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IN'I'RODUC'I'ION 

For the first time it has been shown by I.S.Shapiro, L.D.Blokhintsev, 

E.I.Dolinsk} 1 / and later by other authors/ 2-
9 / that the study of the angular 

distribution of neutrons produces in mu- meson absorption by Z nucleus 

( 1) 

can give valuable information on parity nonconservation and coupling constants 

in the simple mu- meson absorption by free protons 

(2) 

Due to total mu- meson depolarization in hydroger/ 10/ at density necessary 

for carrying out the experiment the angular distribution of neutrons in process 

( 2) seems to be impossible to investigate at present. 

Neutrons produced in process ( 1) can be emitted either via the compound 

nucleus ("evaporation" neutrons) or missing the stage of the compound nucleus 

("direct process" neutrons). 

The angular distribution of the direct process neutrons is of the form/ 1-
9

/ 

N( E,O),.l+ B a>s 0 

B=a(E),B(E)PIL 
(3) 

where N(E, 0 is the number of neutrons of the energy E emitted at an angle 

0 • 0 is the angle between the neutron pulse and the mu meson spin, B is 

the asymmetry coefficient, P IL is the residual polar·lzation of rru mesons at the 

K- orbit of the mesic atom, a (E) is the factor depending only on coupling 

constants and the neutron energy E, fJ.(E) is the factor depending only upon 

the properties of a specific nucleus and neutron energy. 

ln studying neutron angular distribution it is necessary to take into account 

that the nUcleUS prOdUCed in mU capture, in genera/ 
6

• 
7

•
9
', emitS II evaporation" 
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neutrons and gamma.- quanta with isotropic angular distribution. Therefore, for 

detecting neutrons it is necessary to use a detector which is nonsensitive 

to relativistic particles and to choose the energy region in the neutron spectrum 

with the minimum contribution of evaporation neutrons. 

Nearly in all the investigations on asymmetry in neutron angular distribu

tion/ 11-
19

/ use was made of threshold schtillation neutron detectors nonsen

sitive to electrons and gamma.- quanta. The neutron detection threshold En was 

take n in earlier experiments in the ( 1.5- 7.0) MeV range. For E ~ 5 MeV the 
n 

c ontribution of evaporation neutrons is still of importance. The pre.llminary analy-

sis of experiments at low thresholds is described in ref) 17/. 

The descriptio~ is given of the method and the results of investigating the 

ang ular distribution of neutrons from the absorption of partially polarized nu

mesons in Ca at various thresholds E in the energy range from 6.7 to 20.7MeV. 

Earlie r short information on the res~ts of this experlmen/ lB/ was published. 

Description of the Experimental instruments 

The apparatus with which the neutron angular distribution was studied had 

bee n described mainly by the authors of ref/
16

/. in the present paper only new 

blocks of the apparatus are described in detail. 

Mu- mesons were detected and the moment of their stopping in a metallic 
2 

Ca target 12 gf em ( see Fig. 1 ) was found with a telescope of two scintillation 

counters 1 and 2 . Mu- decay electrons were detected with a telescope of three 

scintillation counters 3, 4 and 5. A laminated threshold scintillation detector non

sensitive to relativistic parUcles/
2

0/ was used for detecting neutrons. The tar

get was inserted into a coil for obtaining mu- meson spin precession. 

Since the target was sufficienUy thick for 90')(. of all the mesons to stop 

in it, whereas mu- telescope counter No. 2 nearest to the target was placed 

close to the coil and had linear dimensions in the vertical plane 5x5 em (the 

target was 12x12 em in the same plane), it was necessary to have an anticoin

cide nce counter around the target. 

Coincidence pulses of the meson telescope 'I' fl were fed to the scaler 

to count mu- mesons N fl and the coincidence circuits (p. n ) ,ljtn) , (p.e) 
et-b. b. &+-b. 

and ( 11 e ) b. • After being shaped the pulses from the electronic telescope 'I' e 

were fed to the coincidence circuits (p.e)e+b. and (p.e >b. • The delay L
1 

was taken so that with the help of the circuit (p. e) e+ b • one might detect 
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• The delay L
1 

b. 
one might detect 

electrons in the time interval t e • 2 11. sec after I':J. te • 0.1 11. sec on the mu 

meson arrival, i.e. to detect mu- decay el ectrons a n d the random coincidence 

background N e , whereas with the help of the circuit (,.e) b. to detect elec-
e+b 

trans in the interval t • 211. sec b efor e the mu- meson arrival, i.e., the random 
e e 

coincidence background Nb 

The delay L 2 and the coincidence circuits (IJ.n )e+b. and (IJ.n)b. served 

for the same purpose. Pulses from the neutron detector ( 6) after being shaped 

by the block (f.p.) were fed not only to the circuits (IJ.n )e+b. and (IJ.n)b. 

but also to the linear integral discriminator ( D). The dis criminator together with 

coincidence circuits I and II and the delay L
3 

allowed to count the random coin

cidence backgrou nd Ne;, and the neutrons from calcium together with the back

ground ~ b a t a given energy threshold E • To know ~ b and ~b is neces-
e+. n e+ 

sary only for checking up the instruments. 

The time and amplitude distribution of pulses of the neutron d e te ctor was 

investigated by detecting meson and n eutron pulses with a cathode ray tube ( CRT). 

The pulse triggering CRT sweep came from the coincidence circuit output (jln) • 
e+b. 

Simultaneously the same pulse, corresponding to the time 'I',_ meson telescope 

one, was fed to the vertical deflecting plates of CRT. A pulse from the neutron de

tector w as also fed to the same plates. Delays were chosen so that a meson 

telescope pulse was at the beginning of the sweep, whereas 

the working part of the sweep corresponded to the investigated 

time interval tnz 1 11. sec after the meson pulse a rrival. To avoid the over lapping 

and d istortion of pulses a t short distances the sweep neutron d e tector p ulses 

were delayed I':J.t ~ 0 IIJ. sec with respect to the meson pulse. I':J.t • 0.1 11. sec was 

taken in order not to register n eutrons emitted from the mu in the copper 

winding of the precession coil. 

Use was made of the English telescope WM2LF'/ 1. Pictures were taken 

with a RF'-3 fUm 35 mm wide of 1000 GOS'I' sensitivity moving at a speed 

10 em/ min with a "YUPI'I'ER" camera having a relative aperture 1:1.2. F'ig. 2 

shows a typical picture taken at the CRT screen. Pictures w ere scanned with 

a Dl-A r eprojector. The amplitude A o f the neutron pulse and the distance L 

between meson and neutron pulses were measured in scanning. The error in 

measuring A and L with a reprojector by four scanners was ±._ o. 7 mm • The 

working interval of the value A was a b out 85 mm, the working interval for L was 

about 160 mm. 

The events when there were two meson or two neutron pulses a t the sweep 

were rej ected. They were about 1% and were uniformly distributed a t the sweep. 

5 
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The effect of the A pulse amplitude upon the value L was studied special

ly. For this purpose pictures were taken in conditions when particles simultane

ously hit the neutron detector and the meson telescope. As was shown by scan

ning, L does not depend upon A over all the working range of L and A. 

It was s hown by photog raphing random coincidences for the chosen A 

working interval that the detection efficiency of the neutron pulse does not depend 

upon L (with the account of the nonlinear sweep) within 1.2')b accuracy. 

The s w eep linearity and the absolute time scale were checked up during 

all the experiment by photog raphing a ( 10!_10- 3 ) MHz sinusoid as well as by 

means of ealier calibrated delays. The nonlinearity at the end of the L working 

interval was about 10%. . 
'I'o measure the mu meson lifetime in Ca by means .of decay electrons use 

was made of the time analyzer consisting of a ('I' .. A) transformer and an amp

litude analyzer. A convertor circuit is shown in Fig. 3. A tine interval section 

is built o n a 6A3 n tube. The tube Is open on a third net and is shut on the 

first net. A long straight positive pulse, whose leading edge coincides in tine 

with the moment of mu- meson detection, enters input I of the circuit. The pulse 

trigger s the tube. A long straight negative pulse, whose leading edge coincides 

in time with the moment of electron detection, enters input 2 and cuts off the 

tube. The anode resistance initiates a positive straight pulse. Its length is pro

portional to the time interval between the mu- meson pulse and the electron one • 

After being inverted on a 6)f(9n tube ( L2
) this puls e discharges the capaci-

tance C in a circuit of the fantastron type on a 6)f(9n tube ( L). The capa-

citance discharge occurs for the time equal to a negative pulse length and a 

negative pulse arises of a n amplitude proportional to the negative pulse length 

a t the input L
3

• 'I'o reduce the time necessary for the curcuit to return to its 

initial state in the feedback the cathode follower ( L 
4 

) was used. The circuit 

provided the transformator linearity to a 1')b accuracy. 

Neutron and Electron Identification 

It was stated that the removal of the target from the beam or the 2.5 shift 

o f the studied time interval from the morrent of the nu- meson stopping caused 

the e qual (within sorre per cent) counting of the pulses ~ e+b and Nbn after 

the ( fL n ) and ( fL n) b. coincidence circuits, respectively. In this case a uni-
e+ b. 

fo rm neutron pulse (with the account of sweep linearity) distribution over the 

oscilloscope sweep was observed. 

6 
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To make sure that the target effect is due just to nu- capture in Ca and 

to check the correctness of calibration in tirre the mu- rreson lifetirre in the 

target was measured both by electron and neutron countings a t various thresholds 

En. Fig. 4 shows the dependence of the electron counting in tirre. The de

pendence was obtained with a T ~ A convertor. The backg round of random 

coincidences of some per cent from the counting at zero time and the background 

of plastic scintillators surrounding the target were subtracted. The background 

was rreasured in alternating a Ca target by a Pb one of identical thickness and 

geometry and was about 2% at zero time from the counting from the Ca target. 

The lifetime r eCa • ( 0.335.:!:.. 0.009) .10-
6 

sec obtained in this way coincides 

with that obtained by Sens/ 
21

/ r Ca • ( 0.333 't.. 0.007) .10-
6 

sec. 

When the lifetime 'Ca was measured by detecting neutrons with the os-

cilloscope a t various thresholds En the lifetime turned out to be e q ual and to 

coincide within errors (the error in rCa at the lowest threshold En was 1.5 tirre 

larger than in measuring on elec trons) with rCa rreasured in an electron expe

riment ( see Fig. 5). 

To prove that high energy decay electrons having asymmetrical angular 

distribution are not registered in a laminated detector we rreasured, the sarre as 

earlier, the detection efficiency of gamma- rays of various ener gies, relativistic 

particles in cosmic rays, decay electrons from a light target with a neutron 
n n 

detector. In particular, in chang ing a Ca target by a carbon target N e+ band Nb 

at large Ep were equal to an accuracy of some per cent. It follows from the 

experiments that the contribution o f decay electrons from Ca to the neutron 

counting does not exceed 0.5% even at the highest threshold. At l ower thresholds 

the contribution of decay electrons is still smaller since the number of re

coil protons increases much faster with decreasing energy th~n decay e l ectron 

counting. 

In view of a considerable thickness of a Ca targ et in the direction of the 

neutron detector ( 1/ 2 0f l'1e target is about 7 gJ em 
2 

) decay electrons emit 

bremstrahlung gamma- rays which can 

detector on protons from the c 12 
( y 

that at the lowest threshold E • 6.7 
n 

be, in principle, detected by a neutron 

p) reaction in B
12

• Simple calculation show 

MeV protons from a ( y p ) reaction consti-

tute only about 1% in the total proton counting. The ir contribution is decreased 

approximately exponentially down to 0 .01% for the hig hest neutron detection 

threshold E • 20.7 MeV • 
n 

It is known/ 
22

/ tha t in nu- capture in complex nuclei charged particles 

are emitted with a some per cent probability. In our case owing to a large target 

7 



thickness and the presence of a light filte r in front of a neutron detector no 

appr eciable nwnber of these charged particles was dete cted, 

The ener gy calibration of the neutron detector was made by gamma- rays 

o f various ener gies, relativistic particles a nd neutrons of various energies up 

to 14 MeV obtained with ar. electrostatical accelerator, To pass from scin-

tilla tion amr:Iitudes caused by e lectrons to the amplitudes of proton oscillations 

use was rm.de both of experime ntal data for a plastic scintillator E 102/ 
23

/ and 

of our data/ 
20

/ , coinciding with thel'l\ for a home plastic scintillator having ap

proximately the sarre constitution (polystyrene + 0,9')(, of p- terphenil + 0,05% of 

a NPO ) as that of a E 102 scintillator, 

Meth':d of Measurerrents and Experirrental Data Treatrrent 

The anqular distribution of neutrons was studied by the precession rrethod 

o f mu meson spin in the magnetic field, Measurerrents without precession were 

performed for the sake of c h ecking , On average the counting of mu- rreson stops 

was No10
3 1/ sec, the rate of taking pictures was about 20 sweeps per minute, 

As a r esult of scanning the pictures time distributions for neutron pulses 

with an A amplitude were obtained, For each A amplitude the time distribution 

is 

N (t )=Noe-t1 / rc. [l+Bcos( wt +ll))+C, 
I I I ( 4) 

where N/ t) i s the nwnber of events in the >- th time interval, \ is the centre 

of the >- th tirre interval, w is the precession frequency of the mu- meson, ll 

is the a ngle b etween the mu- rreson spin direction at the moment of its stopping 

a nd the line connecting the centre of the target with that of the 

n e utron detector , B is the asymmetry coefficient, N
0 

is the nwnber of 

n eutrons from Ca for t- 0, C is the random coincidence background, i is changed 

from 0 to 11. 

The scannhg data were treated in two ways, First, all the events with an 

A amplitude were trea ted which were larger than our selected values of ~· 

Recoil proton ener gy corresponding to these values of ~ determined the thre

sholds En for neutron detection. Second, the overall working range A was divi-

ded into Ak intervals and the data on each interval were treated separately, 

In the first case data for various En are not independent, in the second case 

they are independent. A set of N
0 

nwnbers obtained in the second way of 

treatrrent for 15 intervals !'J. E 
0 

is just a differential recoil proton spectn..un (see 

Appendix), 
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recoil proton spectrum ( see 

The mean neutron energy E for each threshold En or for each t. ~ 

interval was calculated (see Appendix), knowing the dependence of the laminated 

neutron detector efficiency upon neutron energy and the threshold En' and also 

the spectrum of the direct neutron process. 

By the least squares method with an electronic computer for various En 

and various t. A ( i.e. for various t. E ) the values N , B, C were determined 
_rlfi 0 

with the given 'ca • (0.335.!._0.009).10 sec, w=2rr/0.74p. sec (the precession 

magnetic field strength being about 100 Gauss) and ll = rr/ 2 (the errors Ni, 

ti' rCa , w and ll were introduced into the electronic computer). The errors 

of the latter two values (about 2')(.) make a small contribution to the errors of 

N
0

, B, C. The error of rCa is most important. 

Calculation results are given in Table 1. In the ftrst six lines of the Table 

there are more accurate, compared to ref/ iS/ 
1 

values of B for various En" From 

the seventh to the ninth lines there are independent values of B for various t!.En 

intervals. 

When treated in the first way the value N
0

/ C changes from 3.5 for En• 

En· 6.7 MeV to 8 at En • 2();7 MeV, N
0 

at En • 20.7 MeV is 25 tines srmller 

than for E • 6. 7 MeV. 
n 

Fig. 6 shows an example precession curves for some values of En. 

The asymmetry coefficient B measured without the precession field over 

the whole range of the values of A within ( 1.5 .!_3 )')(. turned out to be equal to 

zero. 

The residual polarization P p. was determined by measuring the asymmet-

ry coefficient in the angular distribution of mu- decay electrons by the mu- meson 

spin precession rrethod in the magnetic field. The asymmetcy coefficient was found 

1) by calculating from the precession curve obtained with a ( T ~ A) transfor

mer and 2) by counting mu- decay electrons in the time interval te • 2 p. sec, 

After t. t • 0,1 p. sec after the moment of the mu- meson stop at two opposite 
e / 16/ 

in sign and equal values of the precession field, i.e, the same as in our ref. • 

According to the secorxi way 

P p. = 3 a (0) 

a(O) = 
a( Ee) v 

Sb 

(5) 

where a ( 0) is the asymmetry intergal coefficient for the case when all decay 

electrons are detected • 

9 



a (E e ) 

I N e 
0.1 e+b 

I(>,.,Net-b 

I - I 
+ 

I + I 

e 

0.1 N e+-b I 

e . ~;b I 
is the asymmetry coefficient measured at 

the threshold E , .,.cu N,.~b at any direction of the precession field, S is a 
e !( 

factor taking into account" the increase of the measured a ( E e ) asymmetry with 

increasi~ E , b is the factor taking into account the asymmetry decrease due 

to electron d:tection during a large interval t / 16/ 
e 

N 
t 

. 
N° -N• 

0. 1 e+b b d 
( 6) 

N• 
- .h.4 e+b - Nb• 

where 
0 

N e b is the electron counting with a ( p. e ) b circuit at 6. i • O,lp. sec, 

~ - - e W b is the electron counting with the same circuit at 6. t • 1,5 p. sec, 
1.Se+ ' e 
where only the background Neb is counted ( which is counted with a ( p. n ) b 

scheme )and the " carbon" background due to counters in the vicinity of the 

target and the coil micarta carcas producing the precession field; d is the fac

tor which makes it possible to take into account the background at 6.te•0,1 p. sec, 

Owing to a great thickness of the Ca target the spectrum of electrons 

emerging from the target and the integral asymmetry coefficient a ( E ) were 

calculated by the Monte Carlo nEthod x), Ionization and radiation los:es of elec

trons in the target. multiple scattering and the contribution of various target parts 

with the account of the density of nu- meson stops were taken into considera

tion in these calculations, The electron spectrum obtained in this way and a l E ) 

are shown in Fig, 7, a ( E ) being corrected also by the Monte- Carlo nEthod/ 
2 '4/ 

e 
for radiation processes and multiple scattering in our three counter telescope, 

The sunmed thickness of three plastic scintillators ( 3 em) and two filters 

of the same material is 5,4 gf em 
2

, This provides E • 10,4 MeV a nd according 
e 

to the curve in F;g, 7 S • 0.39/ 0,33 • 1,17. 

The value a( 0) was measured three times with a variation of the precess

sian field sign at various "b" in the interval from 0.705 to 0,711 and various 

values of v in the range from 2 to 2,44 and once with a ( T ~ A) transfornEr, 

The counting rate was Ne b • 10 1/ sec, Thus, the following values of P p. : 
e+ 

0.216±_0.028; 0,183±_0,022; 0.230!._0.032; 0,263±_0.043 have been obtained respec-

tively, 

X 

The authors are thankful to W,Kusch for making these calculations, 
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;ion field; d is the fac

k g round at tJ. te • 0.1 I' sec, 

ectrum of electrons 

'icient a ( E e) were 

·adiation losses of elec

'l of various target parts 

taken into considera-

j in this way a nd alE ) 

Mo nte- Carlo rrethod/ 2 '4/ 
e e counter telescope. 

( 3 em) and two filters 

0,4 MeV a nd according 

ria tion of the precess

to 0,711 and various 

a ('I' -+ A) transformer, 

:>wing values of P I' : 

•e b een obtained respec-

; these calculations, 

The weighted mean of PI' • 0,214z..0.017. A correction should be introdu

ced which is due to asymmetry in the angular distribution of electrons emerging 

from a coil micarta carcas present in the precession field, This background is 

about 10 per cent from the counting of electrons from Ca in the interval 

te • 2 I' sec at 6. te • 0,11' sec, The composition of the micarta is such that the 

counting of electrons from carcas is distributed equally between carbon and 

oxygen. PI' for carbon and oxygen are close to P, for calcium. The coil 

consists of two carcases, the outer one being in the field two times smaller 

than that of the internal carcas. The correction for carcas background preces

sion is only about 1.5')b and the final value P,ca • 0.210.:t_0.016. 

It should be noted that in measuring rCa with a ('I' -+ A) transformer the 

" carbon" background was 5 times smalle r due to the absence of the precession 

coil and the use of a specail circuit eliminating the dete ction of decay electron 

from rru- mesons stopping in the nearest to the target counters of an electronic 

('I' e) and meson ( 'I'p. ) telescopes, 

Discussion of the Results 

It follows from the data of '!'able I that for high energy neutrons B/ P 

is close to its limit value - 1. This result was also reported in ret/ 
25

). 'I'o 

compare with theory Fig. 8 shows by dots with errors the dependence of the 

value B/ PI' upon the mean enrgy E , ( Table 1) ; the solid curve shows the 

dependence (a {3) upon neutron energy reported in ret/ 
27

/. It should be noted 

that f3 is equal to unity in these calculations. The expression for the asym

metry coefficient can be written in the form/ 
26

/ 

2,2 2,2 
2

,2 
B Gv\Mvi- 2GA\MA\ +(Gp-GA) \MP\ 

PI' 

where M and M 
V.A,P V,A,P 

properties and G v , G A 

are matrix elements depending upon the nuclear 

, G P are effective coupling .constants/ 
26

/, If 

M : • M : • M'P and M v M A • M P (which is always suggested in the 

mu captur~ theory), then B/ PI' • a {3 , where one of the factors 

I M~ 12 
{3 - --- < 1 depends only upon the nuclear properties, whereas the other 

l~vl
2

~ 2 
a = G y 2 G \+ ( Gp G A) depends only upon the interaction constants. If such a 

G~t 2G +(Gp- G .)
2 

factoriza ·on is possiole indeed, then for high energy neutrons it follows from 

our experirrents that a = - 1 and {3 = 1 • The coefficients f3 takes into consi

deration mainly two factors: proton motion in the nucle us and the interaction of 

the emerging neutron with a nucleus, Both the effects decrease asymmetry in 

the neutron angular distribution ( I {3 1 ~ 1 ) 

11 



'The calculation of f3 by rreans of various nuclear models give entirely 

different values of {3 and various {3 dependences on neutron energy, but , 

perhaps, one may understand qualitatively the increase of the factor to unlty 

with increasing neutron ener gy. 'Thus, e,g,, in the calculations by means of 

the Fermi- gas/ 
5

/ {3 reaches unlty at a high energy end of the neutron spec

trum. 

If the result for {3 can be qualitatively explained on the basis of some 

model, then trying to account for a large value of a one faces great diffi

culties, The matter is that it follows from the mu- capture theor) 6 • 7 / that for 

high energy neutrons a = - 0,35 if one takes into consideration some relatfvis.-

tic terms in the effective interaction HamiltoT"ian, and a - - 0,1 with the account 

of these terms made in ref/ 
27

/, 

Making use of the conventional four interaction constant it is easy to 

shoJ 
18

•
28

/ that the value a = - 1 is possible only with considerable increa -

sing of the ratios g A / g v and g p / g A • 

An 

the weak 

atterrpt was made/
29

/ to explain the large value of a by introducing 

interaction constant of the "second class"/ 
30

/ • However, such an ap-

proach meets difficulties in numerical 

ture/31/ • 

calculation of other effects in rru- cap-

In view of the consequences important for theory to which the above inter

pretation of our result leads, special attention should be paid to the permissibi

lity of a and {3 factorization. Indeed, if there is a pure nuclear mechanism 
I i 

causing the fact that at high neutron energy / M v / = 0 , / M V / = 0 ,/ M pf• 0 

and/Mpf = O , then the value a= -1 could be explained in the same way, 

However, nowadays no such mechanism is known. Further theoretical stuc:U

es are necessary in this direction. 

In conclusion the authors express their gratitude to V,G,Zinov, L.UApidus, 

A.I.Mukhin, B.Pontecorvo, l,S,Shapiro, Yu.A.Scherbakov, for the discussion of 

the obtained results and I.M.Ivanchenko and A,V,Rakitsky for rmking calculation 

on the electronic computer, 

Appendix 

Neutron Spectrum and the Mean Energy E 

For the quantitative corrparison of the rru- capture theory with the experi

ments it is very important to know the neutron spectrum and the mean energy E 
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1. Further theoretical studl-

! to V.G.Zinov, L.I.Lapidus, 

v, for the discussion of 

sky fo r rraking calculation 

E 

re theory with the experi

llll a nd the rrean energy E 

when the asyrrutEtiy coefficient B is rreasured at a given thres hold En of r ecoil 

protons ( see the article) one can obtain a neutron spectrum and by calcula ting 

the efficiency of neutron detection < ( E, En) with the e nergy E with a laminated 

threshold detector it is possible to determine E- for each E n 

Our neutron laminated detector of low e fficiency detects any particle having 

a range comparable with the thickne ss of one layer and with increa sing ene r-

gy Ep of the recoil proton its detection efficiency < P(E P) will differ still g reater 

from unity and vanish to zero. This staterrent as well as the principle o f calcu

lating < P ( E P ) is shown in Fig. 9 • 

Neutrons enter any laye r of the neutron detector a t various a ngles to its 

axis, The detector axis is perpendicular to the plane of layer separation and 

being continued it passes throug h the target centre, If one draws a pla ne throug h 

the direction of neutron motion perpendicularly to the surface of layer separa

tion, then the angle of neutron entry to the elerrent layer is ¢ (lying in this 

plane) between the neutron motion direction 00' and the detector axis M N. A 

neutron of the energy E entering A.t an angle ¢ to the detector layer of the 

thickness 

an angle () 

, produces a recoil proton at the point A. The proto n emerges at 

and has the energy Ep • E cos
2 

() and the range R ( E ). For 
p p 

one value of the angle () proton ranges lie at the surface of the cone having 

a vertex at the point A. 

The efficiency < P ( EP) is determined by the value of projection II of the 

range Rp( Ep) at the axis MN, For the given values of E, () and ¢ (hence, 

also R ( E ) ) there occurs some distribution 
p p 

w( ni) of the projectio n n i a t 

the line MN with the minimum II min • LK and the maximum II • LF 
IT6X. 

values of the projection. 

Proceeding from the apparatus georretry the distributio~ W ( ¢ ) at a n angle 

<b the neutron entry to the detector (see Fig. 10) was calculated, This dis

tribution was taken into account in plotting the projection distribution W ( ll i) in 

the units Rp for a number of the angles 0 : 

'!maw(¢) w <II ¢ l 
cp mla I I 

¢max 
l: . W(¢) 

¢ mlo 

where W( fi
1 

, ¢
1

) is a range projection distribution for a fixed entry angle ¢ 
I 

Some of these distributions a re shown in Fig, 11. For each II
1 

there is its own 
I 

< probability of recoil proton detection 

<I ( ¢ , () , E ) = f '- II1 ( ¢,II, E) 

f' . 
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In expression there is a value f' • f + f 
1 

where by adding f 
1 
it is taken 

into account that a proton is rejec ted by the coincidence circuit of pulses from 

even and odd plates of the dete ctor (see ref/ 
20

/ ) only in the case · if it pas

se~ through a translucent partition between the layers for the coincidence cir -

cuit to operate. The value f 
1 

is equivalent to the 2.1 MeV proton range. 

The total probability of detecting the recoil proton of the energy Ep or the 

llmax range R is 
l: fl • (ll ) p 

p I 

( 2) 
n.~ .. 

• ( E•) = n ••x 
< nl > l: • n .. ~ .. 

'I'o calculate the recoil proton 

wich detector for the 'given neutron 

obtain the product 

spectrum rJ ( E ) registered in the 
p 

sand-

energy E it is necessary for each E to 
p 

• (E )u (E )N"(E, E )•N'(E ), 
p p 1lp p p 

where u (E) is the cross section of elastic neutron scattering on protons 
ap 

and N" ( E ,E) is the initial spectrum of recoil protons corrected for edge effects 
p 

'I'o take into account edge effects the initial differential spectrum of protons 

N ( E , E) was separated into a number of intervals I!J. E (or I!J. R P ) and ac-
p p 

cording to the detector geometry "the spllE!ad" to lower ranges was calculated 

for each interval. The spread was due to the fact that some protons leave 

the layer through a sidewall surface. Fig. 12 shows a plot of such a spread 

for the interval I!J.RP• ( 2.75 .;- 3.0) gfcm
2 

(!!J.Ep • (54.; 57)MeV). The area of 

the "tail" is about 26% in this case. For all the intervals each spreaded spect

rum was added to its weight and the summed spectrum was marked by N''(E ,E), 
p 

The kind of the spectrum N( E ) for various E within 

taken from our exoerimental data/ 31f. 
( 77 100) MeV was 

Calculated detected spectra of recoil protons for some Ep are shown in Fig. 13. 

The neutron spectrum N n ( E) was determined in the following way. Taking 

a neutron differential spectrum N( E) which is decreased with increasing E we 

plotted a differential spectrum of recoil protons N ( E ) by ITE'ans of N' ( E , E) 
p p p 

and compared it with the n eutron spectrum obtained experimentally. The parame-

ters of tested neutron spectra were varied so that the calculation curves N ( E ) 
p p 

were recorded in the corridor of errors of the spectrum obtained epxerimentally. 

The corridor of errors was determined both by errors in the detector enet'

gy calibration and by errors in proton counting. Two spectra giving maxinum 
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hin ( 77 100) MeV was 
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~ following way. Taking 

with increasing E we 

by means of N'( E ,E) 
p 

!mentally. The parame-

uculation curves N ( E ) 
p p 

obtained epxerimentally. 

>rs in the detector enel'-

•ctra giving maximum 

t 
I 

and minimum contributions of high energy neutrons within the corridor of errors 

were chosen from a large number of neutron spectra. Fig. 14 shows proton spectra 

calculated for these two neutron spectra together with the corridor of errors. It 

should be noted that in this Appendix only the neutron spe<ctrum shape was cal

culated but not the absolute neutron yield 
1 
and solid curves in Fig. 15 were not 

normalized. The points of errors in this Fig. show the neutron spectrum measured 

in ret/ 33/ and fitted from our upper curve at E • 10 MeV. From Fig. 15 it is 

seen that within errors our data on the neutron spectrum in the region of lower 

energies ( < 15 MeV) coincide with our data/
32

/. 

Despite a great uncertainty in the spectrum at high energies even such a 

qualitative result is of great interest since usually a considerably faster decrea-

se of the neutron number with increasing E takes place than it follows from 

data of Fig. 15. 

in order to obtain so a long neutron · spectrum in the independent particle 

model, it is necessary for its calculations to make use of the Gauss distributio~ 35
/ 

N(p)•np[- ), (3) 

( p is the proton momentum) of protons in the nucleus with a • 14 MeJ 33/. 

To calculate the mean energy E first the efficiency • ( E , ED ) of neli-

tron detection with the energy E at the threshold E was measured: 
D 

E 

J N'( E, E )dE 
p p 

•CE,E) · E ( 4) 
E 

f N ( EP, E ) dE 
p 

E 
D 

The type of • ( E , E
0

) for some E. is shown in fig. 16. The mean energy E 

is determined as 

tOO M eV 

f <(E,E.)EdE 
i ~ _&_. _______ _ 

lQ)MeV 
(5) 

f <(E,E.)dE 
Eo 

E was calculated for two types of curves shown in figs. 14 and 15. Thus 

obtained the values of Em Ia and 

given in Table 1 of the article ( E = 

E were used to determine E+!'J.E 
E;ax+ E mta E max- E miD 

, foJ. E = --=:..::.:::--==---- > • 
2 2 

1 5 



The v alu es o f !'! E are fo und ma inly with a la rg e corridor of errors in the 

diffe r e ntial pro to n s p ectrum obtained experimentally. The values of 

g iven in Tab le 1 a r e o b tain e d in the same way. 

i for f'o.Ea 

The a b ove calcula tio n s d o not take into account neutron interactions with car-

b 1 . . . f . 12 12 12 12 on nuc e 1 1n vte w o s ma ll c r oss sectio ns of the reactions C ( n,n ')C , c ( np) B , 

etc.f 3 3 1 • The double neutro n s c a ttering in a layer detector should be considered 

in mnr e d e ta il. The d o uble s c a ttering on pla tes of different parity would cause 

some a dditional d e c rease of € ( E n, E ) 

of similar par ity lead s to the increas e of 

w hereas double scattering on plates 

( ( E n, E ) as a result of dlsinteg-

ra tion of the initial n e utro n e nergy, ( P ( E P , E ) being increased in e a ch of the 

two sca ttering a cts . Therefo re, a nd also since the probability of the double sea~ 

te r ing in p la tes of the same parity is in our case about 70% of the single sea~ 

tering even a t the l{>we s t e nergy E • 7 MeV, this effectt can be neglected. 

The data o n the n e utro n spectrum s h own in Fig. 15 make it possible to de-

termine the r e la tiv e high energ y neutron y ield in ,. --capture in Ca • Fit-

ting by tur n s our two limit curves o f the neutron s pectrum w ith the da ta of tefJ 33/ 

a nd con s ide ring tha t the n e utron number a t E • 0 vanishes to zero and th e m 

maximum in the neutro n s pectrum is found somewhere at E • 2 MeV, we ob-

tain that the fra c tio n of neutrons of e nergy higher tha n 7 MeV and 2 0 MeV, res

pectively , is 0 .44 : 0 .12 a nd 0.23: 0.09 with respect to all neutrons, The error 

of these v a lues is ma inly d u e to the inaccura c y in the determination of the neut

r on spectrum a t h igh ener gies ; the e r rors in the data of ref/ 3 2 / and the uncer-

tain ty in the form of the neutron spectrum a t 

tution to the e rro r. 

E < 2 ,5 MeV give smaller contr~ 

If o n e takes into c onsidera t ion tha t in 1'- - capture in calcium neutrons are 

emitted w ith the p robability ( 3 7 : 2 )o/j 3 5 / , then the neutron emission rate of the 

e nerg y hig her tha n 7 MeV a nd 20 Mev, res p e ctively, is 0.16 + 0,05 and 

0 .09 + 0.03 per event of 1'- -ca pture. 

R eferences 

1.•11,C. lllanapo, 3.n. nonaacn l! , n.n. SnoXHIIJleB. nAH CCCP,.!!.!!, 946 ( 1957); 

Nu cl.Phys.,!. 273 ( 1957 ). 

2. s.n. 11o#e. )f(3T41, ;g, 308 ( 1957) • 

3 . K.Huang , C. Ya ng, T ,Lee. P hys,Rev., 108, 1340 ( 1957). 

4 . L.Wolfenste in, Nuevo Cim., L 7 0 6 ( 1958). 

5 . H.-lrber all. Nuevo Cim., ~ 533 ( 1957 ). 

6 . 3.11. nonHHCI(HJ!, n.n. SnoxaaueB. )1(3T41. 35. 1488 ( 1958) • 

1 6 

~ 

7 . M .K. AI(HMOB8, n.n. Bno 

8. W.Ma jewski. Acta Phy 

9. E.Lubkin. Ann.Phys. ( 

10. C.C. fepmTel!a. )f(3T4> ~ 
B,Xanyna. )f(3T4> 35 , 

11. C. Coffin, A. S acks. D. 

12. A .Astbury, LM. Bla ir, 
Rev. Lett., 2. 

13. A.Astbury, J.H.Bartie~ 
rint ( 1962 ). 

14. W.Baker, C,K.ubbia, P 

15 . V. Telegd i, Proc. of th• 
chester, p. < 

16. B.C. Eaceea, B. l1 . KoM. 
Acta I= 

17 . B.C. Eaceea, B.C. Pora 
Me~yaaponaol! !(OR$ 

18. B.C.Es ceea , B.C.Poraac 
Phys.I. 

19. B.C. Eaceea, 41. Kanb6 
aa Me~yaapom 

2 0. B.C. Eaceea, B. l1 . Ko1 
Acta F 

21. I.Sens. Phys .Rev., 1 1 

2 2 . H. Mor inaga, W.F.Fl:J. 

23 . H,C.Evans, E ,H,Bella i 
M.Gettner, W,Selc 

24. S .Lokanthan, I.Steinb€ 

25 . E.W.Anders on, J.E.Rc 
E.W. And erson. 

26 . H. Primakoff. Rev.M od 

27. R,Klein, '!',Neal. L.Wc 

28. n.n. BnoX.HIIJle B, 3 . 11. j 

29. M.n. 11oaaoa•"· B.C. E 

3 0. S .Weinber g . P hys.Re· 

31. :Ja C, EBCeeB, npenpBl 

32. "31(cnepat.te aTanbaaSI !U 

C1 

3 3. D.E.Hagge, J.S.Baijal 

34. ATnac ael!TpoBBbiX ceq• 

35. B ,Macdonald, J.A. Dl< 
1965. 



corridor of errors in the 

he values of 

neutron interactions with caz--
12 12 12 12 

lS C ( n,n ')C , C ( op) B , 

tector should be considered 

'erent parity would cause 

double scattering on plates 

E ) as a result ·of dlsinteg

~ increased in each of the 

>bability of the double sea~ 

ut 70% of the single sea~ 

ffett can be neglected. 

. 15 make it possible to de-

- capture in Ca • Fit-

trum with the data of tet.f 33/ 

vanishes to zero and the m 

at E • 2 MeV, we ob-

I 7 MeV and 20 MeV, res

=> all neutrons, The error 

· determination of the neut

of ref/ 
32

/ and the uncez--

5 MeV give smaller contri-

tre in calcium neutrons are 

~utron emission rate of the 

s 0.16 + 0,05 and 

:p, lli. 948 ( 1967); 

7 ). 

B) • 

7. M .K. AXHMOBa, n.n. EnOXH!IIle B, 3.11. nonHHCKHI!, >K3T4> 39 • 1806 ( 1960). 

8. W.Ma jew ski. Acta Phys. Polo n., 12.., 525 ( 1960 ). 

9. E.Lubkin. Ann.Phys. (New York) 1 1 , 414 ( 1960). 

10. c. c. fepruTella. >K3T4> !!!, 463 ( 1958) ; A. E.I1raa Teaxo, n.E. EropoB, n. 'iynTeM, 
B.Xanyna. >K3T4> 35, 1131 (1958). 

11. C. Coffin, A. S ack s . D. Tycko, Bull.Am. Phys Soc,, ~ 5 2 ( 1958). 

12. A.Astbury, LM. Blair, M.Hus sain, M.A.P.Kemp, H.Muirhead, R .G .Voss. Phys . 
Rev. Lett., _l, 476 (1959). 

13. A.Astbury, J.H.Bartley, I.M.Blair, M.A.Kemp , H .Muirhead, '!',Woodhead. Prep
rint ( 1962 ). 

14. W.Baker, C,t<ubbia, Phys,Rev.Lett., _l, 4 79 ( 195 9). 

15. V.Telegdi, Proc, of the 1960 Annual Int. Cont. on High E nergy pPhys. a t Rcr 
chester, p. 713 ( 1960). 

16. B.C. Escees, B.l1. KoMapoB, B.Kyru, B.C.Poraaos, B.A.'iepaoropoBa, M, illHM'IaK. 
Acta Phy s.Polon., § 313 ( 1962 ). 

17 • B.C. Escees, B.C. PoraaoBa, B.A. 'iepa oropoBa, 'ill<lla )f(yab-Ba, M, lllaM'IBII:, Tpynhl 
M&lKilyaaponaoll xoacpepe!IIliiH no ¢aaue BbiCoxax aaeprall B >Keae11e, CTp. 425 ( 1962). 

18. B.C. E scee11, B.C.Poraaos, B.A. 'iepaoropoBa, 'iJKaa >Kyab-Ba, M. illiiM'Iax. 
Phys.Lett. ~ 3 32 ( 1963). 

19. B.C. EsceeB, 4>, Kanb6aarep, B.C. PoraaoB, B.A. 'iepaoropoBa, M, lllaMqax, fioxnan 
aa M&lKilyHaponaoll xoa¢epeanaa no ¢aa axe BbiCOXHX aaeprall B r, fiy6ae, 1964 r. 

20. B.C. EsceeB, B,l1. KoMapoB, B, Kyru, B. C. PoraaoB, B. A. 'iepaoroooBa. M. illiiM'Iax. 
Acta Phys. Polonica, 12.., 6 7 5 (1960), nT3, Ns!l, 68 l!961J. 

2 1, 1,Sens. Phys.Rev., 113, 679 ( 1957 ). 

2 2 , H. Morinag a, W.F.Fry. Nuovo Cim., !Q_, 308 ( 1953). 

23, H,C,Evans, E,H,Bellamy, Proc:.Phvs.Soc., .z!., 483 ( 1959). 
M,Gettner, W.Selove. Rev. Sci. Instr., ;g. No.4, 450 ( 1960), 

24. S,Lokanthan, LSteinberger. Nuovo Cim., (Suppl.), ~ ser, 10, 151 (1955). 

25. E,W,Anders on, J.E.Ro thberg. Bull.Am.Phys,Soc., ~ 80 '( 195>5); E. 
E,W. Anderson. Preprint NEVIS 136, May, 1965. 

26. H. Primakoff, Rev.Mod.Phys., ~ 802 ( 1959). 

27. R.Klein, '!',Neal, L,Wolfenstein. Preprint (1964 ). 

28. n.n. EnoxaaneB, 3.11. noniiBCXH I!, >K3T4>, .!! .• 1968 ( 1961). 

29. M.n. 11oBaoBa'<, B.c. E11ceeB. Phys.Lett.,~ 333 ( 1963). 

30. S.Weinberg. Phys.R ev., 112, 1375 (1958). 

31. IBI. c. EBCeeB. OpenpiiBT omm, E-1457 ( 1963). 

32. "3xcnepaueaTanbBllll SlllepaaSI ¢aaua• (non penaxnaell 3. Cerpe), TOM, I 11.n. 1966, 
CTp. 436, 437, 

33. D.E.Hagge, J.S.Baijal, J.A.Diar, S,N.Kaplan, R.V.Pyle. Preprint ( 1965 ). / 

34, ATnac aei!TpORBblX C9'19BBI! ( H31l, BTOpoe), ATOMH3JlBT, ( )959), 

3 5 . B,Macdonald, J.A. Diaz, S.N.Kapla n, R.V.Pyle. 
1965. 

17 

Preprint UCRL- 11243, March 

Received by Publ.J.shlng Department 
on December 25, 1965, 



1 n-, ;..J.-

e--
. 

Table 1 

En, MeV, <\ ~· MeV E, MeV -B 2 -B/ Pii X 

6.7;te.5 18+1 0.053:!;0.012 14.6 0.250:!;0.063 

10.3:!;0.8 22;t1.5 0.100;t0.016 10.1 0.48 :!:0.09 

13.0:!;1.0 30:!;5 0.120+0.020 6.8 0.57 ;t0.10 

16.8;t1.3 43:!;12 0.163:!;0.025 ?.5 0.78 :tO.'l5 

17.8;t1.5 47;t13 0.222;t0.026 6.0 1.05 ;t0.15 
Fi g. 1. The 

20.?;t1.? 53:t15 0.214:!;0.040 5.8 1.02 :!:0.21 

?.9:!;13 21:!;1.5 o.o?6:tO.o2o 9.0 0.36 :!;0.10 

13.0:!;1?.5 36:!;9 0.104:!;0.041 ?.2 0.50 :!:0.20 

1?.~:!;20.? 50:t14 0.186:!:0.052 6.1 0.89:t 0.26 

Fig. 2, 
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e __ 

2 -B/ PI' X 

.012 14.6 0.250;t0.06.3 ~ Oscillos cope 

.01 6 10.1 0.48 ;!:0.09 

.020 6.8 0.57 ;t0.10 

.025 7.5 0.78 :t0.-:15 

.026 6.0 1.05 ;t0.15 

.040 5.8 1.02 ±0.21 t 
F i g . 1. The block- dia gram of the experimental te chnique. 

.020 9.0 0.,36 ±0.10 

.041 7.2 0.50 ±0. 20 

.052 6.1 0.89± 0.26 

F i g . 2 . A p icture of the oscillos cope screen. 
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F i g . 3. A principal circuit of the time-to-amplitude convertor ( T .. A) 
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N e,a rbi trary units 

CZ:c-a =(0,335t0,009} I' sec 

:/.
2 -=8)5 
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0 {

1
0 ~5 I' sec 

F i g . 4 . The dependenc e o f the deca y electron counting r ate upon the time 
t a fte r the I' - mes on s topping. 
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F i g . 5. The dependence of the 1-' -meson life time in Ca r0 • upon the 
neutron detection threshold E n 
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F i g. 6. Precession curves 
Is at the ordinate < 
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1,0 

time in Ca r c • upon the 

Fig. 

0 0,1 

£.=(6,7:t:0,5} MeV 
- 8:0,060~0,01'1 

}fZ :1~,6 

o,z o,J o. ~ o,s o,& o, 

E,•(/7,4:!1,~) MeV 

-~·0,21nt:Op2G 

){
1 •6,0 

1,0 

0) 

E,: (I,,O:!I,I} MeV 
- B • O,ll0:!:0,020 
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D,l o,t 0,3 qv 

E,=(20,7 t f, 7} Mev 

- 8. 0,21¥!0,0¥0 
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.,. ~ 1 1: ,...sec . 

6. Precession curves for some threshold E 0 
Is at the ordinate axis in all the diagrams. 

• The value N· - C 
N 0 exp [t 1 /r(JI] 
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N {£e) arbitrary units 
I 

a 
(10 
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0 fO 20 JO I;O 50 

F i g. 7. Differential spe ctrum of decay electrons from a thick Ca target a nd 

.(,2 

1,0 

0,3 

0,6 

O,lf 

o,z 
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0 

the integral spectrum of the asymmetry coefficient in the angular d is
tribution o f decay electron at this target. 

~~ -----------I~~-t-----
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22t1,S f 
58%(5' 
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1(3!(2 

i 
( ci f>) -

10 2Q .30 'iO 0 60 EMeV , 

F i g . 8 . D ependenc e of the asymmetry coefficient upon the mea n energ y E 
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F i g. 9. G e ome try o f e: 
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F i g. 10. The fonn of 



l.fO 5C £e, MeV 

from a thick Ca target a nd 
:oefflcie nt in the a ng ular dls-

f-J ----
t~ r 

so i --60 £,MeV 

upon the mean energ y i . 
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fY1 i.J N 

F i g . 9 . Geometry o f elastic ( np )-sca ttering in the layer o f the thick ness f. 
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F i g . 10. The form of the W(¢) dis tribution accord~e e ntra nce angl es. 
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W (n), arbitra ry units 
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Fi g . 1 2 . The edg e effe ct for the interval !i RP • (2.7 ..;. 3 .0) g/ cm

2
• The fi

g ures a bove the hystogram show a rela tive column a rea . The 
dashed line is an undis to rte d interval. 
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F i g . 13 . Recoil proton 
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1e projection valu e II for 
ma.tized to the same v a lue 
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13 . Recoil proton spectra N'(EP, E)for some values o f 
to unity with E • 0. 
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F i g. 1 4 . The corridor of errors in measuring the dlfferential proton spectrum 
with a sandwich detector (the dashed line) and two proton spectra 
obtained for neutron spectra with the maximum contribution of high 
energy neutrons (the solid curve) and for the neutron spectrum 
with the minimum contribution of h lgh energy neutrons ( curve 2 ) . 
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