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CARBON NEUTRON EIASTIC- AND INEIASTIC-SCATTERING 
CROSS SECTIONS FROM 4.5 TO 8.5 MeV 

F. G. Perey and W. E. Kinney 

ABSTRACT 

Numerical values are given for neutron elastic- and 
inelastic-scattering cross sections from carbon in the 
energy range 4.5 to 8.5 MeV. A brief description of the 
experimental and data reducing techniques is presented to 
assist in the evaluation of the data. A comparison was 
made with other data in this energy region, and fairly good 
agreement was found, particularly with previous time-of­
flight data. Our data were also compared with the predic­
tions obtained from the current ENDF/B file of "evaluated" 
cross sections for carbon. The ENDF/B file was found to 
reproduce very poorly the data for both elastic and inelas­
tic cross sections. This is not too surprising in view of 
the rapid changes in the shapes of the cross sections and 
the paucity of data previously available in this energy 
region. 

mTRODUCTION 

Numerical values of neutron elastic- and inelastic-scattering 

cross sections from carbon were obtained in the range 4.5 to 8.5 MeV. 

Conventional time-of-flight techniques were used t.o obtain the data, 

which were then reduced with the aid of a light pen with the PDP-7 

computer. 

When our data were compared with other data in this energy region, 

fairly good agreement was obtained with previous data, particularly with 

previous time-of-flight data. The predictions obtained from the current 

ENDF/B file of "evaluated" cross sections for carbon are relatively poor, 

which is not surprising in view of the resonant structure of both the 

elastic and inelastic cross sections and the paucity of previously avail­

able data in this energy range. 

DATA ACQUISITION 

~he da~a were obt~ined with conventional time-of-flight techniques. 

Pulsed (2 MHz), bunched ( ...... 1 nsec full width at half maximum, FWHM) deu­

terons accelerated by the ORNL Van de Graaf'finteracted with deuterium in a 
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a gas cell to produce neutrons by the D(d,n.}'He reaction. The gas cells, 

whose lengths varied from 0.7 to 4 cm and whose pressure was approximatel¥ 

1.5 atm, gave neutron energy resolutions from 60 to 340 keV, depending on 

the incident deuteron energy. 

The neutrons were scattered from a solid right circular cylindri­

cal sample (2.54 cm in diameter, 2 cm long) placed approximately 10 cm 

from the gas cell when the detector angles were greater than 25°. For 

smaller detector angles the cell-to-sample distance had to be increased 

to as much as 30 cm in order to shield the detector from neutrons coming 

directly from the gas cell. 

The scattered neutrons were detected by 12.5-cm-diam NE-213 liquid 

scintillators optically coupled to XP-104o photomultipliers. The scin­

tillators were normally 2.5 cm thick, but their thickness was increased 

to 5 cm when the 4-cm gas cell was used. Data were taken with a single 

detector and later with three detectors simultaneously. Flight paths 

varied from 4 to 6 m, with the detector angles ranging from 15 to 14o0
• 

The gas-cell neutron production was monitored by a time-of-flight system 

which used a 5-cm-diam by 2.5-cm-thick NE-213 scintillator viewed by a 

58-AVP photomultiplier placed about 2 m from the cell at an angle of 55° 

with the incident deuteron beam. 

The flight time of a detected recoil proton event, with reference 

to a beam pulse signal, the pulse height of the recoil proton event, and 

identification of the detector in the three-detector system were supplied 

to an on-line PDP-7 computer. The electronic equipment for supplying this 

information to the computer consisted, for the most part, of standard com­

mercial components. While gamma rays were discriminated against for both 

the scattered neutron and the monitor detectors, the discrimination was 

poor below a neutron energy of 700 keV. A digital bias corresponding to 

this neutron energy was therefore put into the computer so that two time­

of-flight spectra were obtained for each scattered-neutron detector, the 

spectra corresponding to pulse heights above and below the digital bias. 

Only the spectra above the bias were used. 

The detector efficiencies were measured by (n,p) scattering from 

a thin (6-rmn-diam) polyethylene sample and by detecting neutrons coming 
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directly from the gas cell. Both interactions gave results which were 

in agreement and which yielded efficiency vs energy curves that compared 

well with calculations.1 

DATA REDUCTION 

We have developed new methods of data reduction which hav~ both 

simplified the process and made it more reliable. Central to the data 

reduction process is the use of a light pen with the PDP-7 computer scope 

display programs to extract peak areas from spectra. The light pen makes 

a comparatively easy job of separating multiplets and estimating errors 

in the cross section due to extreme but possible peak shapes. The time­

of-flight spectra are transformed into a center-of-mass cross section as 

a function of excitation energy in the target nucleus before peak strip­

ping is done. This transformation removes kinematic effects and allows 

easy comparison of spectra taken at different angles or different inci­

dent neutron energies. The second effect of the transformation is to 

make all the peak shapes and widths approximately the same. In the time­

of-flight spectrum the width of the peaks is a rapidly varying function 

of neutron energy since the energy dispersion changes as a function of 

flight time. Finally, there is comnru.nication between the PDP-7 and 

larger computers via magnetic tape in order to mimimize the bookkeeping 

and card punching and hence the errors which accompany such operations. 

The reduction process starts by normalizing a sample-out to a 

sample-in time-of-flight spectrum by the ratio of their monitor neutron 

peak areas, subtracting the sample-out spectrum, and transforming the 

difference spectrum into a spectrum of cross section (mb/ster/25 keV) 

vs excitation energy (25 keV/channel). In addition, a spectrum of the 

variance is computed based on the counting statistics of the initial data. 

The transformed spectra are read into the PDP-7 computer from mag­

netic tape, and the peak stripping is done by means of the light pen. A 

peak is stripped by drawing a background beneath it and then having the 

computer calculate the peak area (mb/ster), centroid, and FWIIM. The var­

iance spectrum is used to compute a counting statistics variance corres­

ponding to the stripped peak. Peak stripping errors due to uncertainties 

in the residual background under the peaks or to the tails of imperfectly 
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resolved nearby peaks may be included with the other errors by stripping 

the peaks several times corresponding to high, low, and best estimates 

of this background. Although somewhat subjective, the low and high es­

timates of the cross sections are identified with 95% confidence limits 

for the value of the cross section due to this background. These limits 

together with the best estimate define upper and lower errors due to 

stripping. Different upper and lower values of the stripping errors are 

allowed since the upper and lower estimates of the background are rarely 

symmetric about the best estimate. When a spectrum is completely stripped, 

the stripping information is written on magnetic tape for additional proc­

essing by a larger computer. 

Inelastic cross sections are generally sufficiently isotropic so 

that finite sample corrections can be made at each angle independently of 

results at other angles. Correction of the elastic cross,section, how­

ever, must await the reduction of the entire angular distribution before 

the finite sample effects can be considered. The corrections are per­

formed according to semianalytic recipes whose constantswere obtained 

from fits to Monte Carlo results, the multiple-scattering correction 

being much like th~t proposed by Cox.2 

The final error analysis is performed, including uncertainties in 

the geometrical parameters (scatter size, gas cell to scatterer distance, 

flight paths, etc.) and the uncertainties in the finite size corrections. 

RESULTS 

The Data 

The data are presented in Tables l through 22 and in Figs. 1 

through 22. The curves shown in the figures are the angular distributions 

obtained from the ENDF/B file of "evaluated" cross sections for carbon 

and will be discussed later. 

Most of the data reported here were taken with a three-detector 

system placed on a movable platform with detectors about 7.5° apart. In 

order to avoid some systematic errors in the relative cross sections as 

a function of angle, adjacent angular segments of 15° were not measured 

consecutively most of the time. The data at some angles were measured 
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more than once to obtain some information on the reproducibility of our 

data. We have not attempted to average the data taken at the same angles 

in order to give the evaluator some information on our ability to re­

produce our own data points. The errors given at each angle are not 

entirely uncorrelated to the errors of adjacent points, in particular 

for the angles measured simultaneously, but our error analysis did not 

include any such cross correlation of errors. Not included in the errors 

shown at each angle is an absolute error of ±7% in the absolute value of 

the cross sections which is our estimate of the error on the absolute 

value of our efficiency. This 7% absolute error should not affect the 

relative shape of the angular distributions. 

The integrated cross sections were obtained by performing a 

Legendre polynomial fit to our data. The Legendre polynomial expansion 

is necessary in our method of correcting the data for the finite size of 

the scatterer in the case of elastic scattering. Provided that the 

Legendre polynomial fit gives "reasonable" cross sections outside the 

angular range of our data, the corrections for finite size to our data 

are reasonably independent of the value of the cross sections outside 

our measured range. All Legendre polynomial fits to our data were vis­

ually inspected and found to give, in a subjective manner, acceptable 

cross sections over the complete angular range. The errors on the inte­

grated cross sections include the ±7o/o absolute error on the normalization 

but do not include the error due to possible extreme values of the cross 

section outside our measured angular range. 
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Table 1 

SCATTERl~G or 4,60 +MR• ,05 "1EV t.JEJTRHNS F"RfW :1 

LEVEL(5) 0 ~EV KEY( I I > 10 ANGLES 

ANGLE }(wSEC, ERRr,R(0I0> RUN 
CM t.18/STR ♦ " 

MULTIJ!t~E SCATTERING ceARECTIO'J De\JE 

32,42 311,eg 5 • I 5,6 22255 ,6.Js 242,3 6,o 6,, 22229 
58,9 1J6,!§3 6. 0 6,'1 22259 
72,5~ I I 2, 21 7.3 8,5 ?2?32 
84,? 8!5,~8 7.3 8,8 22263 
91,82 '82,~4 8,8 '8·' 22235 
91,85 0•22 7,2 '4 22252 

109,69 92,(,o 6,4 ,,, 22266 
122,26 72103 8,6 9,7 ?2245 
I 35, c;9 6 0,i,o B,7 13,4 ~2249 

AVERAGE X1tSEC 0 MB/ST~ 0 N~TE 

tNTE:GRATED x•sec 1671,74 MB E~R,R 7.4 PER Cc~!T 
~ 
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Table 2 

SCATTERING tff 5.04 •ttRe ,04 111EV NEJTIH,NS FR6t-4 :: I 

LEVEL(S) 0 tiiEV KEY( I I ) I I A~GLES 

ANGLE >c!tSEC, ERR6RCOIO) ~UN 
CM ~B/STR • 9 

MULTIPLE SCATTERING C6RRECT16~ OeJ~E 

32140 17J,l)5 4.6 5,o 22176 
46,3~ 121,66 s.o 5,3 2221 6 

6010 93132 5.3 6,2 22.1 19 

12,5~ 1~~14 7,g 6,6 22206 
84,7 74,;3 5, ?,3 22152 
84,18 69,79 6,3 7,6 22188 
94,83 77 • 24 5,? 5,7 83 
97,@J 80146 5,8 6.7 22195 

109,66 9g,92 6,2 7,6 22156 
t 21 • :-sg 7 , ,6 6,o 7,8 22198 
133,~ 60186 7,5 6,5 22163 

AVERAGE X•SEC 0 MB/STQ 0 N,re ~ 

INTEGRATED x•sec 1139.12 MB EijROR 7.3 PE:f~ CE::1>.1T 

• 
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Table 3 

SCATTERING ar 5.44 •~R• • I 7 "fEV NEUT~ONS P-ROM :, 

LEVEL(S) 0 MEV KEY( I I > 24 ANGLF.S 

ANGLE ><•Ste. ER~6R<OIO> ~UN 
CM t-'B/STR • • 

MULTIPLE SCATTERING C~RR~CTIO~ Dfl'JF. 

23,80 234,:57 4,8 7 1 3 50343 
29,71 ,!R'4,59 4 0 9 7' I 10256 
34,54 I 4 ,?2 4.4 9,; 503:52 
34, 58 184,4.7 4o ◄ 5,o 50 33 0 
4[1,42 153,33 4,4 8,3 10332 
40145 15A,,2 4.4 5,4 1032 8 
4o,46 158,~2 4,4 4.9 10339 
45,23 134,n7 4 11 2 4,1 5o3 I. 
46,21 126,83 4.9 9,R 30 332 
51,a6 1gA,'11 4,3 4 •. 1031' 
56, 6 I• 4 2 4.4 5 • n 30317 
tq, n8 15,93 4.6 5 6 5n'.3o5 . ' 
66,Aij 63,~7 4,8 6.,, IO 30 5 
72,4 5A,79 4.9 5,A 3a3g5 ~ 

,~.58 51 .~3 5,g 2,n 50 2 4 
82,23 5a, , 0 

6 a 10294 4,. ,2 
81,RI 68,53 4,8 5,5 50294 
92,,A4 69,55 4,8 5,S 5n 281 
94,8~ 61,43 5.6 5,6 12a 
98,32 76,71 4,8 5,4 10281 

105,1? 81,57 4.8 5,7 30?81 
IO 6' 72 72,ng 5,o 6,~ ; 0 268 
I I 2, o9 61, Q_ 5. f ,g,2 10268 
1· 11, 4~ 68, 'l' 5, I ,6 30268 

AVERAGE x,sec 0 MB/ST~ 0 N~TE 

PJTEGRA TEO XaSEc 110,.3.a MB E~ROR 7, I F'ER CE~'T 
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Table 4 

5CATTe:RING or 5,56 ♦ t,R• ,05 ~EV ~EUT~f'NS r:RBM :, 

LEV6L(S) 0 "1EV KEV( I I > 9 A~GLES 

A~GLE )(mSEC, ERROR(Q/0) ~UN 
CM t'B/STR • ., 

MlJLTIPLE SCATTERING C~RRECTIO~ OO'JE 

32,43 159,25 4.8 7,o 223i8 
46,Jt 104180 5.2 ,., 222 5 
54,76 An,~4 5.6 ,., 

223~4 
64,2~ 5!1, 06 6,2 10, 6 :?22 n 
79,11 49,oo '•o 13,6. 223 I I 
94,~2 7 I, 33 6,6 6,6 22298 

109,67 94t[t2 6,2 1, 6 2230A 
122,26 89d,9 5.6 6,4 22302 
135,c;9 6R.,1 0 6.9 8 • I 22305 

AVERAGE X•SEC 0 MB/ST~ 0 N~TE 

INTEGRATED XsSEC 106r.l.49 MB E~R~R 7.4 F'ER CE:~IT . 
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Table 5 

SCATTERING OP 6. 0 I •l':'R• ,07 ~EV ~EJTRONS rRo~ :, 

LEVEl.CS) n t-tev KEV( I I > 11 ANGLES 

ANGL.E )("'SEC, ERROR(OIO> ~UN 
CM ~B/STR .. • 

MULTIPLE SCATTERING CORRECTIO~ OO'JE: 

16,24 2 49 ,·9e 4,9 5,3 1'0483 
24,33 ~A3'"' 4,4 4,5 130483 
29,'! I o.AB 4,3 4,1 150453 
37, 7 142,6 4,4 4,6 130453 
4;,14 1g2,43 4,6 5,2 I IO 453 
3 I, g3 7,;,,4 4,6 5..3 150461 
58, 2 53,91 5,4 5,4 130461 
66,?~ 33,85 6,4 6,9 11 046 I 
74,51 3:,, 1 5 6.5 1,2 150446 
82, I 9 JA,37 6 • I 6 , 9 f3o446 
89,78 50,20 5,9 6,6 11 n446 
91,30 71. 60 5. I 6,o ,,0467 

104, 12 8 I, 9R 5,o 5,6 t'3a467 
I I 2 • 0? 83,'55 5,2 5,7 . I Io 467 ~ 

123,t,7 8 I' 93 5.5 6,2 150414 
130,83 ,~.,4 6.4 6,9 130474 
131 ,~2 6n.,95 6 • I A• I 10474 

AVf:PAGE XeSEC 
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Table 6 

SCATTERING er 6,01 ~fJRll! ,07 ~cV NfJT~O~S rRo~ ~I 

LEVEL(S) 4.430 '1EV KEY( 21 ) 10 ANGLES 

ANGLE }(eStc. ERRAR(QIO> quN 
CM f'B/STR .. ., 

MULTl~I..E SCATTERING ceRRECfl6ij OO~E 

I 1, 8 I 29,~g 19•~ 1a,s 150483 
26,6$ 21, .. 15, 1 r;, e 130483 
32,4 21,4g j3.3 13,3 1504!>3 
46•21 26,~ 13,2 13,7 130453 
4 • A2 23•'' ,· 4. 3 14,8 110453 
55,46 26. 18 14.9 14,8 150461 
63,89 23,43 16,4 16,5 I 3o46 I 
72, I 6 1°,n7 21 • 3 21 , ~ 11046 I 
ea,21 22,58 25. I 25,5 150446 
e , 05 1A,F.t5 28.5 28,9 130446 

AVE:RAGE XeSEC D MB/STQ 0 N!TE 

INTEGRATED XIJSEC 249. ! 5 MB ERR tH1 PEA CE:ti,T 
.. 

40.7 
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SCATTERING OF' 6,31 •t.'IR• • I 3 li4EV ~EUT~fl~S F"ROH :, 

LEVEL(S) n MEV KEV( I I > 2, ANGLES 

ANGLE ~-st=c, ERR9R<OIO> ~u~ 

CM t<ttJ/STR ... " 
MULTIPLE SCATTERING ceRRECTJ~~ DO'IE 

24,33 339,25 3,9 5,9 10223 
29,12 231,Af 4.o 6, I 10235 
29,72 24,.182 4.o 5,9 1023 7 
34,55 ,.,~,25 ◄ •o 5,7 , 03!9 
35,08 16A,~5 4.o ,,, 

102 Q 
4o,43 '&'·66 4,2 5,5 Io 3 I 
46,30 9 ' "-"1 4.1 7 • I 30:519 
5o,5 ◄ 42,~2 5.J e,o 5o3oo 
s0 ,,4 Al2,77 6,6 9,2 5n 3g4 
56,32 2A, 17 6,3 6,9 5rj c, 5 
56,J4 33,86 6.2 9,o I Cl 30 0 
56,35 35,71 5,A 10•0 , o3o 4 
62, t I 31,g4 5.7 10,1 3o 30 a 
62, 12 36 t t 5.7 ll'h 6 3n3R4 
66,28 39,46 5,4 10,1 'n2 a 
7 I, 97 5 I, 94 5 • I 9,Q . I 0288 
77,62 62,87 4., 6,9 !30288 

e~,1g 62'(,5 5,9 7,3 I 5o f76 
8 , 2 73,66 4 •. 6., I 102? 6 
92,A2 8.t,n~ 4,6 6,4 I 3of16 
96,B2 18,40 4,6 7,B 150211 

102,28 8~•22 4,'1 ,,; I IO 11 I 
107,69 a , 16 4,6 '1' 0 13021 I 
r12,0 9 69,55 4,8 '·' 11 o 263 
122,25 72, r.i' 4,9 5,7 140065 

AVERAGE x0 sec 0 MB/ST~ 0 N.~TE 

PJTEGRAT~D x•sec 1158,48 MB - E~R!.3JR 7.2 PER CE~1T 
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Table 8 

SCATTERING or 6,37 ♦ Mfh • I 3 ~EV 'JEUTr.t6NS FRO~ :, 

LEVEL(S) 4,430 '1EV KEY( 21 > 25 A'4GLES 

ANGLE: XaSEC 1 ERReRCOIO) QUN 
CM fiRISTR • " 

MULTIPLE SCATTERING C~RRECTl6~ 06'-JE 

26,2g 23,25 8.8 8,8 110223 
3 I, O. 22,n2 9.3 10,2 I 10235 
3 I, 97 21 '39 9.3 9.3 110237 
31, I J 22,55 8,? 8,(1 I 5o 3 I 9 
31,10 23,~3 8,9 8,6 110250 
43,40 2c,,68 a.2 ?,o I I o3 I 9 

49,6! 2i19'1 8.4 8,4 !30319 
54,n I , ~fl IJ,9 1,1 150300 
54,ig 2g195 9.4 9,4 150304 
60,1 I IO I 9.7 a.~ 10:500 
60, I 9 20,62 9o7 8,9 I o5g4 
60 ,ie 24, I 6 10°0 12'3 500 5 
66,~1 20 1 06 ''" 

9 , I 3o3oo 
66,24 21 • 4o IQ•O 9,2 3o3g4 
7o,~H; 19,92 I I • 2 9,0 502 8 .. 
76,47 ,1,59 I I • 2 I I , 2 10288 
a2~Jo 11,64 12.6 I I , 0 30288 
8~,45 ,s,1 1 12.4 I I • 5 5c,216 
92, I A 161116 t3,2 ,2,6 10276 
97,69 16,48 16,0 14,6 30216 

ro~•~6 I A' I g 16,2 j 4 • I 502 I I 
lo • 14 ,s,a i-9,6 151 0 In 21 I 
112, 45 19,~4 19,3 I 6, ~ 3o2 I I 
I I 6, 75 i 8 • t, I ~g.e 19,, . I 0263 
126,60 ,~,Ao 2 • ' 

25,7 14oo 6 s; 

AVf;~AGE xi:ssec 0 M.a/STR 0 NOTE 

l~'fcGRATF,D x-sec 236,26 MB Ei:fR8R B.1 PER CE~"T 
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Table 9 

SCATTERING OF' 6,44 • ff R 11 ,07 ~EV ~EUTR6NS rR6M :, 

L,.EVEL(S) n a.fEV KEV( I I > 22 A~GLES 

ANGLE )(,.!=;EC, E~RBR<0I0> ~UN 
CM I'-' ~/STR • , 

MULTIPLE Sl;A.TTE~lNG C~RRECTJO'I OO~E 

16,24 331,63 4.~ 4,4 150490 
24,33 ~4g,A1 4, 4,. 3 13049& 
29,11 t 8 , 'g 3,9 4.,, 150 8 
37,?5 122,~ 4,~ 4,, !Jo 89 
45,14 11\,98 4. 5,~ I IO 89 
5 I e 83 5R,g5 4.8 5,2 150 75 
,a' 3 42, 6 5 Si,3 130 75 • 2 
66,76 41 '13 5.6 6,; I IO 75 
74,'52 4A,94 5,2 5,B I 5o f 3 
82, 19 54,21 4,8 6,3 I 3o 13 
89,19 54' I I 5, I 6,o I I 0 13 
91,30 52,Rg 5,2 7,l I 5o 28 

104,14 4?,6 6.4 6,S I 3o 28 
r12,09 JA t I I 6,2 6, 7 I IO ~8 
r23,68 39,93 6,n 8,? 5o 7 '2 
1"23,69 41, 5 7, i 8,4 5a 43 
123,69 39,47 6,8 6,9 5o 53 
1'3o,R3 3R.,96 6,7 5,7 3o 43 
f391~4 37,39 7,. 0 ,.~ lo 72 
l 3 , 92 46,i1 6,o 7,5 IO 43 
137,92 42.,At 6,5 6,3 I 0 12 
f37,~2 43, 1a 6, 3 '·' I 0 53 

AVEPAGE X•Sec 
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Table 10 

SCATTERING fJP' 6 • 44 •AFh ,07 '1cV NEUTRfJNS F"R6M :, 

LEVEL(S) 4,430 ~EV l<EV( 21 > 22 A~GLES 

ANGLE )(9$EC. ERRrJR(O/Q) RUN 
CM tJR/STR • • 

MULTIPLE SCATTERING C6RRECTl6N OO~E 

,1,47 23,56 ~2.2 22,9 150490 
26,16 22,36 'g•B 14,4 130490 
3 I I 98 2ri,29 .6 8,~ ,,0 89 
4g,4 21 • o I 8.3 8,5 130 89 
4 t 96 24,i,8 8,3 9,~ I IO 89 
54,56 2•,~, 8.6 8,3 'o 75 
62,A!;; 22,A5 8,9 9,4 30 15 
10 ,98 20 • 1' 9,3 9,8 lo 7r; 
79, 02 1a,ee 10,8 10,9 5o 13 
86,85 ,,,,e 

I I • 2 10, 0 3o t3 
94,56 1•, 02 12.6 12,s I 0 t3 

102,oa ,,.~g 14.5 14,4 'o 28 
109,45 t O'" 15,3 14,7 3o 28 
116, 64 18,83 16.2 16,6 I a 28 
f21,R~ 23,:59 22,7 22,2 'O 43 
T27,A4 23,78 ~2.6 22.~ ~o 72 
,-21,65 24.~6 ~3,3 23, 2 'O 53 
134,~5 2'•~2 26,5 25,~ 3o 43 
J34,65 21,30 26, I 26 ,0 I 3o 72 
I 4 I , 3 I 24,64 2e.1 29." I IO 53 
I 4 I• 32 2.• t :'5 i 28,9 2 9 •0 I IO 43 
14 I t133 2' • I ?8,9 2 9 • I I IO 72 

AVE.RAGE X"SEC 0 MB/ST~ 0 N~TE 

!~TEGRATEO X111 Sec i6 I , 57 MB ERROR ,.e PER ce~,r 
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Table 11 

SCATT&RlNG er 1,03 •RR•· t 06 ~EV \IE:UT'leNs FROH ~I 

LEVEL(S) n ~EV KEV( II > 21 ANGLES 

ANGLE )(eSEC. ERR6R<OIO) iqUN 
CM "68/STR • • 

MULTIPLE SCATTe•tNG ceRR&CTIO~ 00\JE 

29 • 1 I 88,33 4.6 4,8 1504 I 4 
29,71 8'-',44 4,5 4 1 8 150435 
37,14 

""' t6 
4,3 5,o t 3o 4 t 4 

37,75 76,99 4,4 4,9 1304;,5 
4f ,48 ? I, ~O 4.8 4,4 150431 
4;,14 62,n3 4,5 4,6 t IO 4 I 4 
45,74 64,~7 4,. 4 4,8 110435 
49,45 5'7,n5 4 • 6 4,~ t3o4J7 
5 I, oJ 'f.' I 46 4,3 4,, 50428 
57,j5 52143 4,8 5,o 10437 
5e,02 4 I 45 4.4 ◄.; 30428 
66,15 41, 79 4,5 ~',, Io 428 
74,5~ 4 1 1 AQ 4.9 5 " 5o 4o 1 ' -82, I 43,3 4,9 5,4 30 •o 1 
89,79 47,73 5,2 5,2 10401 
97~29 51,55 4.9 4,~ , 0 439 

10 ◄, 1 2 5o,~9 4,9 5' -5 30439 
112,0? 46,68 5,s 5,2 Io 439 r23,,,, 39,48 4, 5,1 . 50 421 
t3[1,A2 2Q•OI 5,6 5,4 13n42t 
I 31, ~ I 22,76 5,5 6' 0 I I 0421 

AVcRAGE X•SEC 0 MB/ST~ 0 NOTE 

INTEGRATED x•Sec 60 I • 44 MB ERReJR 7 • I PE~ CE~l T 
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Table 12 

SCATTE:RlNG c,, 1,0J •6R• ,06 ~EV ~EUTRfJNS F'Rt,M 
=· 

LEVELCS) 4,430 MEV KEV( 21 > 21 AijGLES 

ANGLE )( "'Sl:r, • ERR(!JR(OIO> ~UN 
CM t-'R/STR • II 

MIJL'flPL.E SCATTERING C~RRECTJe~ DrJ\IE 

3t,44 13,64 a.a 8,9 5o414 
3t,44 ,.,,.5 8.3 8,. Q '0435 
39,90 14,39 a.2 a,; 30435 
39,Qo 13,~2 7.5 9,2 30414 
43,~I ,~,24 7,3 7,7 s04J7 
4R,27 ,,.,2 7.3 ,.~ 10 4 14 
48,29 15,48 7.4 7,7 10435 
52, 15 14,76 7 • r; 8. (.1 30437 
53116~ 15,52 6.9 7,ti 50428 
60,J 13,,9 7.1 B,1 tn437 
62, O ~ !4•tig 7,o 1., 3ri428 

'a•o I I t ~ 7,6 8,9 . 10428 

' In 4 10166 a,o 8~9 J5o401 
85,R4 

; '' 7 a.2 9,2 130401 
93,~5 9 t I 0 7,4 a.~ II O 4 0 I 

101•')5 Qt I I 9.5 9,~ 150439 
ro8,44 10•3~ 9,3 9,~ 130439 
I t 5, 68 I I '7 9,6 

1g:g I I 0439 
126,Q'4 1J,~3 9,6 150421 
J33,A3 I e • I 3 9 • 6 I O • 0 130421 
t4o,6c, ,~,81 10,4 I I • 0 II O 42 I 

AVE=RAGE x-sec 0 MB/STR 0 N~TE 

l~TEGRATED X=SEC 16&,60 MB E~ROR 7.3 ?FR CEMT 
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Table 13 

SCATTERING er 1.54 +t,R!f .06 '1EV ~EJT~Ot\JS F'RtP~ ~I 

LEVE:L(S) 0 tltEV l<EV( I I ) 26 ANGLF.S 

4NGLE x.sEc, ERReR(OIO) ~UN 
CM t-'8/STR • • 

MlJl,,TIF'Lt SCATTER I MG ceRRE:CTte~ Dl'J~E 

1 6 ,2 ◄ 1358,22 3 , 9 6,2 5o514 
24,33 419,~7 4,3 4 • ?. 30514 
29,71 ~5t,t;6 4,2 4,2 s00 13 
37,75 e 4 , 63 4.4 4,5 30073 
45,74 162,~, 4,5 ,,, 10073 
51, o3 123,28 4.1 5,3 50067 
5 I • ni4 Ir~, 36 5.2 5, I 50022 
58,~,. 5,59 6.3 6,5 30022 
58,93 5~,4, 5,7 6 ' I 3no67 
66,75 22, 4 1 9,4 9,8 ton22 
66,75 23,15 8,1 9 , I 10067 
74,59 s;,42 21 • 1 20, n 50052 
82, I J.ns :53, I 42,2 30052 
89,79 A,n9 17.5 I 1 • I 10052 
97,2B 20 • j 6 9.5 I 3 • I 5

01g~ 97,,9 23- 15 9,2 1g,2 'no 
lo4,72 34,85 7.2 • 8 .30101 
ro 4 • 72 38,29 7. I ., • 3 130035 
I" 12,,,1 'g,~9 6,2 6,; 11 o IO I 
I I 2, n8 5 , 64 6 • I 6,9 1, oaJ 5 
1'23,67 ea,46 6 • I 6,4 ''0086 
J2J,~9 8 •09 5. 4 6,~ 15004?. 
r30,a3 9A,~ 5,7 1 • I 130086 
I 3 It 3 I 9!5,49 5,5 5,6 130042 
131,92 123 • I 5 5,2 6,7 11008 6 
f31,92 I I~, I '! 5,2 5,3 I I 0042 

AVERAGE X•SEC 0 MB/ST~ 0 N~TE 

l~TE'lRATED XaSEc 1304,77 MB EQR'R 7. I PER CENT 
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Table 14 

SCATTERING t>f' 7,54 •OR• ,06 ~EV ~EUT~eNs rReJM ~I 

LEVEL(S) 4,430 111EV KEV( 2' ) 26 ANGLES 

ANGLE X11SEC, ERJHJR ( 0 IO) ~UN 
CM ~8/STR ♦ • 

MULTIPLE SCATTERING C~HRECTIO~ DO~E 

171 0 6 10,89 23 .. 2 26,4 50 5 I 4 
25,55 13153 23.8 20• 4 30514 
31, I 8 14,45 8,6 ,g,o 'no'~ 
39,51 16,~9 6,6 ., 300 73 
4'1,R8 i'1, 07 1.6 ,., 10013 
;3,36 20,82 6,9 7 • I '0067 
53,39 21, 'g e,g 6,8 50022 
61, 53 22,~ 6. - 6,8 30067 
6 It 53 2 I , '-5 7,4 6,9 :5oft22 
69,58 25,r,9 7.8 '•o 10022 
69,59 24,91 6. 1,2 too6' 
71,51 29,34 7,o 6,1 '0052 
85,31 29,q4 1 • I '·~ 150052 
92,QB :s 0 ,4s 7,o 7 • I I I 0052 

100, 4 8 31 t Rs 7 • I 7,9 I 5o IO I 
100149 29 • I 6.8 ,.~ 15003 5 
107,87 29, I I 7.1 1,8 ! 3o IO I 
107,A8 28 ,~2 7 ' 6. 1,4 1300 35 
I I 5 ! I 2 2~-~, a.~ 8,5 I Io IO I 
TI 5, I 3 26,55 7, 1 1 4 1 1 on35 
r26,45 2.' t ".11 8 • I 9,o ,soo86 
126,46 2?,49 a .. 2 8,3 1 50 0 42 
f33,31 25,40 9 ,. 3 19,4 130086 
135,83 26,3:5 8,3 • 9 13no42 
I 4o •I~ 2~•~o 1g•' 8,0 ! 1on86 
140,20 26 • I 5 .2 a,, 1100 4 2 

AVE:RAGE XeSEC 0 MB/ST~ 0 N~'T!: 

I\JTEGRATE:D x-s~c 302,40 MB EqR~R 7.2 PER CE~!T 
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Table 15 

SCATTfERING Of' 7,60 •eR• • I 0 '4EV NE~T~6NS F'R6~ ~! 

LEVEL(S) 0 "lEV KEY( II> 21 ANGLES 

ANGLE )(aSEC. ERR~RCOIO> qUN 
CM t18/STR • • 

MIJL Tl PLE SC•TTERING C~RRECTt6~ 06\JE 

23,sg 363,99 4.o 5,8 'o 57 
29, I 29Q,52 4.3 5,9 c;o 115 
34,54 231,19 4.2 5,4 5o 41 
35,61 224,33 4,4 5,n !o 52 
4 0 ,95 173,~2 4.3 5,~ 3o 69 
46,27 132,23 4,5 5,7 ~o 47 
50,,;1 96,24 4,6 5,4 ~o 20 
56,3~ 5A,35 4,9 5,5 IO 2n 
62, O J!,A2 6' I 5,8 3o 20 
66,24 23,25 5,9 ?,7 'o 26 
7 I , 03 1g,22 9,6 9,~ to 26 
74,~9 'o-, 8.9 ,2,i so 32 
11,"9 6, 91 12 • I 12,4 . 3o 26 
80,27 4,58 I 7 11 4 19,9 I IO J2 a,,et 8,43 12,5 12,9 I 3o 32 
86,7 10168 fQ,3 I 2, I I 5o 3A 
92,31 ,4,64 8,9 10, 7 I I 0 38 
97,~~ 29,24 6, I 8,! 130 3s 
99,1 211,69 6.3 1,6 150142 

110 • 6~ 51,78 4,8 7,i 130142 
T22,?.5 7~,31 4, 2. 5,o ! 4 oo9R 

AVERAGE X•Sec 0 MB/ST~ 0 N~TE 

J~fEGRATEP. x11 sec 1015,65 MB ERR~R 7.2 PER CHIT 
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Table 16 

SCATTERING e, 7.60 •r,Re • I 0 ~EV ~ElJTUtNS r-RttM :, 

LEVEL(S) ◄ ,~30 '4EY l<EV( 21) 23 ANGLES 

ANGLE )(aSEC, ERROR(QIO> llfUN 
CM ·~S/STR • • 

MULTIPLE SCATTE~ING ceRRECTlO~ 06~E 

25,oo 10,87 22.g 8,9 50157 
30, 6 0 10• 72 9'. I I I ' 

50165 
36,2~ 1~156 7,5 1J,2 50147 
31,3, l~t31 14,3 a,; 30152 
42,32 13, 16 8,5 e,, 1014 7 
42,88 13,43 8.3 10,J 30160 
48,43 ,~.2• 12.a 8,9 30147 
52,eg 1"•'2 9,5 6, ft 5n120 
58,1 18,19 6 • I a• I 5oa98 
58,79 19 ,32 8,J 4,7 IO 20 
6•,12 21 t ~3 9,2 4,9 3n 20 
69,ao 20•~1 1g-2 5,Q 50 26 
74 I· 2 23,no ,. ., ,,2 IO 26 
8n,,s 2',So A.7 6,2 3n 26 

.. 
84,72 23,Q3 IO•O 6,o ;n 32 
89,86 21,,,5 9 • I 6,~ I 'o 3A 
9o,36 26,n2 9,5 6 , I 11 O 32 
95,42 2',90 B.6 7,n I ID 38 
95,92 27,~B 9,5 6,5 I 3o 32 

100, 0 1 2A,79 8.5 6,4 I lo 38 
102,89 i 1 •o9 9.1 6,5 I 5n 42 
t t3,~$ 26 ,26 10•3 6,7 I 3o 42 
1i 5 ,,, 2~,,9 6.8 10•0 14 0 98 

AVSPAGE xssec 0 MB/STR 0 ~ere 

l'ITEGRATEO x .. sec ~73,47 MB EqR6R S,3 PER CENT 
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Table 17 

SCATTEPING o, 8.04 +t:'IR" ,05 '4E V ~EUT~flt\JS F' Rfp-4 :: ' 
LEVEL(S) 0 "1EV KEY( I I > 15 ANGLES 

ANGL~ )(■ SEC 1 ERROR(0/0) ~UN 
eM t-'B/STR • • 

MULTIPLE SCATTERING C~RRECTIO~ De\JE 

29,1,Z. 443.52 4.o 4,2 150386 
31,75 2so,oa 4,3 4,, 130386 
45,14 16~,~, 4,5 5,J I Io 386 
5 I, o4 10A,n9 4,8 5 • I 150357 
58,93 4[1 I 12 7,4 6,9 30357 
66,15 I I, ~7 1J.o I 4 • I 10357 
14,,~ ·6,~o 17,3 21 • 1 50312 
82, I I 2, I 3 13,4 13,9 30312 
89,79 ,Q,60 7.3 8. J:\ 90312 
97,30 2!i,18 7.t 9,1 5o392 

ro4,74 26,n5 9.2 8,o 30592 
'": 

r12,29 25,At 7.9 9,2 to:59?. 
., 23, 9 31,62 7,o 9,, 50365 
T3~,83 42,74 6,7 7 I '1 !0365 
13 , 9~ 57,92 5,i 1,3 10365 

AVERAGE XaSEC 0 MB/ST~ 0 Nire 

I~Tl:GRATED XwSEC 1202.ao MB ERR~R 7.6 Pf:Q CF'-ll 
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Table 18 

SCATTERING or B,04 •t.lR• ,05 ~EV 'IE:JT1'CNS F'R6M :, 

LEVEL(S) 4,430 '1EV KEY( 21) 15 A~GLE5 

ANGLE ~.sEc, ERREHH olo) -UN 
CM t-48/STR • " 

MULTIPLE SCATTERING C~RRECT16~ D6~E 

3~•00 3o•o3 6,5 7,o 150386 
3 I ~4 25,fj~ 6,9 R • 0 130386 
41,62 2'-•IO 6.6 1,9 11 n~86 
53,oB 24 •nl 5.7 ~,n 150357 
6i,20 20,61 5,6 ,.~ 130351 
6 , 22 19,44 6,8 6 , 5 I I 0357 
11, 12 19,J9 6,4 7,n 150372 
84,9g 22.•n9 5,5 6,~ 1'.50312 
92,5 25,62 5,3 5, 150372 

lo~•oa 2C)•~o 6.o 7,n I ~o :592 
IO • 49 ~5,45 6 • I 

,,, 
J3o392 

·1 I 4, 1 :S 3A,,.8 6,5 6,5 I I o'.5 92 
126 • I g 45, 14 6,9 1.2 150:565 
'133 • O 49,24 6,8 1,9 130365 
139 ,Qo 48,~4 6,8 6,7 11 ~:565 

AVtRAGE X11tSE:C 0 MB/STq 0 N!HE 

!~TEGRATED XaSEC 4D9,n2 MB eqR,R 7.2 PER CE~JT 
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Table 19 

SCATT~~IN.G "' e.,o •eR• ,08 ~EV NEUT"ONS F'ROM ~I 

LEVELCS) D MEY l<EV( I I ) 3~ ANGLES 

ANGL~ X•&Ec, ERROR(QIO) PIUN 
CM P'8/$TR • • 

MULTIPLE SCATTERING CORRECTIO~ oe~e 

24,88 289, I I 4.o 6,9 30413 
25,rJ5 ~02,59 4.o 5,1 00275 
30,26 234,43 4.o 5,7 ~o4g' 
31, 32 <J0,07 4.3 6,, 002 0 
35,"~! 176,,, 4.2 6,5 30 4 01 
36,~ I A2 t I 4 4,5 6,n on241 
4o,95 121,30 4.3 7,5 30394 
42,02 I I 8 • ,3 4. t4 1 • I 0013 4 

45,,.~ 93,~7 4,8 6,6 S0J77 
41. ,3 81 1 75 4, 9,2 on25A 
51, o3 5 I, Q3 4,4 7,5 I 03'17 
52,63 49,61 5.o 7,3 0014 7 . 
56,84 26, 51 5. ! R,, 30377 
57,R9 20,n6 6.6 6,6 00216 
6 I, o3 12,94 6.6 ,2,0 50355 
63, 12 in,16 7.4 ,2., 00 I 5o 
66,77 5, I 4 to, 6 2J I ,3 I 0355 
72, 4!:- :., ' 'o I 4,6 21 • 3 3o 355 
75,48 ~.63 ,2,9 ,i,5 00173 
76,63 Q,91 6,9 I , 4 50357 
82,20 ,1,1, 5,9 18,2 . I 0357 
8J,7g 24,15 5,9 6,7 100182 
81,1 21,1, 5,2 9,4 130357 
9 I , $3B 34,38 4.6 9,n l'o~64 
93,7 4n•~3 5,3 5,9 too1es 
97,31 44,65 4,4 7,2 I Io 364 

102,16 46,61 4.3 6,~ 130364 
103,14 45,55 4.1 6,4 1001 99 

io6,'i 46,48 4,3 1,4 15037(' 
I I 2 • 0 45,62 4,3 '1 I ; 11 o31n 
II 1 • 42 4~,96 4,4 1' (,. t3o3'o 
I I 7 • 7 0 42,49 5.o 7 , I 100203 

AVEP.AGE XeSEC 0 MR/STQ 0 N~TE 

!.\JTEGRATED XarSec 838,57 MB E~Rl'R 7.2 PcR CF.~IT 

! 
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Table 20 

SCATTERI~G e, 8,50 +f'JRet ,OB ~EV NEUTlil6~S F'R6M :, 
LeVEL(S) ◄ ,-43n MEV l<EY( 21 > 32 ANGLES 

ANGLE )(eSE:c. ERReR(OIO) rw~ 
CM t,8/STR • " 

MULTIPLE SCATTERING ceRRECT JtHI 00\JE 

25,84 3 I, 42 6.6 a., 30413 
26,95 29,40 7,a I O • Cl 0021, 
3 I• 4D 2,1,85 6,6 8,7 3o 401 
32,52 26,30 5,5 1'' 00250 
36,96 26, '' 6.3 9. l'l 3o 4 0 I 
38 ,o?' 2,,61 6.2 1,6 00241 
42,48 26,69 6,2 I I • 2 30394 
43,58 25,r,5 7,5 I I • 7 on13 4 
46,87 2•,SQ 7,o 6,2 50377 
49,06 22,::59 a.o a,2 00258 
52,86 23~?2 7,6 6,~ 10577 
54,49 2~,A9 8,4 s., 001 47 

! 

5a,e 1 2n,71 7.8 1,2 30317 
59,89 21'.l,1)3 7,A 8,A on216 
63, 1']9 2 Cl, I ·1 a.3 6,5 50355 
65 I :?,5 19,79 12,9 9,9 00150 
68,06 I 6 • 19 6,3 1 ' ,, 103~5 
?4,76 I 1 ,. I (l 6,4 A,S 3o'~' 
75,"2 17,38 7.6 9,3 00173 
78,92 15,63 6,1 8,n s0 :s51 
84,6g 1J,49 6.6 7,6 10351 
86, I j 3, I 5 IOtl ',2 00182 
9o • ~n I I• I 9 IOtl ij,5 30351 
94,26 10,75 6.9 '1,6 _50364 
96,3! Int I 2 ! 4 .. 0 a,2 100185 
99,7 ¢,53 9,~ 8 • I I 10364 

To 5 , 19 Q,;e 8., 10,i 130364 
106 1 21 9,86 I I .9 I O • '. igo199 
I a 9 • I I 9,,-2 8.9 9' I ! 0370 
I j4,44 I I 152 9,9 1g•~ I IO 37n 
I I 9 • 'g 13,7? 8.3 ' ~ 13o3'o 
J IQ' Q 15,39 6,9 a,~ I 0020·3 

AVERAGE X111 SEC 0. MB/STR 0 NOTE 

I ~TEGfU TED XsSec 
. 

248,0I MB E~R,R 7.5 J)ER CE._,T 

! 
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Table 21 

SCATTERING or 8.56 •r,R• ,05 tifcV \JElJT"~~S rRo~ :: I 

LEVEL(S) 0 .MEY KEY( II > 32 A~GLES 

ANGLE >< .. sec. ERR6RCOIO> qUN 
CM ,.,B/STR .. • 

MIJLTIP'"-E SCATTERING C6RRECTltl\l Dt!J~E 

10,83 t121,24 5 • I 5,6 50551 
16,24 ~85, I I 5.3 6,7 '0537 
16,24 ~e•,J2 4,Q 5' I 5n 55fl 
24,34 ~2•,,1 4.1 5,J lo5J7 
24,34 ~ 2('1 • 42 5.4 4,4 '.50556 
29,7?. 25~,6, 3.9 4,4 5n211 
34,on 20 9 ,14 ◄ .o 4,2 '032 4 

37,75 165.~3 4.o 4,B 3021 7 
42,02 123,~1 4.2 4 • I 30 324 
45,?3 86,r,2 4.9 5 Ii s;O 3 I 5 
45,74 90 ,os 4,5 4,~ 1021 7 
49,98 6r,,11 4.9 4,~ f IC,~24 

! 

51,03 56,71 ◄ .9 5,2 1 5o 2 'o 
53,67 36,53 7.o 7,4 !30:s15 
5A,92 19,~8 7,6 R,n I 3r:, 270 
6 I, 54 I I , n 6 I I • 8 I I , 6 I In~ Ir; 
66,75 5,r,3 I 3-. I I 3 1 I I I o2'1a 
74,r; 0 5,28 2g,2 25,o I. 5o 220 
74,5! 4,44 I •? 16,8 I 5o 22 7 
82, I 15,31 6,5 10,3 130227 
8~, t 9 i~,26 7,4 ,o,, 30220 
89,'11 Ja, 79 5,3 6,~ I o22~ 
89,11 30,84 5.3 6,4 I Q22 
9'1,29 .~.i,9 5.3 5,3 50280 

104, 72 'I • I I 4.7 5, I 3n 2Bo 
I I i>,o'1 52,7~ 4,8 5 • I , o ~ao 
123•"' 4§,4 6,5 5, I , 0 235 
123,fl? 42,Ao s.2 5,2 502~0 
130,~3 J5,~6 6,9 7 • I 3n25o 
f30183 36,33 5,g 6,1 3o~35 
137,Q2 25,?6 7, 5,8 I cj235 
131,92 2'•'0 6.9 8,8 10250 

AVERAGE XaSEC 0 MB/ST1' 0 N~ne 

l 'ITEGfU TED x•Sec ao2.1;J MB E~Rt,R 7. I PER CEMT 
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25,27 Jt,13 12,9 I I • 0 30556 
25,2'1 29,99 16,0 13,3 30537 
3o,R4 31,65 6,~ 6,8 50217 
35,28 29,29 5. 6,6 50324 
39, 15 27,91 6,9 6,5 3021 7 
43,56 2~t35 5,6 6,4 30324 
47,38 24,?5 6,3 6. :5 10~, 1 
47,39 23,48 7.7 1.~ 503·15 
5 I , '16 2~,9 0 5.6 6,5 ln324 

~ 

52,84 22141 6.2 6,4 50270 
55,'55 21 • 21 8. ! ·7 • I ~o3~5 ::! 

60 ~94 19,98 6,2 6 ' 8. 3o' g 
63,62 I '1 • 5 I 7,8 ,,~ 

I a 5 I· 
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92,?.2 12 • n I 6,9 I O, I 10227 
92,~3 I fl I QB 1.8 9' I 10220 
99,74 11, 66 1., a,, 5n~8o 

ro'"" 10•61 8.0 a., 3n~8o 
114,41 I I • R ·1 9.~ 

9,Q 1n2Bg 
,is,eo 16,38 5, 6,4 Sn?3 
125,82 t 6 •ng 8.5 7,8 'o~5g 
f32,78 2 I , r; 6.o A,4 3 023 
132,78 20,76 7,5 1., 3n25o 
1391166 22,3 0 1.2 7,s 102,0 
13Q,66 23,78 6,5 7,9 10235 

AVERA~E XeSEC 0 MB/ST~ 0 N ~T = 
l~TEGRATEO XeSEC 24,.os MB E~R~R 7 • I PER CE~iT 
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Partial and Total Cross Sections 

In our energy range if we sum the elastic and inelastic cross 

sections to the 4.43-MeV level, we should obtain the total cross section. 

Total cross sections obtained thusly are compared in Table 23 with the 

directly measured total cross sections from BNL-325 (second edition) and 

the ENDF/B file. The error on the sum of the elastic and inelastic cross 

sections was taken as ±7% since this is the major contribution to the 

total error. Because of our finite incident neutron energy spread and 

the resonant structure of the total cross section, an uncertainity of 25 

to 50 mb may result in some cases. The values shown for the ENDF/B file 

will be discussed later. 

For 9 of the 1~ energies there is fairly good agreement with the 

total cross sections. At 4.60 and 6.01 MeV our values are significantly 

higher and at 7.60 and 8.04 MeV are significantly lower than the total 

cross section. At 4.60, 6.01, and 8.04 MeV the disagreement is less than 

two standard deviations, whereas at 7.60 MeV it is closer to three stan-

dard deviations. These general observations tend to confirm that our 

Table 23. Comparison of Total Cross Sections 

Inte rated Cross Sections mb 
Neutron This ExEeriment BNL-~22 ENDF B File 

Ener~ ~MeVl Elastic Inelastic Total Total Elastic Inelastic Total 

4.6o ± 0.05 1672 ± 124 1672 ± 124 1500 1495 1495 
5.04 ± 0.04 1140 ± 83 1200 1146 

5.44 ± 0.17 1107 ± 79 -1150 1030 

5.56 ± 0.05 1060 ± 78 1075 96o 
6.01 ± 0.07 965 ± 68 249 ± 102 1204 ± 123 1100 864 222 1o86 

863 223 1086 

6.37 ± 0.13 1158 ± 83 236 ± 20 1394 ± 98 -1400 922 372 1294 
6.44 ± 0.07 860 ± 61 262 ± 20 1122 ± 79 1100 777 3:,5 1112 

7.03 ± 0.06 601 ± 43 167 ± 12 768 ± 54 750 551 190 741 
7.54 ± 0.06 1305 ± 93 302 ± 22 1607 ± 112 1700 1305 351 1656 
7.60 ± 0.10 1076 ± 77 273 ± 23 1349 ± 94 1650 1396 347 1743 

1317 333 1650 
8.04 ± 0.05 1203 ± 91 409 ± 29 1612 ± 113 1850 1263 490 1753 

1381 469 1850 
8.50 ± o.o8 839 ± 60 248 ± 17 1087 ± 76 1050 737 294 1031 
8.56 ± 0.05 803 ± 57 245 ± 17 1048 ± 73 1050 '{18 290 1008 

~ 

-= 

! 
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estimate of ±7% for the standard deviation is realistic. However, it is 

not clear what role our limited angular range plays in this picture. In 

Table 23 we have also shown for 6.01, 7.60, and 8.04 MeV the effect of 

renormalizing our data on the basis of the total cross section disagree­

ment, although we are not sure that the root of the disagreement is an 

overall error in the normalization for all cases. In the case of the 

7.60-MeV data, where the disagreement is the highest, the situation is 

not vecy clear. On Figs. 23 and 24 three sets of data are shown around 

7.5 MeV: data at 7.54 ± 0.05 and 7.60 ± 0.10 MeV of this report and a 

measurement at 7.60 ± 0.05 MeV previously reported.3 The experimental 

data for this last measurement were not reduced in the same manner as 

the others;in particular, the error analysis was far less complete. (The 

numerical values of these data are given in the Appendix.) Because of 

the different energy spread used in each experiment, the slightly dif­

ferent incident energy, and the presence of a sharp rise in the total 

cross section about 7.7 MeV, it is not evident that the three sets of 

data really should be more similar than they are. The only suspicious 

thing in these data is the lower value of the elastic scattering at 

7.60 ± 0.10 MeV for angles less than 60°, and most of the low values 

that we obtained in the integrated elastic cross section may be due to 

this. The inelastic-scattering data show a smooth trend for the three 

sets of data at all angles. The same sets of data.are given in Figs. 

25 and 26 except that the 7.60 ± 0.10 MeV data have been increased by 

18% to remove the total cross section discrepancy. Although now the 

elastic scattering for the two sets of data at 7.60 MeV are in better 

overall agreement, there is a systematic disagreement in the inelastic 

data. To conclude, we have not been able to understand the exact nature 

of the disagreement in the total cross section for the 7.60 ± 0.10 MeV 

data. 

Comparison with Other Data 

Previous measurements of elastic and inelastic cross sections of 

neutrons from carbon have been made in the energy range of this experi­

ment. Most of them can be directly compared with our data because the 

energies correspond closely to those of our measurements. The earliest 
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measurements at 5.0, 4 5.6, 6 and 7.06 MeV were made using a biased scin~ 

tillator technique. The later measurements at 6.0, 7 6.0 and 7.0, 8 and 

7.5£:f MeV were made using time-of-flight techniques also. The compari­

sons of our data with the older data are shown in Figs. 27 through 33 
and are described below. 

1. At 5 .04 MeV (Fig. 27) the agreement is fair up to 110°, with 

serious discrepancies existing only for the larger angles. 

2. At 5.56 MeV (Fig. 28) the agreement is good up to 100°, with 

serious discrepancies existing for larger angles. 

3. At 6 .01* MeV (Figs. 29 and 30) the agreement is relatively 

good over the complete angular range. Our data are systematically 

hi~her for both the elastic and inelastic cross sections. A renormali­

zation of our data by about 10"/o, as suggested by the disagreement in 

the total cross section, would bring the three sets of data into very 

good agreement. 

4. At 7 .03 MeV (Figs. 31 and 32) the three sets of data on elas­

tic scattering are in fairly good agreement. For the inelastic cross 

section our data for angles greater than 9cf' are systematically lower. 

5. At 7. 54 MeV (Fig. 33) the agreement between the two sets of 

data is very· poor. However, this is not surprising since (a) the data 

of Bostrom et al. 9 were normalized to yield approximately the then poorly 

known integrated cross section; their estimated error on the normali­

zation is ±25%; (b) although their scatterer was much larger than ours 

(3.81 cm in diameter, 4.44 cm long), they state that finite size cor­

rections to their data should be small - not more than lo% - and conse­

quently did not apply them. Our own calculations show that because of 

the large dip at about 80° the corrections are much higher than they 

*We have noted a slight discrepancy in the paper of Wilenzick et al.7 If 
we perform a Legendre polynomial fit to the data in Table 1 of their 
paper, we find 1043 and 266 mb as the integrated cross sections for elas­
tic and inelastic scattering instead of the 890 and 225 mb that they claim. 
Our values of their partial cross sections add up to 1309 mb for the total 
cross section instead of lll5 mb that they intended. In multiplying the 
numbers we found by 1115/1309, we obtained their values and therefore con­
jecture that they intended the values of the cross sections in Table l of 
their paper to be multiplied by 1115/1309. In Figs. 29 and 30 of this 
report we have applied this renormalization to their data. 
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claim. For our size of scatterer, in the minimwn at about 80°, the cor­

rected microscopic cross section is only about 30% of the observed un­

corrected cross section.. Our uncorrected cross sections are in fair 

agreement with their data. 

At other energies we have also been able to make a comparison of 

the shape of our angular distributions with some preliminary data from 

the University of Kentucky, 10 and found generally good agreement with 

our data. 

Comparison with ENDF/B File 

The ENDF/B file of "evaluated" cross sections for carbon was used 

to generate angular distributions for elastic and inelastic scattering 

at our incident neutron energies. The magnitude of the cross sections 

and of the Legendre polynomial expansion coefficients was obtained at 

the appropriate energies by the recommended interpolation procedure. In 

order to take into accamt the finite energy spreads of the experiments, 

the cross sections were obtained at energies F,o _ AE, ~, and Fo + AE, 

where F.o is the incident neutron energy and ±AE the neutron energy spread. 

The magnitude of the cross sections and of the Legendre coefficients at 

the three energies was then combined with the following weights: ¼ at 

Fo ± aE and ½ at Eb. 
There is in general poor agreement between our data and the ENDF/B 

file, as can be seen in Figs. 1 through 22 and in Table 23. However, this 

is not too surprising since the evaluation on carbon was performed with 

rather scant experimental information on both the shape and the magnitude 

of the cross sections in the energy range covered by our experiment. The 

only extensive experimental information available in this energy region 

on inelastic scattering was an excitation function of 4.43-MeV gamma rays 

measured at 90° (Ref. 11). Since the gamma-ray angular distribution need 

not be isotropic, this measurement is not adequate to determine the in­

elastic cross section. Some of the lack of agreement in the magnitude of 

the cross section for both elastic and inelastic scattering Illllst be attrib­

uted to this. Some of the disagreement in the shape of.the angular distri­

butions can be attributed to inadequate data. For instance, the ENDF/B 

file at 7.54 MeV reproduces quite well the uncorrected data of Bostrom 
et al. 9 --



• CONCWSIONS 

The data presented in this report increase considerably our know­

ledge of the carbon cross sections. The data are in good agreement with 

previously available data in the energy range 4.5 to 8.5 MeV. The present 

ENDF/B file of "evaluated" cross sections on carbon is felt to be rather 

inadequate in the same energy range. However, in view of the resonance 

structure of the data we feel that more measurements are required on 

carbon in this energy range before an adequate set of "evaluated" cross 

sections can be reliably established for this important nucleus. 
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APPENDIX 

The following cross sections were reported3 previously. A rather 

inadequate error analysis on these data caused us to report errors of ±5% 
on the final data. This error, we now realize, is more typical of the un­

corrected data and should not apply to the final data. In the light of 

our more extensive recent analysis of data and our successful method of 

propagating errors throughout the data reduction process, we find it nec­

essary to revise the previous errors on those data. The errors shown be­

low are not the result of reprocessing our data with a better error pro­

pagation scheme, but are based solely on typical errors which we subse­

quently found realistic for the data given in the body of this r~port. 

The incident neutron energy was 7.6o MeV and the energy spread in the beam 

was ±0.05 MeV. The scattering sample was the same as that described in 

this report. 

Elastic Inelastic (Q = -4.43 MeV) 
8cm ac,m Error 8cm Ocm Error 

. (deg) (mb/s er) (%) ( deg ) (mbL ster) (%) 

27.0 366 5 28.3 8.5 20 

32.4 324 5 33.9 12.3 10 

43.1 188 5 45.1 14.4 10 

53.7 Bo 6 56.0 15.8 10 
64.1. 22.9 10 66.8 20.9 10 

70.3 9.1 15 73.1 19.8 10 

76.5 3.9 30 79.4 23.4 10. 

84.7 9.8 15 87.8 22.8 10 

94.8 30.8 12 97.9 25. 7 10 

96.8 33.5 12 99.9 25.5 10 
106.7 53.6 6 109.8 22.8 10 
118.2 81.4 2 121.l 21.2 10 

?. 
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