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ABSTRACT

Inelastic mid nonelastic neutron interactions with 56Fe have 'been studied
for incident neutron energies between 0.8 a1_d 41 MeV. An iron sample iso-
topicMly enridmd in the mass 56 isotope W_ts used, Gamma rays represent-
mg 70 transitions among levels in residual nuclei were identified, and produc-
tion cross sections were deduced. The reactions studied wero S_Fe(n,77')S¢;Fe,
S6Fe(n,p)_6Mn, _6Fe(n,2n)5'_Fe, _6Fe(n,d + r_,r_p)'_r'Mn, _Gtz_(r,.,t +n, nd +
7_.,2np)54Mn, 5¢_Pe(n, a,)_aCr, _6Fe(n, na,)5=Cr, and S¢_Fe(r_,3n)S4Fe,Values obtained
for production cross sections as functions of incident neutron energy are presented
in tabular form.
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1. INTRODUCTION

As part of a continuing program 1-4 to provide discrete-energy gamma-ray pro-
duction cross sections for applied needs, we tiave measured cross sections for gamma
rays representing 70 transitions among the residual nuclei _F¢-:, _¢IMn,5_Fe, _Mn',
54Fe, _'4Mn, _aCr, and _Cr created, by neutrons incident on an isotopically en-
riched sample of _6Fe. Neutron energies spanned the incident energy region between
threshold and 41 MeV. The emphasis for this experiment was on the observation
and measurement of tertiary reactions listed sincethere are in the literature a num-
ber of reports s-19 on inelastic scattering gamma-ray production, Data reduced for
inelastic scattering gamma-ray production for incident neutron energies tlp to 20
MeV in tl'e present, experiment art not as extensive as already reported;'these data

serve primarily to serve as a measure of the reliability of the present, measurements,
Inelastic-scattering data for incident neutron energies between 22 and 41 MeV,
however, are new, and they can be utilized to estimate total inelastic-scattering
cross sections for neutron interactions with _6Fe for these more energetic incident
neutrons.



2:. EXPERIMENTAL DETAILS

The general experimental configuration has been discussed previously; 1,4 we
present here a bJ ief description and some details pertaiuing to the particular sample
used, 56Fe.

Neutrons of energies up to 41 Me\ 1_°were obtained from the Oak Ridge Electron
Linear Accelerator (ORELA) facility. The ORELA was operated at 800 pulses/s,
and each beam burst was _15 ns in duration, The pulsed electrons struck a tanta,-
lunl convertor creating bremsstrahlung, and the bremsstrahlung struck a block of

.I beryllium creating a "white" spec,trum of neutrons, The neutrons traveled about
20 m through an evacuated tube to the experimental area, The neutron fluence/unit

i. energy interval from the beryllium peaks at about 1 MeV 21 and decreases at higller
:. neutron energies; there is still a sufficient, flux at E,, ,-_40 MeV to obtain adequate

statistical accuracy for the principal ganmm rays observed in this experiment. As
illustrated in Fig. 1 a small monitor detector was set to intercept the beam aftei' it,
left the vacuum. The beam flux via-a.via this monitor was calibrated in a manner
similar t,o an earlier calibration ah'eady documented _2 except that the ncz, detector-
response program SCINFUL 2:_was used rather than the older code O5S _4 which had
been used in tile earlier work. The neutrons traveled an additional 2 m before strik-
ing a sample described below containing the isotope '_6Fe. The neutron beam then
reentered nn evacuated tube and continued another 10 m into a paraffln-shielded
beam dump. A scan of the beam profile at the sample position was done using a
small (_1 cm a) NE-110 scintillator, The scan was along both a horizontal and a
vertical diameter, a_ld !,o within the statistical uncertainties of the measurements,
the incident neutron beam was found to be uniform, ' k

Gamma rays created by interactions of the incident neutrons with the isotope
_6Fe were detected using a high-resolution intrinsic Germanium detector, This Y

detector had a volume of ,,_150 cm a, and its resolution for detection of 1-MEV
gamma rays was ,-_2keV. The purpose of the electronics was to (a) provide a fast
pulse to measure the time of the event with respect to the time representing tlm
initiation of the linac pulse; from this information was deduced tile energy of the
neutron which interacted with the sample isotope yielding the detected gamma ra)';
and (b) a linear and amplified voltage pulse from which was deduced the energy of
the gamma ray created by the iilteraction,

The sample material was obtained fl'om the DOE pool of stable isotopes. It
was from batch no. 154901, and was enriched 99,93% in the isotope 5(_Fe, The
only other elements given in the data sheet supplied with the sample wer¢_Ca and
Cu at 0.01% each, and Si at 0.1%. The sample material was supplied to us as a
powdered metal, Because of the expense involved, it was decided not to have the
sample recast as a single solid piece. Instead, sample material was encapsulated in
41 small (0.9 cm diam by 1.8 cm high) polyethylene cylinders, Each capsule held
about 1.5 gm of the Fe powder. The capsules were then lightly glued together in __
two layers as exhibited m Fig, 2, and the two layers were lightly glued together td
(with the 21-capsule layer upstream of the 20-capsule; layer) and then mounted in lra cardboard samph_ holder. The sample was placed at 45 deg with respect to tt_e
incident, neutron beam so that the o_tte stl_pe of the sample rouglfly approximated
a circle from the viewpoint of the incident, beam The total _6Fe mass was 62.75 gm.

9
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Fig, 2. Sample configuration. Tile uPl,er configuration (A) exhibits tile planar placement
of 21 iron-powder filled cylindrical polyethylene capsules, each 1-cre diameter by 2-cre height, The Ai
lower configuration (B) exhibits the placement of 20 capsuh_, The total sample was formed by

/

placing the (B) configuration behind the (A) configuration _s seen by the incident neutron beam
with (B) offset by a cylinder radius as schematically indicated in tlm figure, The plane oi' this total r_
sample was then placed at 45 deg with respect to the direction of the incident beam, i,e,, with
the sample normal offset, by 10 deg with respect, to the sample-to-detector direction, so that tile
approximate ovate shape of the sample roughly coincided with the circpfiar shape of the impinging
neutron beam,

!,111 rll_ ' '
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A "background" sample containing 21 empty capsules and having a polyetl_ylene
mass of about 9 gm was similaHy fabricated anc_ used to estimate the amount of
gamma-ray production from the capsule material in the sample,

Dater werc. aCcunmlated in a SEL 81,OB computer in a three-dimensl'onal array,
namely, tinting information vs pulse-height information vs yield, In this matter
31 gamma-ray pulse-height spectra 25 were accumulated, each for a pre-determined
interval of the time following the ORELA beam burst, The tmamg information was
later converted to the energy of the neutron responsible for the detected eve,lt, The
spectrum ob.tained for the incident neutron e,le1:gy interval 27,1--29,4 MeV is shown
in ]?.'ig, 3, In this spectrum are obseiwed garnma rays due to transitions among seven
of the eight residual isotopes repo,'ted on herein; only the _Fe(n, c_.)aaCr reaction
is not observed at this E,,, Data accumulated in the SEL 810B computer were

transferred to a VAX 11/785 comp,lter in the FOIt.ODF uGformat for off-line data
analysis, Dat_'_ were acquired over a period of about three weeks of OIt,ELA oper-
atio,1. I,ldividual rulzs we,'e corrected for dead time and overflows and were then

summed. Data analysis consisted of an initial prepartLtion of _he data using the code
PIt,PGE;. 27 this step broke up the lo,-lg FOII.ODF data file i,lto blocks representing
the individual spectra, with a header block containing needed information specific
to the individual spectrum (i.e,, incident'neutron energy, incident integrated flux
for the given neutron energy bi,_, etc.), In this manner, a long, binary file was cre-

ated which served as input to tb.e program GIt.PGLI, 2s This program analyzed each
spectrum for peaks and peak yields, converted the peak centroids to gamma-ray en-
ergies and then converted tile peat¢ yields to efficiency-corrected gamma-ray yields
and then to gamma-ray production crosssections. Then, using a table look-up pro-
cess, the program assigned garama-ray peaks to the responsible isotope(s), checldng,

* _ 0 4 g

for example,,reaction thresholds (su)phed m the tatole) as aids m assignments Ourexperier,_ce _ lth GRPGLI is that the program adequately analyzes large-yield peaks
(e.g,, E. r = 156 keV in Fig, 3) and it does reasonably well with small-yield peak:_
(e,g., E. r = 308 keV in Fig, 3) when it identifies them, but it ofte_._ misses entirely
small-yield peaks, Therefore, for gamma rays from expected transitions, the pro-
gram is requested to review the data in the region of the expected gamma ray and
provide an estimate of the "yield" for a "peak" centered at the desired energy, For
most cases the program indicates correctly the presence or absence of small peaks
but in about 25% of the cases it has been necessary to redo the analysis using an
interactive code called PLOTDATA written for an IBM-AT PC system 2`a to obtain
more accurate yields. Data were reduced for altogether 70 separate gamma rays
representing 72 transitions (two transitions having essenti_tlly identical energies),
and the 70 gamma rays are tabulated in Table 1 in a manner to quickly identiiy the
respoasible isotope and excited energy level.

Cross-section data were corrected for (a) absorption of gamma radiation by the
sample, (b) attenuation of the incident neutron beam, and (c) multii)h: scattering of
the incident neutrons in.the sample, The absorl)tion correction was straightforward
using published gamma-ray absorption data a° and ranged from 4% for lfigh-energy
gamma rays to 25% lo.' E_ = 126 keV. Corrections to tl!e data for beam atten-
uation and multiple scattering were accompi:shed using a Monte Carlo program

named IRON adapted from tlle documented Monte Carlo program SCINFUL, 2a
The program IRON required input cross sections for the various reactions of inter-

est; tl_ese were obtained from the draft version of ENDF/B-6 for Fe fox' E,, _< 20
MeV. a_ For 20 MeV < E,, < 41 MeV, cross sections were adapted ft'ore the eval-
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uation of Arthur and Young. 32 Inelastic scattering cross sections were supplied for
individual levels up to E, = 3.449 MeV, and a "continuum" cross section was given
to represent scattering into higher excited states of 56Fe. Gamma-ray branching
ratios 33 had to be included, also, with estirna*ics for decay of the "continuum." In-
put cross sections were tabulated point wise w'lth (usually) log-log interpolation;

• these data were checked ahead of time for accuracy by calculating the neutron +
Fe total cross sections at many neutron energies between 1 and 40 MeV. It. was
not possible to model exactly the sample as described above. Instead the sample
wtss treated as a disk made up of a homogeneous mixture of Fe, C and II. Angu-
lar distributions of scattered neutrons were included for scattering ft'ore C and H
taken from the SCINFUL code; for Fe the elastic scattering angular distribution

' information was taken from ENDF/B-6. The remaining neutron scattering reac-
tions were taken as isotropic in the center of mass. All scattering computations
were done relativistically. The incident neutron .,-as followed as it scattered in t.he

i sample until it was either absorbed or it escaped from the sample. The program
; provided the multiple-scattering estimate to the neutron attenuation which could

i be checked against a simple computation using the total cross section for the mixed
saint)le. These attenuation corrections ranged from 4% to 15%. The program then
supplied the tolal correction for both neutron attenuation and multiple scattering,

: and these values had substantial variations dependent upon gamma-ray energy as
well as the incident neutron energy. The values of the factors needed to multi-
pl?, the GRPGLI-generated production cross sections ranged from about 0.5 to 1.1.
Clearly the usual assumption a4 that the multiple scattering approximately compen-

: sates for the neutron attenuation in a "thin" sample is inadequate for the present
measurements.

Uncertainties, for the most part, were dominated by the statistical uncertainties
. of the yields of the raw peaks in the spectral data. However, systematic uncertainties

were computed and combined in the final data analysis. These included uncertain-
ties in detector efficiency (see Table 2 for a complete tabulation of uncertainties vs
E.r) and uncertainties in the incident beam flux (see Table 3 for a complete tabula-
tion of uncertainties vs E,, bin). Uncertainties in the above-discussed Monte Carlo
estimates of neutron-attenuation and multiple-scattering corrections were based on
number of "events" calculated by the code for each gamma ray at each incident E,
bin before and after the correction. These uncertainties were, for most cases, _<5%
of the correction, and in all cases were smaller than the statistical uncertainties of
the raw peaks in the spectral data.

: There was one other important correction that had to be computed and that
w_for time slewing (i.e., electronic "walk"). At the beginning of the exper'.ment we
determined that our detector and electronics exhibited an overall time resolution of

,,_ 8 ns for E. r = 511 keV. Some adjustments were made to the electronics to some-
what improve the timing resolution, especially for E._ = 847 keV, but the system
was not tuned especially for the much smaller-energy gamma rays at the beginning
of the experiment. However, the spectra exhSbited unexpectedly good yields for
low-energy gamma rays. As it happened data ceduction commenced after the S_Fe
sample had been returned to the pool. As a part of the data reduction the timing
of the system was studied as a function of E.y as the energy was decreased below
0.5 MeV. The timing resolution worsened moderately as expected with decreasing

' ]. '__

gamma-ray energy; however, as E-f was decreased below 0.3 Me\ rh(: centro_d of
** , the timing peak shifted toward longer times and the tinting resolution worsened
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Table 2, Uncertainties assigned to gamma-ray detection efficiency

Gamma-ray Uncertainty Gamma-l"a.y Uncertainty
energy (keV) (_) energy (keV) (_)

126--1334 3.0 1811 4.9 .
1370 3.1 1918 5.3
1408 3.3 1974 5.4
14'34 3.4 2035 5.6
1447 3.4 2052 5.7
1507 3,7 • 2058 5.7
1528 3.8 2095 5.8
1556 3.9 2113 5.9
1576 4.0 2144 6.0
1622 4.1 2178 6.1

' 1641 4.2 2198 6.2
' 1649 4.2 2273 6.4

1669 4.3 2321 6.6
1792 4.8 2470 7.0

Table 3. Uncertainty in incident neutron beam flux for each neutron bin
' Incident, En Uncertainty Incident En Uncertainty

(MEV) (%) (MEV) (%)
0.86 .... 0.91 23.8 11.28- 12.09 4.7
0.91- 0.98 18,6 12.09- 12.98 3.65
0.98- 1.16 10,0 12.98- 13.97 3.02
1.16 - 1.68 5,3 13.97 - 15,09 2.85
1.68 - 2.36 6,7 15.09 - 16.69 2.38
2.36- 3.07 5.8 16.69- 1855 2.20
3.07- 3.83 6,9 18.55 .- 20.76 2.03
3.83- 4,71 5,0 20,76--22.82 2.26
4.71- 5.65 4.2 22.82-25.20 2.22
5.65- 6.56 5,4 25.20- 27.99 2.25
6.56- 7,49 6,1 27.99- 30.40 2.27
7.49- 8.26 6,5 30.40- 33.15 2.55
8.26 -- 9.02 6.5 33.15 - 36.29 2.80
9.02- 9.90 6.2 36.29 28.64 5.5
9.90 - 10.56 6.2 38.64 - 41.23 8.2

10.56- 11.28 4.1

more rapidly than reported a_,a6 for other similar germanium detector systems. Fi-
nally, for E._ = 122 keV (obtained using aal 152Eu source) the timing resolution was
_30 ns; tlm' timing spectrum at this energy, however, exhibited a substantial non-
Gaussian "tail" extending to times >200 ns. 3v Since these times were considerably
longer tt!an the chomn experimental time intervals it was necessary to develop a
program to estimate the corrections due to these broad timing characteristics. The
program that was developed was an iterative program designed to compute a postu-



EXPEI_IMENTAL DETAILS 11

lated set of yields, one for each experimental time bin; of tile gamma ra.y in question
which, when the overall timing spectrum for that gamma ray was folded in with the
experimental timing bin structure, resulted in the observed set of yields. C0rrec-
tions were computed for t:lle data for all of the principal gamma rays. Corrections
for E., = 847 kev were a few percent for E,, _< 14 MeV, and increased to _20% for

• En "_ 25 MeV (where the width of the time bin was nominally 16 ns). For E. r = 126
keV, however, the correction was a factor of 3.0 foz En ,.,35 IvieV. Estimatesf0r the
uncertainty in each such correction .were made basedprimarily upon reproducibil-
ity of the computed results by varying (wiflfin uncertainties) the initial GRPGLI
yields. Essentially in every instance the uncertainty on the estimated correction
due to time slewing was not the. dominant uncertainty.

Each 0f two gamma, rays, namely E-r= 212 keV aald 1408 keV, resulted from
(the sumnfing of) transitions in two separate residual nuclides. For each gamma
ray, cross sections are reported for the reaction with the smaller threshold only up
to the threshold energy for the "other" reaction. Then for the "other" reaction cross
sections were determined by first obtaining the total cross section for the gamma
ray and then subtracting ari estima, te due to tl_e contribution fron-i the reaction
having the smaller threshold, For example, for E_ = 1.408 keV, the two trazlsitions
are in _SFe and S4Fe, and the two thresholds are, respectively, 12.83 and 22.30 MeV.
Hence, production cross sections are reported for 5'_Fe for En only up to 22.8 MeV.
The determination of production cross sections for the 140S-keV transition in _Fe
is given in Table 4.

A similar situation occurs for E. r = 411 keV, but in tiffscase wedid not attempt
to deduce production cross sections for the higher threshol.d nuclide, 54Fe.

Production cross sections were obtained for altogether 31 incident neutron en-
ergy bins, although, of course, not. all of the gamma rays were represented in every
neutron energy bin. In addition, for gamma rays having small yields, spectra for

, two or more neutron-energy bins were sometimes combined so as to obtain better
peaks for data reduction. The extracted cross sections are given in tabular form in
the next section.

Table 4. Data reduction for E- r = 1408 keV:
Determining the S4Fe contribution

E. bin a (mb) Due to Difference Adjust b a(_4Fe)
(Me'V) (total) 5_Fea

22,8-25.2 44.9 -4- 4.9 44,5 4' 2.8 0.4 4- 5,7 1,035 0.4 :t: 5.9
25,2-28.0 57,6 -J: 5.6 34.4 :t: 2.3 23.2 -_t: 6.1 1.024 23.7 ± 6,2
28,0-34,0 85.2 :i: 7.6 27,9 :t: 3,5 57.3 + 8,4 1.014 58,1 :t: 8,5
34.0-33.2 96.7 :t: 8,4 18.6 -_[=3,4 78.1 :t: 9,1 1,018 78.9 :t: 9,2
33.2-36.3 104,4 :t: 8.5 14,3 :t: 3.4 90.1 :t: 9,2 1,029 92.7 :t= 9,3
36.3-38.6 93.9 ± 11.0 18,3 :t: 4,2 75.6 :t: 11.8 1,021 77.2 :E 12,0
38.6-41.2 66,1 -4- 12.7 14.6 :t: 3,5 51.5 :t: 13,1 1,030 53,0 :t: 13,6

"Obtained from (44/53) x a(E._ = 477 keV) for _Fe.

. _Adjustment for different multiple-scattering'and attenuation corrections.



3. TABULAR PRESENTATION OF
THE MEASURED CROSS SECTIONS

Isotopic gamma-ray production cross sections for ten inelastic scattering transi-
tions are tabulated in Tables 5 and 6. The first column of Table 5 lists the binning
of the incident neutron energies; this binning was chosen to be comparatively coarse
for E,, ,-, 6 MeV since we were more interested in observing and measuring cross
sections for the nonelastic reactions and less interested in the well-measured (at
least for E,, up to ,-_9 MeV and around 14 MeV) inelastic-scattering cross sections.

Table 5. Isotopic gamma-ray production cross sections
(mb) for 56Fe(n, nl)S6Fe inelastic scattering reactions

Incident E,, Gamma-lray energy (keV) of:
(MEV) 8,t6,8 1238,3 1810,8 2094,5 2113,2

0,86 - 0.91 164 -1- 40
0,91 - 0,98 275 4- 52
0,98- 1,16 470 =h 49 '
1,16- 1,68 652 4- 37
1,68 - 2,36 810 -4- 55 13,1 4- 1,5 a
2,36- 3,97 961 4- 58 73,0 4- 4,8 82,7 .4- 8,4 b 27,1 4- 8;7 c
3,07 - 3,83 1115 4- 77 162,3 4- 11,7 167,5 .4- 12,6 32,0 4- 2,8 99,6 d:. 7,9
3,83 . 4,71 1180 4- 62 238,6 4- 12,8 143,6 .4- 8,2 3'1,8 4- 3,3 103,9 4- 7,2
4,71 - 5,6'5 1274 -4- 57 310 4- 14 153,6 .4- 9,0 24,6 4- 2,7 100,5 ± 7,0
5,65 - 6,56 1331 4- 90 400 4- 30 151,7 '4- 10,3 21,2 4- 3,3 90,3 4- 6,8
6,56 - 7,49 1255 4- 79 402 4- 26 135,1 .4- 10,3 10,8 4- 2,5 64,2 ::h 5 2 "'
7.49 - 8.26 1160 4- 79 421 4- 28 115,0 :{: 8.9 7,6 4- 2,5 48,6 4- 5,2
8,26- 9,02 1131 4- 75 444 4- 31 111,0 .4- 8,8 6,4 4- 2,6 47,2 4- 5,1
9,02 - 9,90 1131 4- 72 469 4- 32 106,2 4- 8,3 3,0 4- 1,6 52,4 4- 5,3
9,90 - 10,56 1123 4- 72 520 4- 36 100,0 .4- 9,2 3,2 4- 2,6 54,3 4- 7.8

10,56 - 11.28 1171 4- 52 499 4- 23 96,9 4- 6,9 2,2 4- 1,4 49,8 -4-6,0
11.28- 12.09 1101 4- 54 511 4- 26 91.3 .4- 7,0 30,8 4- 6,9
12,09 - 12,98 947 4- 41 490 4- 21 80,6 .4- 6,8 35,5 4- 6,2
12,98 - 13,97 774 4- 35 431 4- 18 51,7 4- 5,5 24,8 4- 4,7
13,97 - 15,09 621 4- 29 290 4- 16 37,5 4- 4,6 15,3 -4-4,7
15,09 - 16,69 409 4- 25 193 =t=14 30.8 4- 3,9 11,9 4- 2,9 '
16:69 - 18,55 293 4- 16 126.6 4- 8,2 21,5 .4- 4,1 6,8 ::k 3,8
18.55 - 20.76 249 4- 11 96,6 4- 5,5 10,5 .4- 2,8 7,5 4- 4.6
20,76 - 22,82 206,,t 4- 9,3 63,6 4- 4,' 7,'t :t= 3,0 't,5 ::t: 3.5
22,82 - 25,20 182,5 "4- 9,0 51,9 4- 4,8
25,20- 27.99 141,4 4- 8,0 43,3 4- 3.8
27,99 -- 30,40 122,3 4- 7,9 38,3 4- 3,7
30,40-33,15 107,9 4- 8,5 38,0 4- 4,2
33,15- 36.29 101,1 4- 7.8 33,3 4- 7.1
36.29 - 38.64 89,8 4- 8,8 27,6 4- 6,7
38,6't - 41,23 86,0 4- 11.2 16,8 4- 4,8

i

'_For incident neutron energy bin 2,12 _< En _< 2,36 MeV,

bFor incident neutron energy bin 2,71 < E,, < 3,07 MeV,

CFor incident neutron energy bin 3.01 < En < 3,07 MeV,

12
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Table 6, Isotopic gamma-ray production cros__,sections
, (mb) for '_'(_Fe(n,n")56Fe inelastic scattering reactions

r

' ' Incident En Galllma-ray energy (keV) of:
. (MEV) 2273,2 1037,9 1303,0 1669,9 2034,9

3,18 -_ 3,_83 56,3 4. 5,7 20,6 ::k 2,0
3,83- 4,71 67,8 4- 6,0 55,5 4. 3,6 3,9 4. 1,4 7,6 4. 110"
4,71- 5,65 57,5 4. 5,3 85,7-+ 5,1 11,2 4. " _"1,,:) 4,8 4. 1,3 25,6 4. 2,6
5,65- 6,56 41,4 4. 5,2 112,3 4" 8,5 17,7 4. 1,8 20,2 4. 3,3 27,5 4. 3,5
6,56 - 7.49 35.2 4. 4,2 99,8 4. 6,9 35,8 4. 2,8 2.1,8 4. 3,2 25,9 4. 3,]
7,49'- 8,26 29,5 4. 4,2 104,6 4. 8;0 40,0 4- 3,0 26,4 :k 3,6 2,t,0 4. 3,6
8,26 - 9,02 32,8 4. 4 5 95,3 :i: 7,6 50,6 4. 3,5 3,t,5 4. 4,2 17,5 4. 3,6
9,02 -- 9,90 22,7 4. 5,0 100,5 4. 8,0 5,t,9 4. ,1,4 ,t0,1 4. 4,3 17,.t 4. 3,,t
9,90 - 10,56 30,1 4. 5,7 98,6 4. 813 72,8 4. 6,5 38,o'r. 4. 4,4 22,8 4. 4,6

i ]0,56 - 11,28 18,2 4. 4,8 112,7 4. 9,7 70,5 4. ,1,7 51,0 4. 6,1 16,8 4. 5,0
11,28 - 12,09 17,3 4. 6,5 102,.t -4- 7,2 76,5 4. 4,9 47,4 4. 5,8 15,9 =k 5,1
12,09 - 12,98 20,4 4. 5,7 102,3 4. 6,6 78,0 4. ,t,7 52,5 4. 5,7 17,9 4. 5,6
12,98 - 13,97 17,4 4. 5,4 65.84. ,t,3 81,0 4. 4,3 60,0 4. 6,,1 14,4 4. 5,5

¢' q * E13,97 - 15,09 6,2 4- 4,3 47,1 4. 3,8 73,1 4. 4,8 5,t,5 4. 5,6 10,2 4- 3,o
,. 15,09 -: 16,69 6,0 4. 2.6 26,6 4. 2,4 48,3 4. ' _"3,o 30.] 4- 3,7

16,69 - 18,55 5,7 :k 3,0 17,3 4. 2,5 27,8 4. 3,0
18,55 20',7(I 16,3 + 3,0 21,5 4. 3,0

, 20.76 - 22,82 5,6 4. 2,9 11,7 4. 3,0
22.82 - 25,20 5,7 4. 2,(I 8,0 4. 2,4
25,20 - 27,99 5,6 4. 2,7
27,99 - 30,40 5,2 + 2,7

!
"For incident neutron energy bin 4,20 < En _<,t.71 MeV,

The first entry in the third column of Table 5 for E. r = 1238 keV illustrates an
additional correction applied to a few of the measured cross sections, The threshold

' for this transition is 2,12 MeV, so that only a portion of the neutron flux in the given
bin (of 1,68-2,36 MeV) contributes to the inelastic scattering reaction resulting in
this transition, We computed the...."active" portion of the, flux, (,i e,, for E. = 2,12 to
2,36 MeV) and used the reeomputed flux for the determmatmn of the cross section
given in Table 5, The footnote to the entry is indicative that this correction was
applied. Similar corrections were applied to other cross sections near threshold as
indicated by appropriate footnotes, for example for E.y = 1811 and 2113 keV in
Table 5 and E. r = 2035 keV in Table 6, Note that in Table 6 the first, given energy
bin has been slightly altered from the experimental bin limit given in Table 5, The
lower limit of 3.18 MeV is the threshold energy for the first two transitions in Table
6; the alteration is in place of a footnote,

As mentioned above, for transitions having small cross sections (usually < 10
mb) sometimes we combined neutron-energy-binned groups to provide better de-
fined peaks in the spectral data Results obtained b combining two neutron ener _,, _ y, , , - g3
bins aa'e first presented in Table 7, Cross sections obtained from the combined
groupings are given in the last, six rows following the cross section entries for the

. individual neutron-energy bins,

Entries in Tables 9, 12 and 14 are cross sections obtained after combining four=

_ neutron-energy-bin groups, The four groups are different, for each of these three

i tables, however, since the cross sections for three different reactions are being tabu-

--!!
, Iii ....
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luted, For each reaction the four groups were chosen, to include the :.ncident-neutron
energy corresponding to the peak cross section for that reuction, As one may ob-

- serve, the la,yout of these three tables is different from the other tubles, Here
the emphasis was on locating und quantifying transitions from ali of the low- and
intermedlat, e-energy levels in the residual nucleus, Level excitation energies, transi-

' tion energms and brtmching rutms were obtained from recent reports, 4'as Correctmns
for sample absorption of gamma rays, neutron attenuation und multiple scattering
were included, but time-slewing effects were not computed, the reason being tha.t
the timing intervals for each of the chosen four-bin groups were now large (>68 ns)
compared to all but one of the measured timing resolutions disc.ussed ahoY'., Any
such corrections would, therefore, be expected to be small and likely well within the
uncertainties associated with the other aspects of the data reduction, The remain-
ing except, ion was for E., = 126 keV, and an average cross section for its aI._propriute
four-bin group ("fable 14) was not determined for this gamma ray,

More than 500 cross sections and associated uncertainties are tabulated in Ta-
bles 5-17, The uncertainties are total a,bsolute uncertuinties, More than half of
the entries are for reactions and transltmn.' observed for the first time and/or for
incident, neutron energies studied for the first time,

Table 8, Isotopic gummn-ray production
cross sections (mb) associated

with 50Fe(n,a)_aCr reactions

Gamma-ray energy (keV) of:Incident E,,
(MEV) 1006,5 1289,6

12,98- 13,97 12,5 ± 3,9
13,97- 15,09 13,3 :t: 1,5
15,09 .- 16,69 11,6 + 1,5 11,9 :t: 1,4
16.69- 18.55 12,4 -_t:3,5 11.0 ::£ 1,4

6.55- 8,26 0,7 ::1:1,7 1,0 :t: 1,6
8.26 - 9,90 5,7 :k 1,8 4.4 -t- 1,8
9,90- 11 28 6,0 ::1:2,6 t3,6 ::t:2,5

11,28- 12 98 8,1 :t: 0,9 12,5 ::t: 1,2
1.2.98- 15 09 7,7 ::t:2,3
18.55- 22 82 7,3 ::k 2,5 10.3 4- 1,1
22,82 - 27 99 8,0 ::k 3.2 6,0 ::k 2,4
27,99- 33 15 1.2 =t=2,7 5,1 -.k 2,3
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Table 9, Average isotopic cross sections
for _Fe(n,a,)_aCr reactions for an incident
neutron energy bin of 13,0 - 18,6 MeV

E_ E_ Branching a_
(keV) (keV) R_tio ¢' (nrl))
564,1 564,1 1,0 4,7± 1,6

_006,5 1006,5 1,0 12,0 ± 0,7

1289,5 1289,5 0,935 10,4 ± 0,7

1536,7 530,2 0,65 6,9 ± 0,5
247,1 0,26 1,5 d: 1,3

1973,6 1973,6 0,84 1,5 ± 1,4

2172,4 882,8 ],0 7,2 ::t::0,7

2320,5 320,5 1,0 1,5 ± 1.5

2453,1 1446,8 0,45 2,2 ± 1.5

2655,8 1649,4 0,72 2,0 ± 1,4

"From Larson and Dickens, ref, 4,

bCo,'rected for sample absorption and multiple scat-
tc,ing but not for time slewing,

Table 10, Isotopic gamma-ray production cross sections "
(nab) associated with _°Fe(n,2n)_Fe reactions

Incident En Gamma-ray energy (keV) of', ,
(MEV) 411,3 931,3 1316,4 477,2 1408,11

12,09 - 12,98 6,3 4. 2,8
12,98 - 13,97 28,0 4. 4,0 23,2 4. 2,1 8,3 :t: 3,8 8,0 + 3,7 2,8 4. 3,4
13,97 - 15,09 32,5 4. 2,4 84,1 4. 7,4 53,7 -4- 5,9 38,0 4. 4,3 23,7 4. 4,8
15,09 - 16,69 41,9 4. 2,2 185,8 4. 13,8 112,9 4. 9,6 67,6 ::E:5,8 54,3 4. 7,6
16,69 - 18,55 46,3 4. 2,4 187,1 + 7,6 1,t7,8 ::t: 7,5 63,9 4. 3,0 49,4 _q:4,6
18,55 - 20,76 36,6 4. 3,2 188,9 4- 7,9 178,4 4. 8,1 66,2 4. 4,2 57,7 4. 3,5
20,76 - 22,82 33,7 + 2,2 179,9 + 8,7 176,0 4. 8,3 64,7 4. 3,3 57,8 4. 4,9
22,82 - 25,20 153,1 4. 7,0 165,6 4. 8,0 54,1 4. 3,4
25,20- 27,99 101,1 + 7,1 106,2 4. 7,9 41,8 4- 2,8
27,99 - 30,40 68,_ 4. 7,5 62,2 4. 9,9 33,9 -.J: 4,3
30,40- 33,15 38,B 4. 6,9 44,1 4. 7,9 22,6 4. 4,1
33,15 - 36,29 33,5 4- 7,3 22,6 4. 5,3 17,4 =t: 4,1
36,29 .- 38,64 25,8 4. 5,6 16,1 ::h 4,8
38,64 - 41,23 17,0 -_J: 6,5 15,9 4. 5,0

36,29 .- 41,23 14,4 5-_ 2,9

I
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Table 11, Isotopic gamma-,'ay production cross sections
(nib) associated with _°Fe(n,2n)_Fe reactions'

Incident E,, Gamma-ray energy (keV) of',
' (hleV) 273,5 771,6 1222,5 1370,0

13,97- 15,09 15,9 :t=3,6" 4,4 :t=2,5 3,7 ± 3,0
15,09- 16,69 21,2 :t=2,6 3,2 ± 2,4 20,6 i 2,1 15,9 ± 3,0
16,69- 18,55 31,0 ± 1,7 10,2 :t=2,9 67,5 :t=5,2 28,1 ± 2,5
18,55 - 20,76 44,0 ± 3,4 12,3 ± 2,7 92,3 =t=5,3 26,3 ,t- o.,3'
20,76- 22,82 57,0 _ 4,5 16,9 ± 3,9 95,1 =t:5,3 26,8 + 3,6
22,82- 25,20 44,3 ± 3,0 14,7 ± 3,4 92,8 =t=5,2 29,8 + 2,7

' 25,20- 27,99 41,2 4- 3,8 9,2 ± 2,6 63,9 + 4,6 28,0 ± 4,1
' 27,99 .- 30,40 23,5 ± ].,9 8,8 ± 4,1 48,4 :E 5,5 17,6 ± 6.3
'_ 30,40- 33,15 16,7 ± 3,0 !I,0 ± _,8 24,4 :k 4,7 11,5 ± 2,9
, 33,15 .- 36,29 15,3 ± 3,3 15,5 _ 4,0 9,4 ± 3,5

36,29- 38,64 8,3 -J: 3,6
I 38,64- 41,23 6,5 _: 3,3

36,29 - 41.23 3.6 :k 3,4

aFor incident neutron energy bia 14,20 < E,, 5_:15,09 MeV,
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Table 12, Average isotopic garnma-ray production
i cross sections for _(3Fe(ni2n)_Fe reactions for an

incident neutron energy bin of 15,1 to 22,8 MeV
, b

E_ E._ Branctnng a.y
(k V) (k V) m ti,, (mb)
411.S 411,S 1,0 3S,a± 1,2
931,3 931,3 0,98 182 ± 5

1316,5 385,3 0,07 13,1 ± 0,6
1316,5 0,93 147 ± 4

1408,4 477,2 0,53 64,7 ± 1,7
1408,4 0,44 53,1 ± 1,8

1918,3 1507,1 0,32 2,0 ± 1,1
' 1918,3 0,68 '2,6 ± 1,0

2051,7 1640,5 0,77 0,0 ± 0,9
2051,6 0,23 2,6 ± 1,5

2143,5 827,1 0,30 6,3 ± 1,6
! 1213,0 0,43 5,5 ± 1,1

2143,5 0,18 0,0 ± 1,3
2211,9 803,4 _ 0,98 40 ± 10

' 2301,1 984,6 O,OS 4,6 ± 1,0
1369,7 0,92 24,2 ± 1,6

,.4rO 2 2058.4 0,34 0,4 ± 1,3
' 2470,2 0,66 2,8 ± 1,3

2539,1 1222,5 0,97 64,0 ± '2,9
2813,8 274,8 d 1,0 33,1 ± 1,0
2872,3 1556,0 0,25 2,0 ± 1.3
2938,9 1622,3 0,45 1,0 ± 1,0 '
2984,4 771,6 12,7 ± 1,7

1576,0 2,9 ± 1,2
3072,0 532,5 0,83 5.4 ± 1.0 '
3108,7 1792,1 0,22 1,3 4- 1,4

2177,6 0,76 1,1 ± 1,5

_Fro,nevaluation of Zhou, et a,l,, ref, 37,

bCorrected for sample absorption and multiple scaf,tering
but not for time slewing,

c ' ,, _ , ! " ' 1 , ' ' 206 ICoincident with _acl, gioand Iadmtmn [ Pb(n,n 7)]. An
estimate was made of the background contribution, and the
uncertainty reflects the difficulty of this estimation.

dE_ = (273.,5:t:0,5) keV measured in the present experi-
ment. This gamma ray lies close to, and was resolved from,
the E v = 271 kev due to a transition in 56Mn.
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Table 13, Isotopic gamma-ray production cross sect,ions
(mb) associated with _°Fe(n,d + n, np)_Mu reactions

Incident E,, Gamnla-rt\v energy (keV) of', (
, (M V) 1 . ,95 sss,2 1100,a \

9,90- 10,56 0,2 ± 2 0
10,56- 11,28 0,7 ± 3 3
11,28- 12,09 29,4 ± 15 0
12,09-12,98 44,5 ± 6 5
12,98 - 13,97 62,9 ± 3 6
13,97- 15.09 91,6 ± 5 9
15,09- 16.69 93,7 ± 6,0 21,1 ± 4,8 5,6 ± 2,9
16,69- 18,55 110,5 ± 11,9 31,3 ± 5,3 19.0 ± 1,9
18,55 - '_ ' ....,..0,7(J 114 =t=_18 35,4 =t=4,3 ')_ 5 ± 3,0
20,76 22,82 131 ± 34 42 8 ± 4,3 25,7 :k 3,..
22,82- 25,20 122 ± 31 48,4 ± 6,1 41,1 :t: 3,2
25,20- 27,99 101 ± 20 45,1 ± 6,1 33,6 ::t:2,8
27,99 30,40 72 ± 18 46 3 + 6,.. 28,5 ::t=5,5
30,40- 33.15 72 ± 22 27,5 ± 4,6 35,5 =J=3,9
33,15- 36,29 53,1 ± 16,5 17,9 ± 3,6 17,9 :i: 5,3
36,29 - 38,64 7,2 ± 4,2 19,9 ± 5,4
38,64 - 41,23 11,1 ± 5,4

Table 14,
Average isotopic gamma-ray production cross sections

" for 50Fe(n,d+n,np)_Mn reactions for an incident
neutron energy bin of 18,6 to 28,0 MeV

' E_ E._ Branching a_
(keV) (keV) Ratio" (mb)
984,29 858,2 0,95 42,8 ± 2,2

1292,18 308,1 0,20 10,0 ± 0,7
1166,3 0,80 28,1 ± 1,9

1293.0 1293,0 _,0 4.3 ± 1,6

1528,37 1528.3 0.97 6,8 ± 1,4

2198,38 2198,5 0,61 3,0 ± 1,7

2311.52 1019.42 0,90 8,3 ± 0.7

aFrom evaluation oi"Zhou, et al,, ref. 37.

bCorrected for sample absorption and multiple scat-
tering, but not ibr time slewing,



20 TABULAR PRESENTATION OF THE MEASUIIED CROSS SECTIONS

Table 15. Isotopic gamma:ray production cross sections
(mb) associated with 5_Fe(n, nc_)52Cr reactions

Gamma:ray energy (keV) of:' Incident En
(MEV) 1434.1 935.5 1333.6 744.2 "

18.55- 20.76 26.0 + 3.9 11.5 + 3,0
20.76- 22.82 41,5 ± 5.5 19,1 + 3,7
22.82- 25.,20 51.1 + 6.2 20.6:5 3,8 19,5 + 2,3 5.6:5 4.0
25.20 27.99 60,9:5,6.2 20.7/:,4.4 25.3:5 4,5 13.6:5 4.1
21.,_ _1.99 30.40 49.9 :5 5.5 27.8 :5 5.0 21.9:5 4.6
30.40- 33.15 35,8 :5 5.7 26.2 + 5,8 12.9:5 4.2

', 33.15- 36.29 34.1 :5 5.6 22,9:5 5.0
36.29- 38.64 24.5:5 6.0 19.2:5 8.3

]

12.98- 15.09 2.9:5 2.0
" 15.09- 18.55 7.7 :5 2.0 3.21 1.8 2.1 ± 1.9

18.55- 22.82 10,6:5 4.9

27.99- 33.15 18.2 ± 3,2
33.15- 38.64 9.7 :5 3.1 10.2 :5 3.2

Table 16. Isotopic gamma-ray production cross sections
' (mb) associated with _°Fe(n,3n)54Fe reactions

• .

Incident E,, Gamma-ray energy (keV) of: ,
(MEV) 1408.1 a 1129.9 756.6

22.82 - 25.20 0.4 4- 5.9 2.9 4- 3.6b
i

25.20 - 27.99 23.7:5 6.2 9.5:5 2.5 3.6 + 4.0
27.99- 30.40 58:1:5 8.5 44.7:5 6.7
30.40- 33.15 78.9 4- 9,2 58.4:5 6.8
33.15- 36.29 92.7:5 9 3 68.2:5 6.7
36.29- 38.64 77.2:5 ].2.0 44.3 4- 7.6
38.64- 41.23 53.0 4- 13.6 18.8:5 7.7

27.99- 33.15 7.5 4- 3.7
33.15- 38.64 10.S + 1.7

aSee Table 2.

bFor incident neutron energy bin 23 45 < E,, < 25.20 MeV.

|

i
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Table 17, Isotopic gamma-ray production cross sections (mb)
- associated with _6Fe(n, t + n,7_d + 7_,2np)'_4Mn reactions

Incident En Gamma-ray energy (keV) of:
" (MEV) 156 2 211.6 705,4 251.3

15.09- 16.69 1.41 3.2
16.69- 18.55 9.8 + 6.2 3.9 + 2,8
18.55- 20.76 1.7,4 4- 3,1 8.5 4- 1.9
,,0.76 22 82 19.4 ± 2.9 9.2 + 1,8
22.82- 25.20 22.9 i 2.6 18.2 ± 2.0 5.6 4. 3.0 ,
25.20- 27.99 37.2 4- 2.8 33.8 4- 3.2 8.0 4- 4.0
27.99- 30.40 80.4 4. 12.9 42.8 ± 4.9 30.3 4- 6.9

' 30.40- 33.15 82.1 4- 14.1 69.6 + 9,0 41,8 4. 9.2
' 33.15- 36.29 92 4- 20 71.8 4- 10.1 42,6 4- 6.5

36.29- 38.64 107 4- 33 85 4- 16 53.8 4. 7.9
[ 38.64 - 41.23 144 4. 69 96 4- 25 70.4 4- 9.9

20.76 - 25.20 0.4 + 1.1
25.20 - 30.40 4.2 4- 2.2
30.40- 36.29 9.4 4.3.1
36.29- 41.23 6.6 4- 1.3

I
I
!
!i
i
w
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4. DISCUSSION OF THE DATA

The primary purpose of this report is to archive the experimental ga.mma-ray
production Cross sections for future reference, Hence, this section will not include
a complete analysis of these data, Indeed, as mentioned above, we were primarily
interested in the nonelastic events rather than the inelastic events, and we reduced
only tile largest-yield data for the latter primarily to establish a kind of a fiduciary
to determine the adequacy of the experimental teclmique and data reduction for
the data of interest.

In Fig. 4 are shown the present gamma-ray production cross sections for E.y=
847 keV, the principal gamma ray from inelastic scattering, compared with some,
but not all, of the earlier experiments. The results in this figure are given in isotopic
cross sections; the eleme_t, al cross sections reported in the earlier experiments have
been normalized using the elemental abundance of 5_Fe in natural iron of 91.8%. In
addition, for E, > 10 MeV, the earlier data have to be corrected for the contribution

from the minor isotope 57Fe (2.1% abundance in elemental iron). This correction
was computed using measured 5:'Fe(n, 2n7) gamma-ray production cross sections. 1
One difficulty with comparison with earlier measurements is that high resolution (in
incident neutron energy) measurements of the 847-kev gamma-ray production cross

section 16'1s shows considerable resonance-like structure even for En "_ 6 MeV (these
data are not st::_,vn in Fig. 4), and so experiments using monoenergetic neutron
sources may re fit, in rather different cross sections than the present data since
the present dai_: provide an average cross section for the incident neutron energy
interval. The present data agree within =t-20% uncertainties with data reported by
Benjamin, Buchanan and MoI'gan 13 (not shown in Fig. 4) except for En = 1.5 MeV.
The present data are also in good agreement with earlier ORNL elemental cross
section data s obtained with a Nai-based detector system for En < 4 MeV for the
experimental gamma-ray energy bin 0.71-0.95 MeV. For this same incident neutron
energy region, however, as shown in Fig. 4, our present results are definitely smaller
than the IRT da.ta. 1° The Obninsk cross-section dataXS (not shown in Fig, 4; but
see, however, Fig. 12 of ref. 8 fox" a comparison of the Obninsk data with the prior
ORNL results) exhibit substantial dependence on incident neutron energy; these
data, however, appear to be in agreement with the trend of the excitation function
for En between 1 and 6 MeV. Finally, fox' En ,_ 15 MeV the Lund measurement 14

19
and the Beijing Normal Universit, y measurement (neither are shown on Fig. 4) are
,-_2 times larger than deduced from the present data. The present data agree with
the IRT measurements 1° over the incident neutron energy region from 4 to 12 MeV.
Our data. are ,-_10()%smaller than data obtained at Studsvik 11 for En between 16
and 18 MeV. We have no explanation for the sudden increase in this cross section
previously reported 11 for En > 20 MeV; our data continue the trend toward smaller
values, a trend likely more in line with physical expectations.

Comparisons of our data with a representation of earlier measurements for
E_ = 1238 kev are shown in Fig. 5. Agreement with the IRT data 1° seems a
little better than shown in Fig. 4 for E._ = 847 kev except perhaps for E,, between
10 and 13 MeV. Indeed, the data sets exhibited in Fig. 5 tend to show very rea-
sonable agreement, at least to within the various stated uncertainties. Previous

experimental results not shown in Fig. 5 include the LANL data 6 for E, between

22
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Fig. 5. Isotopic cross sections for tile production of the 1238-keV gamma ray.
Tile present data (open circles) are compared with previous measurements (solid symbols) given

d_

as follows: USNRDL, ref. 5; ORNL, refs. 7 and 8; CBA, ref. 9; IRT, ref. 10; Studsvik, ref. 11; and
IAE (Beijing), ref, 12,
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4 and 8 MeV which are ,-_50% larger than the present result, sl the Beijing Normal
Universit, y datum 19 at E,, = 14,9 MeV which is also about 50% huger than present

" results; and the Lund datum 14 at E,, = 15,1 MeV which agrees to within its as-
signed 15% uncertainty with the present data, One may also note that the Studsvik

i , i i

data 11for En > 20 MeV do not mm'ease with increasing En iri a,manner slnnlar {,o
* tlmt shown in Fig, 4 for E.r - 847' kev but rather follow the trencl of the present

data,

Comparisons for other _aFe(n, n'7) transitions were st,udied, These comparisons
are, for the most part, as favorable as for E._ = 1.238keV; however, the uncertainties
assigned to all data. sets are larger, and so the comparisons tend to indicate "better"
agreement simply on the basis of the overlap of error bars,I

As mentioned in the Introduction, the emphasis for this experiment was in the
, study of gamma radiation due to tertiary reactions, Of these reactions, previous

expenmentsO,10 .,t=,l ,l,lu reported cross sections for discrete-transition gamma rays
ft'ore _6Fe(n, 2n.7)_st;> reactions, The present isotopic gamma-ray production cross
sections for E._ = 931 kev arc exhibited in Fig, 6 compared to earlier measm'ements

of cross sections for this gamma ra?,, and for E._ =1316 ke\ r in Fig, 7 also compared
to earlier measurements, The IRT wtlues appear to be much too large for E,, close
to threshold but in good agreement for the next larger E,, bin. The IAE l_ data
agree well for both transitions, The Beijing Normal University1_, data (not. shown

, ,j ,}in these figures) however arc _10 times too big The Studsvik 11 measm'ements
are rather interesting, being smaller for E,, ,-_ 16 and 18 IvleV, and a little larger
for En "' 19 and 20 MeV, We do not wish to suggest an error in their beam-energy
measurements, only to observe that if all of their E,, = 16,1 MeV data points were
replotted at E. ,-. 15 MeV, there would be very good agreement with the present

. measurements fox' thc' four gamma-ray excitation functions shown in Figures 4-7,

We remm'k in closing this Discussion tha,t we obtained our cross section values
. and uncertainties using standard methods, We have carefully reviewed all aspects of

our experiment, including not only the data reduction but also all of the corrections.
t,ha,t were necessary, Comparisons with em'lier measurements (Figures 4-7) are not
meant to "validate" the present data because no set, of measurements provides a
complete picture of the 7_+ S6Fe interaction, The cross sections reported herein are
as accurate as can be provided within the framework of our experimental system,
What these measurements will do is to provide data to guide a consistent nuclear-
model development and computations of the type, for example, used to prepare

. the recent ENDF ewduation for iron, a° not only for current evaluation efforts for
E,, _<20 MeV but potential future efforts for E,, > 20 MeV,

i
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Fig. 6, Isotopic cross sections for the production of 931-kev gamma ray. The
present data (open circles) are compared with previous measurements (solid symbols) given _u_
follows', USNRDL, ref, 5; IRT, ref, 10; Studsvik, ref, 11; and IAE (Beijing), ref, 12,
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