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Dli fe rep t l a l M-? Scat ter ing Cross-
Section for 220 Me7 Seotrons 

a . Guernasy* G. I lot t , ;^d B. a, Belson 

Abstract \A)O-^;S>/P 

7he d i f f e r en t i a l neutron-proton sca t t e r ing crossp 

sect ion a s a function ol angle has been invest iguted for 

neutron energies of "ck.^ MOT and leo Uev. a l / S inch Be 

ta rge t a t the 6b 1/4 inch radius in the un ive r s i ty of 

iiocheeter ISO' ' cyclotron "titx^ used t o produce a beam of 

neutrons* 7hls neutron beam scat tered protons from a 

polyethylene sca t te red vhlch tvere detected by a four 

s o i n t l l l a t i u n counter coincidence te lescope . A measure-

ment of the ^ulse height from the It^st counter was used 

to determine the energy of the sca t te red proton. The 

effect of the carbon in the polyethylene vras subtracted 

by taking runs T.'lth a carbon s o a t t e r e r calculatau to have 

the same number of carbon atoms per cm*̂  as had the poly- ^ 

e thylene . Buns were tnken iro"! 0** to 60° for the proton 

angle in the laboratory coordinate system. *; compurlson 

is made oi the f.£J Mev angular a l J t r i b u t i o n with the I^erlf^ 

oley <̂ 60 Uev d-ita which indicates esi^ential agreement of 

the shapes. . ' ^ 
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Introduct ion Ai /O - 3 0 H-'H" 

The c h a r a c t e r i s t i c of the neutron-proton soa l t e r ing problem which 

has become iiicreaslngly d i f f i c u l t to cope wi th , as experiments have 

advanced to higher energies , i s thnt of specifying the energy of the 

neutron which is being sca t t e red . I t i s . of cuurse, des i rab le to do 

t h i s with as high a counting eff iciency as poss ib le , and s t i l l d e t e r ­

mine the energy accura te ly . The problem has beon solved In th i s ex­

periment by detect ing protbus v.ith a s c i n t i l l a t i o n countor te lescope , 

the l a s t counter ol which was ca l ib ra ted l o r I t s pulse height response 

to proton energy, ^ince only th in cryst.al anthracene counters need 

be used in the Quadruple coincidence te lescope , the protona l o s t to 

the de tec tor are n e g l i g i b l e . | |;lso, s ince the shape of the reso lu t ion 

curve lor monoenergetlc protons QJH be determined l o r the lu&st counter 

as well as i t s pulse heif^ht response versus proton energy, the proton 

energy determination can be made to a lew percent . 

This experiment Is one ol a group of three high energy neutron 

s tud ies and the methods ind 'ippuratus used are in general the same 
1 2 as those detjc. Lbed in the 1 I r s t tvo ' and in doi, Z, The methods 

will be described only where they d l i f e r from tho je of *\el. 1 . The 

nota t ions lor anples and the kinematic r e l a t i ons of the neutron ond 

proton a r e those plven In Kel. 4 . The def in i t ion ol Singles i s r e ­

peated here lor convenionce: SP. la the xngle tha t the proton makes 

In the laboratory systeA v»ith the d i r ec t ion of the lacident neutron 

and S i s the center of mass •mgle ot the scut tered neutron. 

The geometry of the counter telescope employed is presented In 

it'lg. 1 . I t is the s c a t t e r e r ô  and counter Uc tht.t determine the 
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maximum s p r e a d d ^ In the angle, ^ » and the distance from 3, to Go as 

well as the area of C,̂  tha t determine the solid angle , '^^Q , lor any 

point In the s c a t t e r e r . The angular r e so lu t ion curve is e s s en t i a l l y 

t r i angu la r In the a:'>proxlmatlon that-bn £ $ *> S ^ and tha t the widths 

of ^ and C^ are equal , l o r the geometry BhQ^nS^j^^;J§» 6° fu l l width 

a t the base of the t r i ang le andiS^cU s l . b l x l O ' ^ s t e r ad i ans . for the 

short telescope run (Group B), to be mentioned la ter ,^SU) - &.b6xl0~*^ 

s t e r ad l ans . 

The pulse height spect ra for protons sca t tered Into the counter 

te lescope have been recorded for telescope angles of from 0° to 60 

as measured from the Incident neutron d i r e c t i o n . Ĵ 'rom t h i s the number 

of protons pt^r uni t pulse he ight , a t pulse heights corresponding to 

a constant neutron energy, has been determineo for each angle . This 

number of protons is then transformed to a proton energy scale and 

f ina l ly to a neutron energy sca le from the kinematics of th? s c a t t e r ­

ing. The number of protons per Uev. of the Incident neutron energy 

Is proportional to the l a b . system cross sec t ion and can be coiv e r t -

•d to the center of mass system by multiplying by the appropriate 

value of d ( c o s $ ) / d ( c o s d } . II we cu l l t h i s K(^) , then a(d} i s r e ­

la ted t o the absolute value of the cross sect ion (T (0) by requir ing 

tha t 

/ iai(0} dU)=Ortot lorCTO) s L i i ( e ) . {\) 

JSeutron jpeotrum 

The energy spectrum of the incident neutrons i s t h a t of i^ig. 

4(b) in Kefc (1 ) , and is desoribou in de t a i l In ivel. ( 1 ) , (jee a lso 

Fig . £ ol t h i s paper) . 
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Analysis of the i^ata 

The methorJ of analysis applied to the da ta Is e s s e n t i a l l y tha t 

of steps (a) nru (e) In Kef. 1 with the exception tha t here we were 

concerned w - h obtaining dHp/dlî ^ for a p a r t i c u l a r value of ^Q r a the r 

than for ^je e n t i r e spectrum. The val ue of \ considered was £2J Mev. 

sliice t .us corresponded to the peak of the neutron spectrum (and thus 

the r^^sJia of the pulse height d i s t r i b u t i o n s ) where the counting 

8tp^i.r:tlcs were of course the bes t . Lata for ^Q S ibO Uev. were 

.Iso (<,:>n8lderod anc\ a r e presented here only as an l l l u s t r a t i o t t of 

the f t r t h e r p o s s i b i l i t i e s of thl^a method. Jior the neutron spectrum 

used, '.ho counting r a t e s in the pulse height spec t ra were appreciably 

lower B.* IbO Mev and thus t he s t a t i s t i c s are ou l t e poor. 

'̂ '̂ e energy determination was made by averaging the neutron 

ener les corresponding to the pulse heights at the peaks of eighteen 

pr>8e height speo ' r a . This g ives an average devia t ion from the av­

erage of Z,Zjb and Is an Indicat ion of the r e l a t i v e accuracy of the 

determination. However, the absolute value is in doubt th ru some, 

ao y e t , unknown error and is bel leveu to be 216 Uev. for the peak 

of the spectrum used here . One is re 1 erred to the Hun Cal ib ra t ion 

sect ion ol Bel . (1) for comment on t h i s discrepancy. 

In i!lg. 2 Is un example of the dita recorded In the form of a 

pulse height d i s t r i b u t i o n for J = 50". This pa r t i cu la r d i s t r i b u ­

t ion has r^^th^r poor s t a t i s t i c a l accuracy. However, It i s a good 

example of on Important c h a r a c t e r i s t i c ol t h i s method of de tec t ion . 

The number of protons per un i t pulse height a t the peak, ^^n/^'^o * 

bb,bt,b»Z, i s the number to be transformed to a value of dN /d'C 
9' n 
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which Is proportional to 0^(^ - bOO). The observed position of the 

peaA Is ^4.4 vol ts (on an arbitrary Goale) and the 17.6 la from the 

associated callbr^iting proton run. Indicating that 19? Uev protons 

appear at 17.6 vo i t s rather th-in the ataudord 1C.96 and the pulse 

height scale must uzidergo a corresponding l inear translormatlon. 

t'Ouble Valued j?ulse Height J pectrum 

Consider th' energy ol the proton scattered by a neutron of 

energy ^n* ^be proton wi l l lose eiergy as It passes thru the re­

mainder of the scatterer. the three coincidence crystals and Into 

tne l a s t (proportional) oounter crystal . Thus lor some value of 

^n, at a given angle ^ , the protons v l l l stop at the far face of 

the l a s t oounter, losizig the maximum energy In the oryst^jl and thus 

giving the maxlTium pulse height. iProtons, irom neutrons above t h i s 

energy (^^Q) as well as Irom neutrona below Eĵ ,̂ wi l l lose l e s s en­

ergy and 80 give smaller pulse heights. Therelore, It i s evident 

that the pulse height distribution is double valued. hOT small 

angles, $ , and the counter 4 crystal thickness used (1.09 cm.), 

VJQQ IS oulte small. .*ince the lav energy end of tho neutron spec­

trum is spnrsely poii lated, this means th'it the contribution to the 

pulse height spectrum Irom the low enargy end ol the neutron spectrum 

Is also oulte smoJl. However, lor large laboratory angles, Ŝ ^̂  in­

cludes fua a ^precL^ible portion ol tho leutron st»ctrum ( u t $ - 60 , 

^nc = 166 Uev.) and the low energy ccntrlbutlon Is no longer neg l i ­

g ib le . In J!'lg. Z the protons scattered by neutrons of energy below 

166 Mev. are shown by the dashe*) l i n e . 

The neutron spectrum relerred to :bove is ahown in Ji'i^. 2. 

The meas îred values extend to 142 Uev. and have beon extra.^ol ated 
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as shown by the dashed l i n e . This spectrum wus tranatormed by the 

Inverse ol the s t eps described in Hel. (1) into a proton pulse 

height d i s t r i b u t i o n lor the value of ^ In quest ion. Jsor th i s 

cor rec t ion . I t ŵ ŝ assumed t h a t the c ross sect ion Is proportional to 

l / £ . Also, It was necessary to assume something about the response 

of oounter 4 to protons oi energy below about 4b Uev., the low energy 

end ol our c a l i b r a t i o n . 

The l a r g e s t pulses observed correspond to protons of energy 

£7.6 Uev. which have a range of 1.09 cm. of anthracene. (Jee appendix 

of h.ef. £ ) . The ca l ib ra t ion curve was, therefore , extrapolated to a 

pulse height of 61.3 vo l t s for ?7.6 Mev., as obtained from a $ = 50° 

r e c o i l proton spectrum Irom a carbon s c a t t e r e r . This had a 

reasonably sh^irp out off a t 61.2 un i t s of pulse he igh t . i)he remainder 

of tho pulse height versus energy curve was assumed to follow a 

s t r a igh t l i n e , pulse helfht in v o l t s = 1.266 times tho proton energy 

in Uev,, Irom 0 to 27.6 Uev. 

The points indicateu by l a rge c i r c l e s In F I g . 2 correspond to 

neutron energies below Sjio^S^°) « 166 Uev. and the three crosses r e -

i e r to points below 166 Uev. The low energy points were normalized 

by requir ing that the three high energy po in t s , with the low energy 

cont r ibut ion added, should f i t the observed pulse height spoctrum. 

The correct number per uni t pulse height is obtained by subtrac t ing 

the low energy cont r ibu t ion from the observed value, as Z6o8*6.2 -

4.5 : 2^1,£1^6.2 counts per un i t pulse he ight . This cor rec t ion amounts 

to about I2Je for 5 = 60", s^ > 220 Uev., AO/o a t the same angle for 

'̂n s 160 Uev. ^Inoe, t h i s correct ion is l e s s than 1.6;|ii> f o r $ = 40^, 

'<n = 220 Uev. and 4>v f o r ^ s 40°, "l^ s IbO Mev., i t was not made for 



angles l e s s than g§ = 40° , 

"'Experimental l iesults 

All \ u lue s of Or(^) obtained irom Sjj « 220 Uev. are presented 

In Table I . Group B datn was run with a v^ l̂der acceptance ungl e 

telescope and has been normalized to a smooth curve thru the five 

points of Group A. Tie avera:?e deviation ol the Group B d ;ta frou 

the normalizing m t l o was 2 .0^ . The two points of Group li were 

a lso normalized to Group A using the 10° point of Group i> ( the only 

point In the range common to both, which was 6.6/^ higher than th» 

smooth curve jor Group A , Gr^up C i s presented j u s t as obtained 

par 1000 monitor counts with no renormalizat lon. 

The e r ro rs given i^re due to counting s t a t i s t i c s alone, i'hey 

correspond very c lose ly to the st^ndara deviat ions on the Ind iv i ­

dual points In the or ig inal poly ethylene-carbon d l l f e rences , but 

In most cases a re derived Ir-ra two extreme curves dravn for the 

pulse height d i s t r i b u t i o n s , (dee the upper anu lower p?i.rtiul 

curves in i i g . 2.) 

The var ia t ion ol the cross section over th^ .oigul.ir v, idth of 

the telescope i s negl ig ib le except l o r the point a t ^ s J ° . At 0° , 

howev r , the ODOSS section f a l l s off rapidly over tho e n t i r e 27r 

of d i r ec t ions from 0° and, as a r e s u l t , the v i l ue of f̂ iM /a'% ) 

( $ s J^) would pive a too low value of <T ( ibO^), Tnis 

e l fec t has beon calculated using the t r i angu la r v Indow jor ^ 

mentioned above and a s t r a igh t l i n e for (dl< /d.'i ) ( ^ ) reouired 
'̂  p ' n * 

to contain the $ r 7,5° poin t . The correct ion amounts to an In­

crease of 4.4/*> and has been applied to tho value of CT (9 « lfa0°j 

given in I'able 1, 

file:///ulues
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iiormal i»ation tu the Total Cross ueotion 

i ince th experimental points do not extend very f>JC below 

6 = 90°, i t Is d i f f i c u l t to make an ext rapola t ion of the points to 

6 = 0" ,̂ Therelore, a smooth curve was drawn thru the weighted av­

erages of the points from lbO° to 90° and equation (1) waa rewri t ten 

as 

^Tot^ 2 7rk ^i^zl R(95-̂ JOn) Sin(95+I0h) 
rtso 

f 
Ji'or the curve shown in li'lgure 4 , iC = 0.0468, when the to ta l n-p 

cross sect ion is taken enual to 41.2^2.5 x 10-27 Qn,2̂  jĵ ĵ g ^^ ^^ 

value given in Ref. 2 for ii^ - 220 Uev. Figure 4 also presents a l l 

the values of CTO) given In Table I . 

I f the da ta had been normalized to the same shape curve but 

symmetric about 66° Instead of symmetric about 90°, the absolute 

values of the points would then be IZ^/o h igher . The Hi.b'jit assigned 

to the to ta l cross sectlun also oontr lbutes to the error in the ab­

solute values of c r ( d ) . 

Unfortunately, one can say nothing much from the data regard­

ing symmetry about 90°, However, from whatever minimum Is evident 

In going as far as 6 = 77 , the duta Is In essen t ia l agreement with 

the finding by Chris t ian and Hart of s l i g h t l y g rea t e r than bO-/^ ex­

change loroe giving a good f i t t o the high energy angular d i s t r i b u ­

t i o n s . 

One may compare the welphted averages of our '-^^ s 220 Uev. 
4)7 6 

da ta , taken from Table I , with the Berkeley 90 Llev. and 260 Mev. 
444«tionft( 90 

data by re fe r r ing to i'lgure 6 . The /s, Mev. point at 160- was ob-
6 

talned from fipure 12 of ivef r^-nce 7 uno ia due to i\, i. iox, Th 
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220 Uev data overlap to some exteii t , but are on the average higher than 

tha t a t 260 Uev. I t may be noted tha t the r a t i o s a (160) / cr(90) 
4r« dboct t ec^ual for t h e 2.Z.O Mev &r\d, 2 6 0 Mev <^l?trl bu-tVon?., 

HoN/v€v*»-, S i n c e t h e rt^xios ^ ^ « so (**-ge ^t t h e s e e n e r g i e s , 

t h e e x p e r i m e n t k l e rTo^- s io not Justify o, F>-«-ecis<> com|>ftt |5oai 

The solid curve in J<'igure 6 is a theore t i ca l predic t ion of Chr is t ian 

and H.r t for n-p sca t t e r l c f from a Yuî awa potent ia l a t 2b0 Uev neutron 
-27 2 

energy, with Inclusion ol tenaor force, lor a O" to t = 27x10 cm. and 

has been cooled from i'igure li of Kelereiuse 6 . One observes t h a t , 

lor the symmetric normalization used In the case of <r ("3, 220), t h i s 

curve is about as good a f i t to the 220 Uev data as i t is to the 26D 

Uev dnta of the Berkeley group. An addit ional comment may be made re ­

garding the shape of the angular d i s t r i b u t i o n presented here . I t 

seems to j a t ly fy the descr ip t ion of being V-shaped r a the r than U-

shaped, thus being cons i s t en t v i th the inclusion of a tensor i n t e r ­

ac t ion U3 the potent ia l model. 

The vi luos of <r O) for % • 180 Uev, obtained Irom the pulse 

height spectra which lurnlshed the ^Ij^ » 220 Uev Information, are 

presented In Table I I . They have been calculated In the same way 

as were the valuoss lor K̂ j » 220, except that the e l f e c t s of f i n i t e 

pulse height reso lu t ion and angular resolut ion have been neglected. 

This is J u s t i l l e d when the pulse height spectra do nj t ch'inge olope 

rapidly comp-ired with the resolut ion v.ldths. These vil ues of <r(d) 

for lb J Mev ire plot ted In if Igure 6, In which the solid curve Is 

the same as wis used for In tegra t ion of the L 2 0 Uev d i t a but norma-

1 ized to a to t a l cross section uf 4'^mb. The vil ue ol *! taXen lor 
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these data was 0.14^ which fitted the points to the normalising curve more 

or less closely. This distribution exhibits the expected gross featuz^s 

but details of Bhape» unfortunately, are not significant. 
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?, p, .Tabj,f i 

(Ke) in 10°^ cm.^/eter for B̂^ « 215 ««• 
o(e) « K H(«), K « .0î 68 

o o - ^ ^'elghted 
A B C D Average 

8.89i.8i|. 

0 .2238 

7.5 .2266 

10 .2286 

10.7 .2296 

15 .2353 

19.1 .2i427 

29.8 .2730 

30 .2737 

40 .3211 

50 .3976 

6.97*1.31 

5.43^.66 

4,23^.48 
^.1^.52 

2.53^ .̂37 

2,47t.i^ 

1.29^.20 1.4lt.20 

1.^3^.28 l.l)7t.39 

13.^2.8 

8.»*±l.03 

7.58t.75 

^.77^.09 
5.90I1.03 

2.29^,51 

l,19-.25 

13.^2.8 

8.89t,66 

7.5^^.75 

'^.97*1.31 

5.3S2:.^ 

iv.l8t.35 

2.53^.37 

2./K)t.32 

I.31-.12 

1.4^.22 

180 

l62 .̂2 

158.8 

157.3 

msM 

13^o9 

U7c7 

117 c2 

96,9 

76.9 
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•c.„ gi,.. i'gbl e I I 

or ( a ) , 10-27 ^^2 ^ y^Qj.^ S ^ = 1 7 2 Uev. 

* 
C 0 8 $ 
0 0 8 O 

i ik B 

iC - .144 

16 .6 + 6 .6 
0 .2262 

7.6 .2£11 9 . 7 1 1 . 2 U . O i g.O 

10 .2220 

10 .7 .2:'g8 7 . 0 * 1 . 2 

15 .2?92 4 . 6 ± 1 . 0 

19 .1 .2404 

29 .8 ,2758 

20 .2762 2 , 8 t .8 S.O^-l.O 

40 .£219 ? .0 : t .6 L.lf- ,6 

50 .2960 2,2 t ,7 

7 ,6± 1.5 

4 . 2 i l . 2 
2 . 5 f 1.1 
£ . l t .9 

1 . 9 * 1 . 2 
6 .42 l.fa 

weighted 
.average 
1 6 . 6 ± 6.8 

1 0 . 9 f 1.4 

7 . 6 1 1.5 

7 . 0 ^ 1 . 2 

6 . S i . 6 

2 . 5 t . 9 

2.1 1 .9 

£.5:t .6 

2.4 t .4 

2 . 2 ^ ,7 

160 

104.5 

159,g 

157c6 

146.8 

140L6 

l l b . E 

117.7 

97.4 

77.5 

\ 



Captions for yî -tures 
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ĵ 'lg. 1 Counter c^eometry. 

i'lg. 2 !i!he n\nDber of protona scattered into the aolid Eingle of the counter 

teleacope &t $ " $0 per unit pulae hel^tt shoving the low energy 

contribution. The aymbola are explained in the text. 

Fig. 3 ^ e neutron spectrum aaaumed h.& effective in the acattering exDOi iment 

including the extrapolation uaed for the low energy corrections. 1ii» 

vertical ac&le la arbltrery. 

rig. k iill eRperiment&l determln&tlona for 220 Mev. neutron energy. Tix9 aymhola 

refer to fuhle I. The aiaooth curve la an empirical fit tiaed only for 

normbliza-tlon to the total croaa aectlon. 

?lg. 5 Olvea the weighted uverbgea of the 220 Mev. data plotted for eoopariaon 

of the ahupea with the Berkeley d&ta eoid the theoretical prediction of 

Chrlatlui and Hcrt for a tenaor force model. Tha b.baolute veluea are 

not directly compt.r&ble alnce the 220 Mev. d&ta hitiS been normalised for 

90 ayaimetry end the ?60 Hev. data for d < 90 aymmetry. 

rig. 6 Uluatratea dt~ta obtained from the pulae hel^t diatributlona at a 

pulae height other than thh.t of the moxlioum. % e aolid curve 1« the 

actme ahape uaed for nono&llalng the 220 Mev. d&ta. 
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