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1. It is well known that the differential cross section Qf 
neutrons scattered elastically by light nuclei in the centre of mass 
system can be deduced from measurements vf the energy spectrum 
of the recoil nuclei. The spectr'lm is in general deforme1 by various 
effects connected with the geometrical and electrical characteristics 
of the system of detection. Corrections to be applied must be evalu~ 
ted with much care , especially w:len the differential cross section 
has to be . analysed into its splierical harmonic components. The 
main difficulty encountered, when one tries to extract the "true 11 cross 
section S' from the experimental cross section <S"exp' lies in 
t!1e fact that the amount of corrections is a function of 0- itself, 
which is unknown. 

A method is given herein for the solutiGn of this pro­
blem. The method has been applied wit!). good results to an alpha par 
ticle recoil counter(1, 2). -
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(1) S-(B) = Z All u"Il1 () 

n 2 0 

(x) - This work has been carried out under contract Euratom-Cnen. 
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the differential cross section ( lSl = scattering a n gl e in the eM sy­
stem; Lmax = m aximum a ngular mom entum involved at the conside­
red energy). By th e transformation x = E/Eo = 1/2 (J - cos (}) 
(E = ener gy of the recoiling ion; Eo = energy of the recoiling ion for 
a head on collision), the angular distribution can be correlated with 
the energy s pec trum of the recoil nuclei. Namely 

z L"'.JK 

(2) 
-.;;;;:' 7J ., Ii 

0-«)- /, 0 " J( I 
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where 

(3) 

L et us now suppose that the pulses relative to a c hannel 
y, y + dy be spread a l ong contiguous channels, according t o a distr'..! 
bution l aw P (y, z ), In this case the actual distribution, detec t ed by the 
system, becomes 

i 

( 4) ~X/> (x) ~ J*6)P(~x) ay, 
C' 

where the r.ormalization factor K(y ) i s calcul a t ed fro m the obvious 
condition: .;><> 

k(y)/? ()';X) dJ( = t;-(y) 
<> 

From E q, (2) one obtains 

(5) 

where the functions 

( 6) 

li~ 
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are known if the effect responsible for the spread in ene rgy is known. 
A least squares analysis of the experimental distribution, by means 
of expression (5), allows a straightforward calculation of the coeffi­
cients Bn, and consequently of 6'{x) through Eq. (2). It must be 
pointed out that the correction depends on Lmax' and is "exact" if no 
angular momentum higher than I:.max is p resent. 

The general'formula' (5) can be applied to any kind of c!!. 
stribution function P{y, z}. fn the foll'owing sections some cases of 
practical interest will be discussed in detail, and the explicit form 
of the fn{x) will be given for a coaxial cylindrical chamber. 

3. Owing to the induction of positive ions, the height of the 
electronic pulse, produced by the ionization of the recoil nucleus, is 
in general a function of the space coordinates. In an Imgridded cyli,!! 
drical chamber the radial dependence of the pulse height is 

(7) 

(I'{k) '" 2 ell (i../a.); a and b are the radii of the internal and exte!: 
nal electrode respectively){3). By means of Eq. (7) the fn{x) can be 
easily calculated. 

, for 0 ~ !( :!( -I 

and f (x) = 0 for x > 1, 
n 

where 

( 9a) ~ n {u.} '" 11-'P"_f (4,) - eX/> t(/t{
11] } 

(9b) A4 (u) = £, (t~) 
/ 
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"-
(E' {I,) =- (Le¥ !<'/l< ] ~L 

, - '6,;' (+) 
ted by Jahnke and Emde). 

is the exponential integral tabul~ 

In Fig, 1 the shape of the fn(x) up to P waves is shown 
for b/a = 100 and b/a = (>0 

4. Since the dimension of the chamber are not infinite. to 
eval uate f)(C--) one has to consider the effect of both the tracks lea­
ving the counter and those entering the counter being generated out 
of it. 

The geometry of a cylindrical chamber. with the neu 
tron beam parallel to its longitudinal axis, has been studied by Ros 
si and Staub(4) and by Skyrme et al. (5) in the case of an S .wave int~ 
racti.on (proton recoil chamber). The Sand P waves approximation 
(deuteron recoil chamber) has been considered by Tunnicliffe( 6) un­
der simplified assumptions (a linear e nergy dependence of the range 
of the recoiling ions). 

The generalization of Skyrme ' s formulas to any angular 
momentum is straightforward, following the procedure presented in 
Section 2. The fn(x) functions can be written in a very general form 
wIthout specifying the form of the range-energy relation. 

and for x'> 1 , 

where ( 

( lla) cln fx) ~ If/IL]! /y',/T-j-;-'R'&-:;)dy - X ''jIi-:;' !( (x)]) 

'" 

(+) If tabulated values are not sufficient for the evaluation of the ra­
pidly varying function Ao(x). the following s lowly converging se­
ries can be employed: 

, 
./ j; 1-' tL/a} du. ~ 

,ON 

(! + j}.'1 tL ' f- Z. 
,': ( 

I
, n 

1" 

, , 
( ( ( 

, I , , 



5. 

111-l'2. 
_)( ~(X) -,t 

( lIb) 
2 1/~ 31z) 

+ -_. - J?I(X) (1- J( I 
2.11 'I'- '-~ 

'In (X) -:: £:fcJ[X;'''YJlI-x'R 2!x) l-

I 

-J-.ji' IJdy/ _; (2R 6--1') R'(y-K)- 2R (y}R '(y-x) .-

: R'(x),.f(Y)f-ft'(YI-K-i?)R'6-?)dz} d y}, 

( llc) 

J( 

(Ho = maximum range of the recoiling ions; R (u) = range of the ion 
whose energy is E = uE o• expressed in units Ro; R'(u) = dR(u)/du; 
c = length of the cylinder). A knowledge of the range-energy relation 
is required for the calculation of the integrals contained in Eq. (11). 
It ·is well known that, for slow heavy particles, the theory of the 
stopping power l eads to unsatisfactory results, particularly becau­
se of the capture a nd loss of electrons by particles. The functions 
cX.n(x) I ~,,(l()/ .~~ {}() , h ave been computed using the empirical 
range-energy relationship given by Bethe(7) for alpha particles in 
air. These results, relative to S, P and D waves, and alpha ener- I 

gies Eo = 1, 2, 4 and 8 MeV' a re r eported in tables I through IV. 
These tables can be interpolated for other energies. For protons, 
deuterons and tritons, the given values can be used by a proper cho..! 
ce of Eo, taking into account the approximate relation 

(HM = maximum range of the particle of mass M and charge Z e; 
Rp and Mp are the maximum range and the mass of the proton; see 
for example(8)1. As an example, Fig. 2 shows the shape of the fn(x) 
for alpha particles with Eo = 2 MeV, in the case Ro/b = .5, Ro/c = 
= • 1, and in the limit case Ro/b = Ro/c = O. 

Expressions (11a) and (11b) can be easly integrated if 
the well known empirical relation R = x 3 / 2 is used. The following 
functions are obtained 
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( l2a) 

(l2b) 

where 

I 

(13a) ~n(J()=/!"((t-)'){;;; ely ::: 
"'" 

-( 

(l3c) -C,,(xj ~ hi, fy(y-x) efJ: 
x 

( l3d) 

No simpl e analytic form can be obtained for the On (x). In Figs. 3 
and 4 ot.. (x) and ;3." (x), calculated by formulas (12). are comp~ 
red with curves obtained from Tables I (Eo = maximum energy of 
the recoiling alpha particles = 1 MeV) and IV (Eo = 8 MeV). It can 
be verified that the approximation R = x 3 / 2 can be satisfactorily u­
sed if (i) E~= Eox is higher than about 0.4 MeV (for lower energies 
Ris roughly proportional to x 3/ 4 ); in fact Figs. 3 and 4 show a bet­
ter agreement for the higher energy, and the higher x values; (ii) in 
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Eq. (10) the term in I'n(x) is negligible in comparison with those in 
0<... n(x) and (3n(x). In practical cases these conditions are often s~ 
tisfied because (i) e xperime ntal measurements cannot explore very 
low angles (x = O. 1 corresponds to () "" 36 0 ); (ii) Ro is small com­
pared with the dimensions of the chamber, so that the term propOl;' 
tional to R~/(bc) can be neglected. '. . -

In conclusion, expressions, (12) can be widely emplo­
yed in practice, in spite of the approximation involved. The advan­
tage of an analytic form for the fn(x) ·is relevant, especially when 
electronic computers are used for calculations. 

It is interesting to note that the effect of induction of 
positive ions (Section 3) is important for big chambers (b» a), whi 
Ie the wall effects (Section 4) are obvrously of interest for smaH 
chambers (b not very large in comparison with Ro). This is a for­
tunate circumstance because a symultaneous application- of both co.!:. 
rections turns out to be cumbersome, owing to the double integra­
tion required. 

5. . The response of a chamber to a monoenergetic beam 
of ions is in general a spread line, whose shape can be well appro­
ximated by a gaussian distribution e-XjoE(/,x) 2J . If the constant 
h , which gives a measure of the total resolving power of the system 
of detection (chamber+electronic chain), can be esperimenta:lly deter:. 
mined, one can use the following expressions, obtained by introdu­
cing'the Gaussian form in Eq . .( 6) . 

(14) 

where 

( 15a) 

(15b) 
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( ~{II.} -=-(z/tiitJ/eJ(;oEtl]k is the error integral, tabul~ 
lated by Jahnke and Emde ). Fig. 5 shows the behaviour of fn(x)'for 
h = 10 and h = ,Do , up to P waves. If the h value is sufficiently high, 
as it is in practical cases, the effect concerns only forward and 
backward se attering a ngle s (x 'V 0 and X"" 1); the remaining part' of 
the spectrum being unaltered, Atthe highest scattering angles (x'" 1) 
the effect has particular interest, because it' is responsible for the 
tail which is observed in experimental angular distrioutions. The 
corrections to. this tail can be evaluated exactly by Eq. (14), or tly 
the following approximate expression, which can be used for h hi-­
gher than about 5 and hx higher than about 2: 

( 16) 
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I 
I 
I 

x 

0 
D. 1 
D. 2 
O. 3 
O. 4 
O. 5 
0.6 
0.7 
0.8 
0.9 
1.0 

0 
O. 1 
O. 2 
D.3 
0.4 
O. 5 
O. 6 
O. 7 
O. 8 
0.9 
1.0 

0 
O. 1 
O. 2 
O. 3 
0.4 
O. 5 
O. 6 
O. 7 
O. 8 
0.9 
1.0 

n=O 

D.441 
D.275 
O. 148 
O. 055 

- 0. 021 
-0. 081 
-0. 128 
-0. 162 
- 0. 177 
- 0.161 

0 

1. 867 
1. 450 
1. 096 
0.8<;0 
O. 610 
D.421 
0. 212 

- 0.01 9 
- 0. 285 
-0.614 
- 1. 000 

-0. 103 
-0. 118 
-0. 1:;4 
- 0. 122 
- 0. 101 
- 0. 077 
-0. 038 

O. 013 
D.068 
O. 112 
0 

TABLE I 

Eo 1 MeV 
~ 

n=1 n=2 n=3 n=4 

O. 148 D. D81 D. D54 D. D38 
D. 142 D. D82 D. D54 D. D39 
D.116 D. 077 0.053 0.039 
0.080 O. OG6 0.050 0.038 
O. 036 0.046 0.042 0.035 

- 0. OJ 0 0.017 O. 026 0.027 
- 0. 058 - 0.020 O. 000 D.OI0 
- 0. 103 - 0. 064 -0. 037 - 0.020 
- 0. 137 -0. 106 - 0. 081 - 0. 062 
- 0. 144 - 0. 129 -0. 115 - 0. 103 

I , 
I 

D 0 0 0 

I 
I 

1. 097 0. 780 O. 606 0.493 
O. 895 0.62 5 0.495 0.395 
0.741 0.540 0.421 O. 344 
0.637 0.487 0. 385 0.316 
0.516 0.424 J.350 O. 292 
0. 410 0.370 O. 325 O. 283 
O. 265 0.277 O. 269 . 0.252 
O. 072 O. 127 O. 158 O. 173 

- 0. 183 - 0. 105 -0.046 - D. 00 1 
- 0. 539 - 0.473 - 0.414 - 0.361 
-1. 000 - 1. 000 - 1. 000 -1. 000 

-0. 066 - 0. 046 - 0. 034 -0. 027 
-D. 06. - 0. 040 -0. 027 - 0. 019 
- 0.072 - 0. 046 - 0.032 -0. 024 
- 0. 080 - 0. 054 - 0. 039 - 0. D29 
- D. 077 - 0. 058 - 0. 044 - 0. 033 
- 0.070 - 0. 059 - D. 049 -0. 040 
-0.047 - 0.047 -0.044 - 0.040 
- 0. 007 - 0. 018 -0. 024 -0. 027 

0.047 0.031 O. 018 0: 009 
O. 099 0.088 0.077 0.068 
0 0 0 0 

TABLE II 

Eo = 2 :.\'leV 

x n=O n =1 n-2 n=3 n=4 

, 0 O. 412 O. 160 O. 094 O. 064 0.047 n 
O. 1 O. 252 O. 145 O. 089 O. 061 0.0.:5 
O. 2 O. 147 D. 116 O. D81 O. 057 0.043 
O. 3 0.060 D. 07J O. 061; 0.051 0.040 
0.4 - 0. 014 O. D35 0.044 O. 04.1 O. 035 
O. 5 -0. 078 - 0.013 O. 013 O. 023 D. 024 
o. 6 - 0. 129 - D. OG2 - 0. D25 . - 0. 005 O. 005 
O. 7 - 0. 163 - D. 107 - 0. D68 - 0. 042 - 0. 025 
O. 8 - 0. 178 - 0. 1;'\:1 - 0. 109 - 0. 08 5 - 0.06 5 
O. 9 -0. 160 - 0. 144 - 0.129 - 0115 - 0. 103 
1.0 0 0 0 0 0 

8 n 0 1.911 1. 154 O. 833 0.652 O. 534 
O. 1 1. 215 0.774 0.561 0.441 O. 363 
O. 2 0.963 0.664 0.493 0.38 9 O. : 20 
O. 3 0.803 0.605 0.467 0.314 0.3 10 
0.4 0.634 O. 529 0.435 0.361 O. 305 
O. 5 0. 447 0.4-22 O. 378 0.331 O. 290 
O. 6 0.226 O. 2G7 O. 274 O. 265 O. 248 
O. 7 O. 002 O. 082 O. 130 O. 156 c. 169 
0.8 -0.274 - 0. 180 - 0.107 - 0. 052 -0. 009 
D. £' - 0.582 - 0. 511 - 0.448 -0. 392 - 0. 342 
1.0 - I. 000 -1. 000 - 1. 000 - 1. 000 -I. 000 

Yn 0 -0. 115 - 0.072 - 0.050 - 0. 038 - 0. 029 
0.1 -0. 075 - 0. 042 - 0. 028 -0. 020 -0.015 
O. 2 -0. 090 - 0. 055 - 0. 037 - 0. 026 - 0.020 
O. 3 -0. 104 - 0. 071 - 0. 050 - 0. 037 - 0. 02if 
0.4 - 0. 101 - 0.078 -0. 060 - 0.046 - 0.036 
O. 5 -0. 079 - 0. 071 - 0.060 - 0. 050 - 0. 04 1 
O. 6 -0.039 - 0.045 - 0.046 - 0. 043 - 0. 039 
O. 7 . 0.010 - 0. 007 - 0.0 17 - 0.022 - 0. 02 5 
O. 8 0.067 D.048 O. 033 0.021 0. 012 
O. 9 0.108 O. 096 0.085 0.075 0 .. 066 
1.0 0 0 0 0 0 
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0 
O. I 
O. 2 
0.3 
0.4 
O. 5 
0.6 
0.7 
0. 8 
O. 9 
1.0 

0 
O. I 
O. 2 
O. 3 
0.4 
0.5 
O. 6 
O. 7 
0.8 
O. 9 
1. 0 

0 
O. I 
0.2 
O. 3 
0. 4 
O. 5 
O. 6 
0.7 
O. 8 
O. 9 
1.0 

n=O 

O. 390 
0.258 
0.16 1 
0.075 
O. 000 

- 0. 066 
- 0. 120 
- 0. 159 
- 0. 177 
- 0. 161 

0 

I. 623 
I. 03 2 
O. 877 
0. 75 9 
0.63 2 
0.457 
0.272 
0.025 

~O. 245 
- 0. 583 
-I. 000 

- 0.054 
- 0. 03 9 
-0. 073 
- 0.096 
- 0. 103 
- 0. 085 
- 0. 053 

O. 000 
0.059 
O. 107 
0 

TABLE III 

Eo = 4 MeV 

n=1 n=2 

O. 176 0.110 
O. 153 0.099 
O. 122 0.086 
0.083 0. 068 
0.038 0.044 

- 0. 010 , 0. 013 
- 0. 059 - 0. 025 
- 0. 106 - 0. 06 9 
- 0. 140 -0. 1 10 
- 0. 145 - 0. 130 

0 0 

I. 0 15 O. 744 
0.683 O. 507 
0.619 0.46 9 
O. 577 0.4 52 
0.5 24 0. 431 
0.424 O. 377 
O. 298 O. 296 
O. 097 O. 139 

- 0. 157 - 0. 089 
- 0. 514 - 0.452 
-I. 000 - I. 000 

-0. 03 1 - 0.022 
-0. 022 - 0. 014 
- 0.046 - 0. 032 
- 0. 06 8 - 0. 049 
- 0. 07 9 - 0. 061 
- 0. 074 - 0.062 
- 0. 0 54 - 0. 052 
- 0. 013 - 0.021 
0.041 0.028 
O. 095 0. 084 
0 0 

TABLE IV 

Eo = 8 MeV 
n=3 n=4 x n=O n=1 n=2 " n=3 n=4 

0. 076 0.058 
0.070 0.052 
0.062 0.047 
O. 053 0.042 
0. 040 O. 034 

, 0. 021 O. 023 
- 0. 006 - 0.004 
- 0. 044 - 0. 027 
- 0. 086 - 0. 068 
-0. 116 - 0. 104 

0 0 

, , 
an 0 O. 378 O. 189 O. 120 O. 085 O. 064 , , 

O. I O. 268 O. 162 0.106 0.076 0.058 I 
O. 2 O. 177 O. 128 O. 091 0.067 O. 052 , , 
O. 3 0.092 O. 089 O. 072 O. 057 0.045 I 
0.4 O. 012 0.042 0.046 0.042 0.036 

, 
O. 5 - 0. 059 - 0. 008 O. 013 0.021 0.022 
0.6 - 0. 118 - 0. 060 -0.027· - 0. 009 0.002 
O. 7 -0. 161 - 0. 108 - 0. 072 - 0.047 -0.030 
0.8 - 0. 180 - 0. 143 - 0. 113 - 0. 089 -0.070 
O. 9 - 0.163 - 0. 147 - 0. 132 - 0. 118 - 0. 106 
1.0 0 0 0 0 0 

I 
O. 5a8 0. 486 
0.404 0.336 
0. 376 0. 313 
O. 367 0. 307 
0.360 0.305 
0.331 O. 290 
0.28 1 D. 261 
O. 163 0.173 

- 0. 037 0.002 
- 0. 397 -0. 348 
-I. 000 -I. 000 

Sn 0 I. 365 O. 87 9 0.652 O. 520 0.435 
O. I 0.949 0. 646 0.487 0. 391 O. 326 
O. 2 O. 869 0.623 0.47 7 0. 385 0.322 
O. 3 O. 793 0.604 0.477 0. 389 0.328 
0.4 0.655 0.540 0. 446 0.374 0.319 
0.5 0.505 0. 458 0.403 0.353 0.309 
O. 6 0.304 0.321 O. 314 O. 296 O. 274 
O. 7 ' 0.04 5 0.112 0. 151 0.172 O. 181 
O. 8 -0.255 - 0. 167 - 0. 099 - 0.047 - 0. 007 
O. 9 - 0. 620 - 0. 549 - 0.486 -0.429 -0.3 78 I 
1.0 - I. 000 -I. 000 - I. 000 -I. 000 - I. 000 

-0. 016 - 0. 012 
- 0.010 -0. 007 
- 0. 024 - 0. 018 
- 0. 037 - 0. 029 

I 
Yn 0 - 0. 002 - 0. 002 - 0. 003 - 0. 003 - 0. 003 

O. 1 - 0. 022 - 0. 01 1 - 0. 006 -0. 004 -0. 002 
O. 2 - 0. 071 - 0.047 - 0. 033 - 0. 025 - 0. 019 
O. ~ - 0. 104 -0. 074 - 0. 055 - 0. 043 - 0. 034 

-0.048 - 0. 039 
-0. 052 - 0.043 
- 0.04 7 -0.042 
- 0. 025 - 0. 026 

0. 01 7 - 0.010 
0.065 0. 046 
0 0 

0.4 - 0.110 - 0. 085 - 0. 066 - 0. 053 - 0. 043 
O. 5 - 0. 098 - 0. 083 - 0 . 069 - 0. 058 - 0. 048 
O. 6 -0. 063 - 0. 061 - 0. 057 - 0. 051 -0. 045 
O. 7 - 0. 006 - 0. 017 - 0. 024 - 0. 027 - 0. 028 
O. 8 O. 059 0.042 O. 029 O. 019 0.011 
O. 9 O. 108 . 0.086 O. 075 O. 066 0.047 

"1."0 0 0 0 0 0 


