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By an analysis of the polarization phenomena in the reactions N + N :;:=: d + 1r it is shown how 
the condition of invariance under time reversal leads to relations between the polarization 
phenomena in the direct and inverse reactions. A generalization of Wolfenstein's theorem to 
this binary reaction is obtained. Expressions for the various observable quantities in the reac­
tions N + N :;:=: d + 1r are given both when the treatment is confined to s, p, and d waves 
with J ::5 2, and also in the general case. 

INTRODUCTION 

As is well known, the requirement of invariance under change of the sign of the time leads1- 3 to the con­
dition of symmetry of the S matrix (notation of Blatt and Bidenharn2 with an emendation from Ref. 3) 

(1) 

For the interaction of spinless particles this condition leads to the equality of the differential cross­
sections of direct and inverse reactions (apart from a factor of the ratio of the squares of the relative 
momenta in the direct and inverse reactions). For particles with spin, for which there appears a differ­
ence between the time-reversed and inverse processes, this same condition leads to the equality of the 
averages over spins of the cross-sections of the direct and inverse reactions. But in the case of interac­
tion of particles with spin not equal to zero, one can express in terms of the elements of the S matrix 
not only the reaction cross-section of unpolarized particles, but also the average values of the spin 
operators in the direct: and inverse processes. Because of the existence of the condition (1) it is of inter­
est to consider its consequences for the polarization phenomena in direct and inverse processes and to 
try to find relationships analogous to the connections between the cross-sections for the reactions be­
tween unpolarized beams and unpolarized targets. Such a connection has been discussed in the literature 
in a consideration of polarization phenomena in elastic scattering. Dalitz4 and Wolfenstein and Ashkin5 

have shown that in the case of elastic scattering of particles with spin 1/2 from a target with arbitrary 
spin, for which the principle of detailed balancing reduces to an identity, the requirement of invariance 
under change of sign of the time has as a consequence a connection between the polarization < u 1>f of 
particles appearing from the interaction of unpolarized particles and the azimuthal asymmetry Ip in the 
scattering cross-section of polarized particles from an unpolarized target. This connection is of the form 

(2) 

where I0 (fJ) is the scattering cross-section of unpolarized particles and N is the direction of the polari­
zation of the beam. 

As has been shown by Lakin,6 a similar relation holds also for the elastic scattering of particles with 
spin 1. 

In the present paper a phenomenological analysis of the polarization phenomena is carried out for the 
reactions 

p+p~d+1t+(A), 

1t+ + d~p + p (B), 

n+p~d+7to (C), 

1t0 +d-;.n+p (D) 

in order to find out from this example what consequences arise in virtue of the condition (1) for the more 
general case of binary reactions (nuclear reactions with two particles in the initial and in the final states) . 

The main result of this work is a generalization of the Wolfenstein theorem (2) to the case of the reac-
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tions here considered. Incidentally we obtain general expressions for the various observable quantities in 
reactions (A) and (B) in terms of the interaction amplitude, which may prove useful in determining it from 
experimental data. 

THE S MATRIX 

We denote the relative angular momenta in the initial and final states of reaction (B) by £' and £, and 
chose as the z axis the direction of the incident 11" mesons. Denoting, further, the Clebsch-Gordan coeffi­
cients by ch\_hm , the four spin functions of the N- N system by 1/JM (M = + 1, 0, - 1 for the triplet, 
M = c for the1 stnglet) and the spin functions of the deuteron by 'Pm• we write the S matrix for the reac­
tion (B) in the form 

(3) 

(s is the spin of the system of nucleons). Then the S matrix for reaction (A) takes the form 
~ { 1'11 

SA = LJ 'fm ~ (21 + I)'l, (1' I S1jl) CM-m, mC~% yf,-m (6, 'f)} <jl.1;j. 
m,M Jll' 

(4) 

The condition ( 1) requires that (£IS~ 1£') = ( £' IS~ 1£) = (£'I SJ 1£). (Here it is essential that the elements 
of the S matrix be defined to correspond with Ref. 3.) 

If we confine ourselves to including the interactions with mesons in only s, p, and d states, then the 
laws of conservation of total angular momentum and of parity permit transitions 3P 0 - 1S0 (amplitude 
(OIS0 11) s:a0), 3S1 - 3P 1 (amplitude a1), 3P2 - 1 D2 (a2), 3D1 - 3P 1 (a3), 3D2 - 3P 2 (a4), 3D2 - 3F 2 (a 5), 
3D3 - 3F 3 (a6). In the further analysis we drop the transition 3D3 - 3F 3 with J = 3, keeping the transi­
tions with J ::5 2.* Then the S matrices of reactions (A) and (B) can be put in the form 

4 y'4rrSs= ~c{- V2a0 (k0ql+) + V!Oa2 13t(k~+)-(kc~+)l}+iV6al (k 14~+V 

+ i V3a3 {3t (k0 14~+])- (k 14~+1)- 2 1(4n) (ko~+) + (dlq(n~+)]}+ i V5a. {3t (ko 14~+])- (k 14~+]) + 1(4n) (ko~+) (3') 

+ (4k0 ) (n~+)l} + i V!Oa5 {(5t2 - I) (k 14~~])- 2t (k0 14~']) + 1(4n) (k 0~+) + (4ko) (n~+)]- 5t 1(4n) (k~+) + (4k) (n~+)]}; 

4 V 4rr SA= {- V2a0 (k~) + VTOa2 13t (ko~)- (k~)l} 4,:- + i V6a1 (ko 1~4+1)+ i V3aa {3t (k !q;4+])- (ko 1~4+]) 

-2 [(~n) (k4+) + (q;k) (n4+)]}+ i v-sa. {3t (k 1~4+])- (ko lt~4+]) + [(gn) (k4+) + (~k) (n4+)]} 

+ i V10a5 {(5f 2 - I) (ko 1~4+])- 2t (k 1~4+]) + l(k~) (n~+) + (n~) (k4+)]- 5t [(k 0~) (mh + (mp) (k 04+)]}, 

(4') 

where k 0 and k are unit vectors giving the directions of the relative momenta in the initial and final 
states, t = (kok) = cos 8, n = [k0k], and the vectors 1/J and cp are constructed from the 1/Jm and 'Pm re­
spectively (M :/: c). The quantities a 0, a 1, a2, ••• in Eqs. (3) and (4) differ from the corresponding quan­
tities in Ref. 8 by the factor (2£ + 1) 1/ 2• 

In the general case the S matrix for the reaction (A) can be put in the form 

V4rrSA =[A (k~) + B (k0~)] ~,:- + i {C [(~n) (k4+) + (~k) (n4+)] 
+ D [(~n) (k04+) + (~k0) (n4+)] + E (k [ql4+]) + F (ko [ql4+1)} 

(5) 

(The -l4.1r and the factor i are retained for closer correspondence with Eq. (4) ). In virtue of the condi­
tion (1) we get analogously for reaction (B) 

V 4n Ss = 1\ic [A (koq:.+) + B (kg:.+)] + i {C[(ko4) (n~+) + (n4) (k04+)] 
+ D l(k4) (n~+) + (n4) (k~+)] + E (ko 14q:.+l) + F (k 14q:.+l)}. 

(6) 

*Expansion in terms of the conserved quantity J seems more reasonable than expansion in terms of 
£. The use of the latter can only lead to misunderstanding. For example, in the paper of Clemente! and 
Villi, 7 where expansion in terms of £ is used· for the analysis of the p- p scattering, it was erroneously 
found that the mixing coefficients occur in the expression for the integrated cross-section, which cannot 
be correct ( cf. Ref. 2), and which happened because of the incomplete consideration of the states with 
different values of £ for a given J. 
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With the limitation to s, p, and d waves with J ::; 2: 

2A =- (2a 0 + V!Oa2); 28 = 3 VI0a2l; 4C =- 2 V3a3 + V5a, + Yl0a6 ; (7) 
4D = -5 Y10a6t; 4£ = (3 V3a 3 + 3 V5a.- 2 Y10a5) t; 4F = V6a1 - V3a3 - V5a, + VTOa5 (5t2 - 1). 

In the general case 

A(-t)=A(t); B(-t)=-B(t); C(-t)=C(t); D(-t)=-D(t); E(-t)=-E(t); F(-t)=F(t). (7') 

REACTION CROSS-SECTION OF UNPOLARIZED PARTICLES 

The equality of the reaction cross-sections for unpolarized particles 

4/(A) (0) = 3/~B) (6), 

follows directly from Eqs. (5) and (6), and (with the ratio of the squares of the relative momenta omitted) 

167t /~A> (6) = 127t /~8> (O) = 1 A 12+ 1 B J2 + 2 Re [(A+ B)+ 2 (£?)]cos e (8) 
+ 2 I E[2 + 21 F [2 + 2 sin20 [I c /2 +I D 12 +cos e ·2Re (C+D)]. 

With the limitation to s, p, and d waves with J ::; 2 we get from Eqs. (7) and (8) 

647t !~A) (6) = 487tl~A) (6) '= 4p~ + 12pi +lOp; (I + 3 cos26) +[6(Y2W13 + Y10wl• + V5w3.)- 4 Yl0w02 + 4 Y15w15 

+ 2 V 30w35] (3 cos26- 1) + 3 rr; (5-3 cos26) + 5p! ( 1 + cos26)] + lOp~ ( 1 + 6 cos2 6 -5 cos46) 

+ 10 V6w •• ( 10 cos4.6 - 9 cos26 + 1)' am = Pmei"'m; Wmn = PmPn cos ( rL.m - rLn)' 

which, apart from differences of notation, agrees with results previously obtained.8 •9 

(8') 

Before going on to the comparison of the polarization phenomena in reactions (A), we note that the 
study of reaction (B) at total meson energy E7r provides a possibility of obtaining information about the 
reaction (A) at a (kinetic) energy W of the protons given by 

(Mi, M, Jl are the masses of the deuteron, nucleon, and 1r meson, and E is the binding energy of the 
deuteron). 

(9) 

From Eq. (9) it follows, for example, that by the use of a 1r+ meson beam with energy E7r = 320 + 140 
= 460 Mev (from the 680 Mev accelerator at the Joint Institute for Nuclear Research) the study of reac­
tion (B) gives a possibility of getting information about the formation of mesons in reaction (A) at proton 
energies about 920 Mev, which considerably exceeds the energy of the particles in the accelerator. Such 
a "gain of energy" is due to the fact that in reaction (A) a considerable part of the whole energy is ex­
panded in motion of the center of mass of the system, whereas in the inverse reaction the energy in the 
center-of-mass system does not differ by much from the value of the energy in the laboratory system of 
coordinates. 

POLARIZATION PHENOMENA IN THE DIRECT AND INVERSE REACTIONS 

1. We now examine the information obtainable from a study of the polarization phenomena. Because of 
isotopic invariance we can consider all at once the general process N + N ~ d + 1r, where N is a nu­
cleon and 1r is a 1r + or 1r 0 meson. The cross-section for meson production by polarized protons in reac­
tion (A) can be put in the form 

(10) 

(p is the polarization of the nucleon beam, with the direction of polarization taken along the y axis). 
Using the formula 

we get 

(~lP) S = Sc (t.jlp) + (Sp) ~c + i ([pt.jl] S), S = Sc~c + (St.jl); 

16..-::/p,(O)cos<p = 4;;SpSA (~1p)S;t = (np)P1 (0); 

P1 (0) = 2 Im {[C+ (A+ B cos 0) + D+ (A cos 6 +B)+ (B+£) + (Af+)] 

+ [sin26 (CD+)+ (f+E) + C (E + F cos Qt + D (E cos 0 + Ft]}. 

( 10') 
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In the expression for Pi (8) the first four terms, which give the contribution of singlet-triplet transitions 
in reaction (A), do not change sign with the replacement 8- 1r- 8, i.e., they are symmetric with re­
spect to goo; the remaining terms, which give the contribution of triplet-triplet transitions, change sign 
with the replacement 8- 1r- 8, i.e., they vanish at 8 = goo. 

From a comparison of the formula 

(a2p) S =- [Sc(~p) + (Sp) 'fcl + i ([p~] S) 

with the one we had before for (u i p) S, it can be seen that the expression for the azimuthal asymmetry, 
when the target is polarized, differs from ( 10') by the sign of the first four terms 

16r. I P• (O) cos tf' = 4,.. Sp sA ( ; 2p) s,t = (np) P~ {fl); 
P~ (6) = 2 Im {- [C+ (A+ B cos fl) + D+ (A cos fl +B)+ (B+E) + (AF+)l (10") 

+ [sin2fl (CD+)+ (f+E) + C (E + F cos 6t + D (E cos 6 + Ft]}. 

On the other hand, for the polarization of the nucleons in reaction (B), when the deuteron target is unpo­
larized, we get from Eq. (6) 

(B) ' +, 
12r./ 0 (6) < a1)J = 4r. Sp SB a1SB = nP1 (6); 

Pi (8) is given by Eq. (10'). For the polarization of the other nucleon we get 

(B) ' ' 12'lt 10 (6) <a2)J = nP1 (6), 

~ (8) is given by Eq. (10"). From Eqs. (7'), (10'), (10"), (11') and (8): 

<al (6, t?)> = <0.2 <'lt- 6, '1t + t?)>; 

and from Eqs. (10) and (11) there follows the validity of the equation: 

4J~A) = 3J~B> (6) <a>1 N 

(the ratio of the momenta is omitted). 

(11) 

(11') 

(12) 

Thus a knowledge of the polarization of the nucleons in reaction (B) gives just the same information as 
the cross-section for the production of mesons by polarized nucleons in reaction (A). 

Additional information can be obtained by studying the polarization of the deuterons produced in reac­
tion (A). If in dealing with the interaction of unpolarized particles we limit ourselves to just the polariza­
tion vector, then for it we get by means of Eq. (4') and the formulaS (Smcpm) = i[SqJ] the result 

(13) 

With the limitation to waves with J ::5 2 the angular dependence takes the form 

2 sin 6P2 (6)=sin 0 cosO {6 }'TOs02 + 9 }'2s13 + 3 }'10s14 + 2 YI5 ~>1 5 -6 }'5sa4- 2 }'30sa•}, 

where Emn = PmPn sin (am -an)· And in the general case, as can be seen from Eq. (7'), there remains 
a proportionality to the product of sin 28 by an even function of cos 8. 

Let us now consider the expression for the cross-section of reaction (B) on a polarized target. On the 
assumption that the target is polarized in such a way that only the average value of the spin vector of the 
deuteron is different from zero, the cross-section can be put in the form ( 10). For <S> -F 0 the averages 
<Dik> are also different from zero, but we consider only the contribution of the term proportional to 
<B>.) Then from Eq. (6) we have 

(B) ' + 3lp = l21tSpSB(Sp)SB = (np)P2 (6). 

From a comparison of Eqs. (13) and (14) we get still another consequence of invariance under time 
reversal 

(14) 

(15) 

The equations (12) and (15) are a generalization of the relation (2) to the case of the binary reaction un­
der consideration. 

2. As is well known,4•6 the state of polarization of a deuteron is characterized not only by the average 
value of the spin vector S of the deuteron but also by a tensor of the second rank which can be con­
structed from the spin vector. In the literature one finds the tensor 
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introduced by Dalitz, and also the tensor T 2, m with the components 

2T2.±2 = V3{(S~- s;) + i (SxSy + SySx)}, 2T2.±1 = + V3 {(SxSz + SzSx) ± i (SzSy + SySz)}, (16) 

V- A2 
2 T2,o = 3 Sz- 2. 

For the elastic scattering of particles with spin 1, as follows from the results of Cheishvili10 and as 
has been shown by Lakin,6 relations of the type (2) hold not only between the average value of the polariza­
tion vector and the corresponding term in the cross-section, but also for the tensor terms. The corre­
spondence of the vector terms for reactions (A) and (B) has been established above. Let us now make the 
comparison, for our binary reaction, between the expression for the polarization tensor of the deuteron in 
reaction (A), for the interaction of unpolarized protons, and the cross-section of reaction (B) for an 
arbitrary polarized deuterium target. 

From a calculation using the formula 

[S;S~ + SkS;] (Sm'Fm) = 2o;k (Sm'Pm)- [S;<ph + S~t'ftl 
we have for the average values of the tensor Dik 

16:d6Al (6) {1/3 o;"- <D;k)} = o;k{ 1 E f
2 +IF 12 + cos0·2Re(PF)} + k;kk{ I A [2 + sin20· I C 12 -IE [2 

+2Re[C+(Ecosfi+F)l}+k0;k0k{IBi 2 +[DI2sin20-IFI2-2Re[D+ (E+Fcos6)l}+n;nk{1Ci2 (17) 
' 

+I D 12 + 2 Re [C+ (Dcos ~-F)+ D+E]} + (k0 ;kk + k;kok) Re {(AB+) + (C+D) sin20- (EF+)- [C+ (E + F cos 0)] 

+ [D+ (Ecos !l +F)]}= D1 (6) o;~t+D2 (O)k;kk+D3 (0) k0 ;kok+D. (fJ) n;nk + Ds (6) (ko;kk + ko~tk;). 
From eqs. (17) and (7') there follow for D1, D2, ••• as functions of t = cos 0 the symmetry properties 

Dr(- t) = Dr(t); D2 (- t) = D2 (t); D3 (- t) = D3 (t); D, (- t) = D4 (t); D5 (- t) =- Ds(t). (17') 

It can be verified without difficulty that the condition (1) has as a consequence that the expression for 
the corresponding term in the cross-section differs from (17) by the replacement D2 ;:! D3• Consequently, 
a study of all the components of the polarization tensor in reaction (A) gives the same information as the 
study of the cross-section of reaction (B) for a polarized deuterium target • 

... As can be seen from Eq. (17), for certain contractions of the polarization tenson, for example for 
<Dik> nink, a relation of the type of Eqs. (12) and (15) follows from the requirement of symmetry with 
respect to change of the sign of the time. 

The expressions for <T2, m> are found from Eq. (17), if we use the relations following from Eq. (16), 

2T2. ±2= V3 {(Txx-Tyy) +2ifxy} = V3 {(Dxx-Dyy) +2iDxy}, T2,±1 ==- + V3 (Txy+iTyz) = + V3(Dxy+iDyz), 

V2T2,o=3Tzz-2=Dzz• (16') 

The availability of polarized proton beams makes it possible to study the polarization of the deu­
terons in reaction (A) under the action of polarized protons. We have 

(18) 

where the denominator contains the expression for the cross-section of reaction (A), I(A)(o, cp), as given 
in Eqs. (8) and (10). The polarization of the incident protons is denoted by p; the expression for the 
interaction of unpolarized particles is obtained from Eq. (18) for p = 0. Thus for polarized protons one 
needs only to consider the changes arising on account of the second term in the numerator, and to replace 
I0 (0) by I (0, cp) in the expressions given previously. 

For the added term in the polarization vector of the deuteron we get: 

47t Sp (alp) st SSA = n (np) 2 Re [(BC+)- (AD+)]+ [np]2 Re {c+ (E +F cos 6) + D+ (F + E cos 6)} 

+ p·2 Re {A+ (E+F cos fl) + B-~' (E cos 6 +F)}·- k·2 Re {[(pk) (A+ E)+ (pk0) (B +F)]£+} 

- k0 ·2 Re {[(pk) (A+ E)+ (pk0) (B +F)] F+} + 1·2 Re {(pk) (BC+) + (pk0) (BD+) +(pi) I D !2 (19) 

+(pm)(C+D)}+m·2Re{(pk)(AC'")+ (pk0)(AD+)+(pm)[ C 12+ (pi) (C+D)}, 

where m = [kn]; J. = [k0 n]. 
Analogously we have for the polarization of the protons in reaction (B) with a polarized deuterium target 
(only <S> f. 0) 
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4rc Sp sst (a1p) S8 = n (np) 2 Re [(WC)- (A+D)] + p 2 Re {[N (E + F cos 8)] + [W (F + E cos 0)]} 

- [np]2 Re {[C+ (E + F cos B)]+ [D+ (F+ E cos B)]}+ 12 Re {(pm) (C+D) +I C i2 (pi)- (A+D) (pk)- (pk 0) (A+C)} 

+ m2 Re {(pi) (C+D) +I D 12 (pm)- (WC) (pk0)- (B+D) (pk)}- k2 Re {p+ [(Pku) (A+ E)+ (pk) (B +F)} (20) 

- k02 Re {£+ [(pk0 ) (A+ E)+ (pk) (B +F)]}, 

from which the correspondence w~th Eq. (19) can be seen. The analogous correspondence also remains 
valid for the tensor terms. Therefore we shall present only the expressions for the additions to the polari­
zation of the deuterons in reaction (A). From Eqs. (5) and (18) we have 

4r= {1/3 O;k Sp (~lP) st SA- Sp (~IP) S1 Du,SA} = (np) Im {2 [n;nk (CD+)+ k;kk (AC+) + ko;kok (BD+)l + (koikk + kokk;) [(AD+) 

+ (BC+)l} +(n;kh + n"k;) Im {(pk) [C+ (A+ 2£)] + (pk 0) [(AD+)+ 2 (C+F)J+ (pi) (C+D)} + (n;kok + nkko;) Im {(pk) [(BC+) 

+ 2 (D+E)] + (pk0 ) [D+ (B + 2F)] + (pm) (C+D)} + (p;nh + n;f?k) Im {[C (E + F cos Wl + J) (E cos fJ + Fj+ + (Ep+)} 

+ Im (A£+) (q;kh + q11k;) + Im (Ap+) (q0 ;kh + k;q0~<)+ Im (BE+) (q;koh + k0 ;qh) + Im (BF+) (qo;kok + qokko;), ( 21) 

where 

Qo = [Pko], q = [pk]. 

The expression for the term proportional to oik is the same as Eq. (10'). 
3. As a final example we shall compare the expressions for the correlation of the polarizations of the 

protons (nucleons) in reaction (B), when the target is polarized, and for the changes in the cross-section 
for production of mesons by reaction (A) when both the beam and the target are polarized. By means of 
the formula 

(~2b) 'fc =- (b~); (a~b) (~p) =- (pb) '\ic + i (~ [pbl) 

it is not hard to get for the correlation of the polarizations 

12rr 168 ) (&) ( (~2b) (~~p)) = 4r=SpSt (a2h) (a1p)SB =(bp) {12rr 1~8) (0)- 2 l; A 12 +I B 12 + 2 Re(A+B) cosO+ IE 12 +IF !2 

-2 Re (Ep+) cos 0]} + (n [pbl) 2 Re {[A+ (C + F + D cos B)]+ [W (C cos fJ +D-E)]}- (np) (nb) {I C i2,+ I D 12 

+ 4 Re [C+ (D +F)- (D+E)]}- 2 (k0b) (k0p) {I C (2 sin2 B -1 E 12}- 2 (kb) (kp) { i D 12 sin20 -IF 12} + [(kb) (koP) (22) 
+ (kp) (k0b)]2 Re [(PF)- (C+D) sin26] + [(pk0 ) (bl) + (bk0) (pl)]2 Re (C+E) + [(pk0 ) (bm) + (bk0 ) (pm)]2Re (C+F) 

where 
+ [(pk) (bl)+ (bk) (pl)]2 Re (D+£) + [(pk) (bm) + (bk) (pm)]2 Re (D+ F), 

The expression for Ipp (0, cp) is obtained from Eq. (22) by the interchange k +! ko· Thus, just as for the 
other tensor quantities, it follows from the condition (1) that the study of all the components of the two 
quantities gives identical information, and for certain contractions, for example for < (8-2 n) (a1 n)>, a re­
lation of the type of E q. ( 12) holds. 

From a comparison of Eq. (22) with Eq. ( 17) it follows that the study of the correlation of the polariza­
tions of the protons in reaction (B) gives even more extensive information that the study of the polariza­
tion of the deuterons in reaction (A). 

All results so far obtained for reactions (A) and (B) transfer directly to the reactions 

(C-D) 

Furthermore, isotopic invariance provides the possibility of setting up a connection between properties 
of the cross -sections of reactions (A- B) and ( C -D), since, as is well known, 

(23) 

This relation is valid for the reaction cross-sections of both unpolarized11 and polarized10 particles. For 
the case of interaction of polarized particles one can prove additional relations. The primary relation of 
this sort is of the form 

(24) 

the existence of which follows from Eqs. (23), ( 10), and ( 1). From Eq. (24), in virtue of the validity of 
Eq. (23) for the interaction of unpolarized particles, there follows the equality of the polarizations of the 
corresponding nucleons in the reactions d + 1r0 -n + p and d + 1T+ -p + p. Similar equalities hold for the 
polarization of the deuterons and the correlation of the polarizations of the nucleons. 
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DISCUSSION 

The existence of the condition (1) makes it evident from the very beginning that the total information 
obtainable from the study of the direct reaction coincides with the total information obtainable from the 
study of the inverse reaction. The results of the present paper show that for the binary reaction consid­
ered there appear, in virtue of the condition (1), relations of the types of Eqs. (12) and (15) between the 
azimuthal asymmetry and the polarization, similar to the relation between the unpolarized cross-sections. 
On consideration of the tensor terms it turns out that for some contractions, for ecample <Dik >nink, rela­
tions of the type of Eq. (12) remain valid. Taken as a whole, the study of all the components of the tensor 
quantities in reactions (A) and (B) gives identical sets of information. 

If in the expressions (5) and (6) one sets C = D = E = F = 0, leaving only the quantities A and B 
different from zero, the resulting formulas will relate to a process in which the interaction of two spin­
less particles results in the formation of a spinless particle of the opposite parity and a particle with 
spin 1. As can be seen from Eq. (13), a relation of the type (15) remains valid in this case also. The ex­
pression for the tensor <Dik > takes the form 

4rr {lj3o;k- (Dik)} I 0 (6) = J A /2kikk +I B 12 koikok + R.e (AB+)(ko;k" + kokk;) . . 
The opposite case with A= B = 0 and C, D, E, and F different from zero corresponds to the conversion 

of a scalar particle into a pseudoscalar particle in a reaction with a particle of spin 1. The symmetry 
properties (7') do not hold in these cases. 

The present case of a binary reaction with the spins of the particles different in the initial and final 
states is a rather general one. The generalization of Wolfenstein's theorem to the case of binary reactions 
in which the spins of the particles do not change (and the intrinsic parities of the particles are unchanged) 
is carried through without difficulty. For the simplest case, in which the values of the spins in the initial 
and final states are 0 and 1/2, the result follows at once from the fact that the transition amplitude can 
be put in the form 

M =a (6) + b (6) (an), 

if the intrinsic parities of the spinless particles in the initial and final states are the same, and 

M = b1 (6) < akl> + b2 co> (ak2> 

(k1 and k2 are relative momenta) when, for example, in interacting with a nucleon a scalar particle turns 
into a pseudoscalar particle. 

For the case in whi.ch the spins of the particles are s 1 = s2 = 1/2, for example for the reaction 

p + T :;:: n + He~, (E) 

the validity of the consequences of invariance under time reversal that have been established for the elas­
tic scattering of nucleons by nucleons will be obvious if we show that in this case also the expression for 
the amplitude M does not differ from the case of elastic scattering. This last assertion can be proved 
either by requiring, instead of the invariance of M, the invariance of the matrix MM+, or by considera­
tions like those of Wright13 on'the possible transitions in the reaction (E). Either of these procedures 
makes it possible to transfer the consequences of the time reversal from the elastic scattering to the 
case of binary reactions in which there is no change of the spins (and parities) of the particles. For 
binary reactions different from elastic scattering, in which the particles in the initial state are different 
from those in the final state, there is a peculiar "doubling" of the relations of the type of Eq. (2). 

The writer is grateful to Ia. A. Smorodinskii, s. M. Bilen'kii, and R. M. Ryndin for helpful discussions. 
Note added in proof (June 29, 1957). While this paper was in press the writer learned that Baz' [(J. 

Exptl. Theoret. Phys. 32, 628 (1957), Soviet Phys. JETP 5, 521 (1957)] has generalized Wolfenstein's 
theorem to the case of a reaction of the type of (E) by another method. 

1E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947); F. Coester, Phys. Rev. 89, 619 (1953); 84, 
1259 ( 1951). 

2J. M. Blatt and L. C. Biedenharn, Revs. Mod. Phys. 24, 258 (1952). 
3 R. Huby, Proc. Phys. Soc. A65, 1103 (1952). 
4 R. H. Dalitz. Proc. Phys. Soc. A65, 175 (1952). 
5 L. Wolfenstein and J. Ashkin, Phys. Rev. 85, 947 ( 1952). 



TIME REVERSAL AND POLARIZATION PHENOMENA 

6 w. Lakin, Phys. Rev. 98, 139 (1955). 
1E. Clementel and C. Villi, Nuovo cimento 2, 1165 (1955). 
8 F. Mandl and T. Regge, Phys. Rev. 99, 1478 (1955). 

167 

9 S. M. Bilen'kii and L. I. Lapidus, Report of Institute of Nuclear Research of the Academy of Sciences 
of the U.S.S.R., 1955. 

10 0. D. Cheishvili, J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 1147 (1956), Soviet Phys. JETP 3, 974 (1957). 
11 R. L. Garwin, Phys. Rev. 85, 1045 (1952). 
12 v. B. Berestetskii, Dokl. Akad. Nauk SSSR 94, 421 (1954). 
13 s. C. Wright, Phys. Rev. 99, 996 (1956). 

Translated by W. H. Furry 
30 

SOVIET PHYSICS JETP VOLUME 6, NUMBER 1 JANUARY, 1958 

ELECTRON DENSITY FLUCTUATIONS AND THE SCATTERING OF RADIO WAVES IN THE 

IONOSPHERE 

lA. L. AL'PERT 

Institute for the Study of Terrestrial Magnetism, the lnosphere, and Radio Wave Propagation 

Submitted to JETP editor January 19, 1957 

J. Exptl. Theoret. Phys. (U.S.S.R.) 33, 213-224 (July, 1957) 

A description is given of results from a determination of electron density fluctuations obtained 
by measuring the "turbidity coefficient" of the ionosphere and the energy scattered at very 
high frequencies. The linear dimensions ~ of inhomogeneities at ,.., 80 km, which are effective 
in uhf scattering, were also determined. The formulas employed were based on an expression 
for the scattering cross section a which was obtained with the auto correlation coefficient 
p(r),.., exp{- (r /~) 2}. The author concludes that when the ionosphere is sounded at frequencies 
below the critical frequency, the received signal comprises in addition to the "specularly" 
reflected wave also waves which are principally scattered forward and latter reflected at 
higher ionospheric levels. In oblique distant uhf transmission through the ionosphere scatter­
ing from inhomogeneities of optimum size makes the largest contribution. 

1. INTRODUCTION 

JT is known that one of the principal characteristics of the"calm"unperturbed ionosphere is its "statisti­
cal inhomogeneity," the mechanisms of which are still unknown.1•2 It has been argued that turbulence and 
in some instances plasma oscillations and waves participate in these processes. However, all such dis­
cussions are of a very tentative nature since the theory of the phenomena is still relatively undeveloped. 
There is also very little reliable experimental information available to serve as a basis for any theoret­
ical model. 

Up to the present time the following parameters have been determined experimentally: 
1. The ranges of linear dimensions ~s of the inhomogeneities, principally at altitudes z z 100-120 

km and Z 250 - 350 km. From experiments with vertical sounding of the ionosphere the most frequently 
encountered values are ~ 0 ,.., 200-300 m. 

2. The ranges of random velocities vs of the inhomogeneities; the values v0 ,.., 1-3m/sec have 
been obtained. 


