2) o0 DEG., DIF. X=-SEC IN MB/SR
3) ERROR IN X=SEC IN MB/SR

[s Eelie e Relie Ne R NeNe e e Be He e Re e Re Ho e Ne

+.102000F+N4+,400000E+01+,100N00F+01
+.104000F+N4+,A10000E+01+.700N00E+00
++105000F+N4+,470000E+01+.700N00F+00
++106000F+N4+,420000E+01+,600N00F+00
++1070N0F+04+,740000E+01+.600N00FE+00
+.108000F+N4+,880000E+01+,600N00E+00
++108500F+04+,102000E+02+.B800N00E+ND
++109000F+N4+,120000E+02+.900N00F+00
++110000F+N4+,910000E+01+,700N00E+00
+¢111000F+N4+,075000E+02+,050000E+01
++112000F+N4+,10U4000E+02+,120000F+01
+.1125N0F+N4+,N94000F+02+.,000N00F+0N1

78
110
192
108

82

783 105
795 148
839 117
9n3 140
587 92

(REV)

ALL VaLUES CORRECTED FOR MULTIPLE SCATTFRING
ERRORS NOT INCLUSIVE OF UNCERTAINTY IN CARBON STD.

0 50

0 40
224 160
0D 100
39 93

BISMUTH INELASTIC ANGULAR DISTRIRUTIONS ( 0=-B96+=1 KEV )
ANGLE IN DEGREES (LAB)

1213,

12,8%=2,9
7.9+%=0,7
11.6+-1,1
B.7¢=0.7
10.34=0.9
11,2+=0.7
9.3%=0.7
10.,5+=0.7
14,0+-1,4

13.,0+=1.0

134.6
+-5.76

=176
+-,081

+,050
+-,098

1233,

12.2+=0.7
11.5+-0.9

6+84-0.8
12.0+-0.8
12.9+=0.7

9.6+=0.8
1049+-0.9
13.3+-1.3

12.6+=1.1

146.5
+=7.50

=.035
+=.094

+.059
=124

ABOVE X=SFC IS ANGLE INTEGRAL OF DIFFFRFNTIAL VALUES IN MB.
OMEGA=1 AND 2 ARE RESULT OF P-2 LEGENNRE FIT TO MEASURE VALUES
ALL VALUES RELATIVE TO DIFFERENT[AL ELASTIC SCATTERING X=SEC

1306.

6.7+-0.8
8,3+-0.7
7:6+-0.8
7.3%=0.7
8,7+-0.8
8,7+-0.9

10.3+-1.1

7.8+"1,2

105.9
v-4.24

=.148
+=-.073

+.004
+-.098

CROSS SFCTINNS FOR EXCITATION OF 896+=1 KEV STATE IN BISMUTH OBSERVED
AT 90 DEGREES, MB/SR, RELATIVE TO CARRON DIFFERENTIAL ELASTIC
SCATTERING ( ANL=5567 (REV)), CORRECTFD FOR MULTIPLE SCATTERING,
ERRORS NOT INCLUSIVE OF UNCERTAINTY IN CARBON STD.



*+113000F+N4+,100000E+02+,120000F+01
*++113900F+N4+,N099000E+02+,070N00E+01
*+114700F+N4+,N93000E+02+,060N00E+01
+*+11600N0F+N4+,116000E+02+.090N00E+01
+:116500F+Na+,144000E+02+.280N00F+01
*¢117000F+N4+,142000E+02+.090000F+01
*+117500F+N4+,165000F+02+,210000F+01
*+118000F+N4+,125000E+02+,100N00F+N1
*++1186N0F+N4+,121000F+02+,080N00F+01
*++1190N0F+N4a+,120000E+02+,160000F+01
++1195N0F+N4+,114000E+02+,210N00F+01
*++1200N0F+N4+,N97000E+02+.,090N00F+01
++121200F+N4+,118000E+02+,070N00E+01
+4122200F+N4+,131000E+02+,090N00F+01
*+.123300F+N4+,150000E+02+,100000F+0N1
+.123800F+N4+,145000E+02+,090N00F+01
+.124300F+04+,126000E+02+,080N00F+01

+.1253
+.1262
+.1270
+.1275
+.1280
+.1289
+.1300
+.1307
+.1313
+.1326
+.1333
+.1340
+.1353
+.1366
+.1373
+.1380
+.1386
+.1392
+,1400
+.1405
+.1410
+.1416
+.1420
+.1425
+.1430
+.1440
+,1445
+.1450
+.1455
+.1460
+.1466
+.147n
+.1475
+.1480
+.1485
+.1490
+.1500

END

aaoaaoaoaaonoaaoaaaann

E+Ng+,123
EeN4+,N98
F+N4+,146
FeNa+,129
FeNg+,127
Fend+,116
E+N4+,103
F+N4+,107
E+Na+,110
F+N4g+,133
FeNd+,144
F+N4+.162
Fend4+,149
E+N4+,153
F+04+,135
E+104+,112
F+N4+,124
FeNa+,161
E+N4+,170
F+N4+,146
FeN4+,133
E+N4+,160
E+04+,160
FeNa+,132
F+Na+,130
F+N4+,130
F+0D4+,1354
FeN4+,159
F+Na+,153
F+N4+,148
FeN4+,172
F+0N4+,186
F+N4+,187
F+04+,166
E+04+,178
F+N4+,157
F+Na+,150

GF BLOCK

E+02+.08
E+02+.06
E+02+.09
E+02+.09
E+(2+.16
E+02+.09
E+02+.07
E+02+.09
E+02+.07
E+02+.10
E+02+.10
E+02+.09
E+p2+.11
E+p2+.12
E+02+.09
E+02+,08
E+02+.09
E+02+.13
E+02+.10
E+02+.10
E+02+.10
E+02+.14
E+n2+.12
E+02+.08
E+02+.11
E+02+.08
E+02+.10
E+02+.09
E+02+.11
E+02+.10
E+02+.11
E+02+.13
E+02+,11
E+02+.11
E+02+.12
E+02+.,11
E+02+.16

1. ENERGY [N MEV

2+ INCIDENT ENERGY SPREAD IN MEV

3« 0 VALUE IN MEV

4, +- ERROR IN O VALUE

5. XSFC IN BARNS
6. * XSEC ERROR IN RARNS

E+01
Fenl
F+01
F+01
E+01
E+01
E+01
E+01
E+01
E+01
E+01
E+01
F+01
E+01
E+01
E+01
E+01
E+01
F+01
E+D1
E+01
E+01
E+01
E+N1
E+01
E+01
E+01
E+D1
Fenl
E+01
E+01
E+01
E+01
E+01
E+01
E+01
E+01

INELASTIC SCATTERING CROSS SECTIONS OF BISMUTH,
INTFGRATED ANGULAR DISTRIRUTIONS
FCRMAT(7E10.4)

Q=-896+=-1 KEV

19
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aoaa

(2 Ex N Ee Ne He Ee Ne Be NoEe)

«1090E
«1140F
+1170F
+1195€
+1213F
«1233F
+1306E
«1295F
«1300F
«1350F
«+1380F
«1387F
+1420F
+1445€
«1450F
«1460F
+1475E
+1495F
«1499F
«1500F

7

ni
ni
01
01
n1
01
01
01
01
ni
n1
ni
n1
01
01
01
n1
n1
n1
01

. = XSFC ERROR IN BARNS
ALL XSEC RELATIVE TO CARBON AS GIVEN IN ANL-5567 REV
ALL VALUES CORRECTED FOR MULTIPLE SCATTERING

L1000F-01~-.6960E
+100UE=0D1-.8960E
+1000F=01=-.8960E
L100UF=01-.8960F
L1000E-01~.8960F
L1000E=01-.8960E
+1000F=01~,R960E
L200NUF~=01=-,8960E
.20N0F=01=.8960E
+2000E=01-.8960F
+200N0FE=01~.8960E
«200UF=01-.8960E
L20N0F=01=.8960E
«20N0E=01=,8960E
+200UF=01-,R960E
L20N0E=01-.8960E
+200UF=01=.68960E
.20N0F=01-.RB960E
+2000F=01-.8960E
«20NUF=01-.8960F

on
an
on
on
on
on
on
nn
nn
0n
on
0n
on
on
no
on
on
on
nn
on

+1000E=02
«1000F=02
+»1000F=-N2
+1000F-02
+1000F=02
+1000F=02
«1000F=02
+1000F=N2
«1000F=02
«1000F=02
+1000F=02
+1000F=02
+1000F=02
»1000F=02
+»1000F-02
+1000F=02
+1000F=02
+1000F=02
+1000F=N2
+1000F-02

TOTAL CROSS SECTIONS OF BISMUTH
MONO=FNERGETIC COURCE METHOD IN THE INTERVALS
TIME=OF =FLIGHT

E

«2060N00F
«207000F
«208000F
«»209000F
«210000F
.211000F
«212000F
«213000F
«214000F
«215000F
«216000F
«217000F
«218000F
.219000F
«220000F
«221000F
«222000F
»223000F
«224000F
«225000F
«226000F
«227000F
+22R000F
+2290N0F
«230000F
«231000F
»23200N0F
«233000F
»2340N0F
«235000F
«236000F
«237000F

100-500 KEV AND 1200=1500 KEV,
IN RANGE 500=-1200 KEV.

«1304F 00
«1212F 00
.1854F 00
+1423F 00
+1346F 00
+1465F 00
«1059F 00
«2140F 00
«1811F 00
«2220F 00
«2164F 00
«1907F 00
W2046F 00
«2007F 00
+1874F 00
«2293F 00
W2135F 00
+16R2F 00
W21N4F 00
«23R80F 00

+4930E=-02
+4520E-02
+B720E=02
«6930E=02
15760E-02
+7500E~02
+4240E-02
+2160E=01
+2726E=01
«2731E=01
+2597E-01
+1970F=-01
+2456E~-01
+2000e-01
+3246E-01
«2751E=~01
+2562E-01
+»2018E=-01
+2525E=01
+3600E=01

MONO=-FENFRGETIC RESOLUTION

KEV. TIME UF FLIGHT RESOLUTION Nn,1=0,15 NSEC/M,

NRMAT(3E12.6)
ENERGY IN KEV
XSEC IN EARNS
EHROR IN XSEC

IN BARNS

N3 .315500F N1 .105000F 0O
N3 .822600E (01 .105000F 0O
N3 ,A43700E 01 ,105000F 00
N3 ,82N800E 01 ,105NN0F 00
N3 +”14000E 01 ,105N00F NO
N3 ,3U0N200E 01 L105000F 0O
N3 .776800F N1 ,105000F 0O
N3 .73N900E 01 L105N00F NO
N3 .795000F 01 +10500UF no
N3 .719300E 01 ,105000F 0O
N3 .A96300F 01 .105000F NO
N3 .740100F N1 ,105N00F noO
N3 ,74440UF 01 .105000F 0O
N3 +737900F 03 105000F 0O
N3 .704600F N1 ,105000F NO
N3 .798600F N1 ,105000F NO
N3 .RE4800E N1 ,105N00F 0O
n3 ,A7680UE N1 .105N00F 0D
13 ,R45000E 01 .105N00F 0O
N3 R58900F N1 .105000F 0O
N3 .A2420UF N1 .105000F no
N3 +R6N900F 01 ,105N00F 0O
N3 +A49900E 01 .105000F 00
N3 .847300E N1 ,105NN00F 0O
N3 .%5230UF 01 ,105000F 00
N3 +AR30100F 61 ,105N00F 00
03 .261400F 01 ,105N00F 0O
03 .%U7300F 01 ,105Nn00F 0O
N3 +762900F 01 .105N00F 0O
N3 .734400F 01 .105N00F 00
N2 .712400F 01 .105N00F 0O
N3 .731400F 01 ,105000E 00

+4930E=-02
+4520E~02
«8720E=02
«+6930E=-02
+5760E=02
+7500E=02
+4240E=02
+2160E~01
«2726E=01
«2731E=01
+2597E=01
+1900E~01
+2456E-01
«2000E~01
+3246E-01
+2751E-01
+2562E~01
+2018E=01
+2525E-01
+3600E-01

1s5%2v5



«238000F
«239000F
«240000F
«241000F
«2420N00F
+243000F
«244000F
«245000F
«246000F
«247000F
«248000F
«249000F
«250000F
«251000F
«2530N00F
«254000F
«255N000F
«256000F
«257000F
«258000F
«259000F
«260000%
«261000F
«262000F
+263000F
«264000°
«265000F
«266000F
«267000F
«268000F
«269000F
«270000F
«271000F
«272000F
«273000F
«274000F
«275000F
«276000F
+277000F
«278000F
«274000F
«278000F
«279000F
«2800N0F
«.281000F
«282000F
«283000F
+2B4000F
«285000F
«286000F
«287000F
«287000F
«2B8R000F
«2689000F
«290000F
«291000F
+292000F
«293000F
+294000F
+295000F
+296000F
+297000F
«298000F
+299000F
.300000F
+301000F
«302000F

«742300E
«784600E
«760600F
«779100E
«764100F
+795500E
«R44200E
+H38000E
«R32BN0E
+7889N0F
«710700E
«AB0600E
«756400E
WR25700E
«A27300E
+AURGOOE
«ROD300E
+796200F
+214600E
+R1N300E
«R0N200E
+752600E
«753100E
+72R000E
«A5B8500E
+A3R10UE
«H632500E
+A05000E
«A06700F
«734800E
+772700E
JR6230UE
+852200F
+R3690UF
.233B00E
.763300F
«R44200E
«782800F
«742200F
«A21900E
«A1N90UE
+A31000E
«632300F
«~0320UF
«AB9500F
+743300F
+764300F
+776100F
.770700F
«791000E
»780400E
«AB85200F
«AH6740UF
«71160UE
»703700E
+7UR3NUE
«76R10UVE
«AY1200E
«700500E
+727900E
+723000E
+730600E
«734000E
«AB7000E
+740000F
JABOONOF
«A54700F

01
01
n1
01
01
01
01
01
01
n1
01
01
01
01
01
01
01
01
01
01
ni
01
01
01
01
01
(8
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
(L5 §
01
01
01
01
01
01
01
01
01
01
01
01
ni

«105000F
«105000F
+105000F
«105000F
L105000F
+105000€
«105000F
+105N0UF
.1050008
+105000€F
+105000F
«105000F
+105000F
«105000F
«105N00F
+105000F
«105000F
+105000F
«105000F
«105N000F
+105000F
105000
«105N000F
+105N000F
+105N000F
«105000F
«105000F
»105n000€
«105000F
«105000F
.105000F
.105N000F
«105N000F
«105000F
«105n00F
.105N000F
+105000F
+105000F
«105000E
+105000F
«105N00F
«105000F
.105000€
«105000F
+105000F
.105000F
.105000€
+105000F
+105000F
«105000F
+105000F
.105000€E
.105000F
«105000F
«10500UF
«105000F
.105000F
«105N00F
.105000F
105000
«105000F
.105000F
+105000F
«105000F
«106N000F
«105000F
«105000F

0o
no
i}
0o
00
0o
0o
0o
no
no
no
00
00
00
no
00
0o
no
00
no

00
00
00
no
00
uo
00
no
0n
0o
no
00
0o
0o
00
0o
00
0o
00
00
00
no
0o
00
no
no
0o
00
00
no
00
0o
00
00
0o
00
0o
0o
0o
00
00
no
0o
00
0o
no

+303000F
«304000F
+305000F
«3060N0F
«307000F
«308000F
.300NN0F
«310000F
«311000F
«312000F
«313000F
«314000F
«3150N00F
«316000F
+317000F
«318000F
«319000F
+320000F
«321000F
«322000F
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«3980N00F
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«4020N0F
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«4060N0F
«4070N0F
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«409000F
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«427000F
+428000F
«4290NNF
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WA74900E
«652100F
+A12100E
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+476718F
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«478682F
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«A71800F
J665700E
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«725500E
.708100E
«R95600E
«A48000E
«474100E
«AB0600E
+A65900F
«726200E
+AB6700F
«7U4800E
+669900F
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LA6N200E
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«A49500E
«A35235E
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«589655EF
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«673937E
«R43107E
«A1N324E
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«5563146E
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«100452F 00
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+986N37FE-01
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+938312F=-n1
+956610F=01
+935387F-n1
«891240F-01
+992N43F-n1
+983233F-01
«979762F=-N1
«972266E=-D1
+9420655F-01
+92R401F-01
+901797E=-01
«947245E-01
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+920607E=-01
+964730F=01
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«103256F 00U
«100259F no
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+996940E-01
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+544947F
+545546F
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+546747F
«547348F
«547951F
«548555F
«549160F
+549766F
«550372F
«550980F
«551589F
«552199F
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+553421F
+554034F
«55464RF
«555263F
«555879F
«556496°
«557114F
«557733F
+558353F
+558974F
«559596F
«560219F
+560843%
«561468F
«562094F
«562722F
«563350F
«563979F
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WSH83148E
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«AU9939E
+AU2006E
JA33B11F
«AL4643E
«587050E
«h27636E
WA21598E
«A74129E
«A62945E
h7332CE
+A45078E
+595961F
«591332E
«578023E
«A16132E
«561204F
«A2N130E
«592542EF
«AU5B810F
+589585E
«597694EF
«572399F
+A15356F
WAL1AT02E
«640506E
JE61907F
«~14830F
«587495F
+513139E
«4B87256F
«4550986F
«432014F
«467532E
+456645F
«470987E
W471471F
+499064E
«554344€
«567588E
«A2N900F
«576920E
«532519E
+545767F
WS52R93TE
«489710E
«530247F
«526159E
+554142F
+5383349F
«H/B425E
Wh24932F
«A42625F
+65R657F
«A92073E
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+932931F=01
+912197F=-01
«894262E-01
«875945F=n1
«881733F=-01
+891225€6-01
«8B85630F~01
+893457E~-01
+861853F=-n1
+879416F=-01
«BRA624E=-D1
«+862391F=-n1
WB6A369F=01
«825528F=-N1
.841320F=01
«828764F=01
«834700F=01
«875888F=01
«872078F=01
«881702F-01
+B851N44F-01
«88R3IBSF=N1
«841393F=N1
B6NEB6E=N1
B4aG9297F=n1
«865206F=N1
+846789F=n1
«B874572F=-01
«839063F=N1
«B35976F~-0N1
+817502E=-01
+791563F=N1
«833121F=-01
«881227F=-01
«896811F=N1
.90N943F-01
+932661F=01
+943988F=n1
«150727F 00
«119555E no
+117948F 00
+117986F N0
«115446F 00
«107984F 00
«106190F DO
«101110F nu
+106313F noO
+108263F 0O
+106505F N0
+109586F nU
«111N028F 00
«10728R5FE no
«109143F 00
«105254F 00
«107909F 00
+104665F 00
+100485F 00
«997259F=01
«9B3444F-01
«+965156F=N1
«971116F-01
«101543F 00
«959159F=01
+990583F=01
+v100966F 00
«104184F 00
+100954F 00
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569662F
«570332F
«570973F
+571615F
«572259F
«572903F
+573549F
+574165F
«574R43F
«575492~F
«576141F
«576792F
«577444F
+578098F
+578752F
«579407F
«5800A4F
+580721F
«581380F
«582040F
«582701F
«5833£3F
«584026F
.5846G1F
«585356F
«586023F
«586661F
+«587360F
+588030F
«588701F
«589373F
+590047F
«590722F
«591397F
+592074F
«592753E
«593432F
«594112¢
+594764F
+595477F
«596161F
596846F
«597533%
«598220F
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«120181F 00
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+118513F 00
+115488F 00
«117494F 00
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«112186F 00
+114853E 00
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+113638F 00
+111674E 00
«113056F 00
«107459E 00
«108728F 00
«107328E 00
+109906F 00
+110420F 00
+110432€ 00
.108460F 00
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+107930E 00
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+109198E 00
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«112020E 00
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«106178F 00
+»103622F 00
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+102875E 00
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