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The angular distribution of neutrons emitted in the absorption of unpolarized p~ mesons

by polarized nuclei is calculated.

I. INTRODUCTION

IN this article we consider the angular distribu-
tion of neutrons emitted in the absorption of un-
polarized u~ mesons by polarized nuclei. The
shape of the angular distribution and, in particular,
the asymmetry relative to the direction of polari-
zation of the nucleus, depend on the variant of
four-fermion interaction between p mesons and
nucleons, the degree of nonconservation of parity
in p~ capture, the degree of polarization of the
nucleus and, of course, on specific properties of
the nucleus considered. Results are calculated
for nuclei in which the spin arises complete from
a single proton outside filled proton subshells of
the nucleus (this proton will be called the ‘outer’
proton in the future).

The process of nuclear absorption of u~ mes-
ons proceeds through an intermediate stage with
formation of a mesic atom, and then through the
reaction

w+P—->N+vy, (1)

in which the proton (P) absorbs the g~ meson
and turns into a neutron (N) with emission of a
neutrino (v). In considering this effect, it is
especially important to take into account the hy-
perfine structure of the u~ meson in the K orbit
of the mesic atom, since, owing to the slowness of
the process1 (7 ~107% to 1077 sec),* unpolarized
1~ mesons falling into the K orbit of the mesic
atom can acquire a substantial polarization in the
direction of polarization of the atom because of the
hyperfine structure, and, in the process, they de-

*The frequency corresponding to the energy of hyperfine
splitting AE in the K orbit of the mesic atom is equal to w =
AE/h A 10"Z® sec™ so that tw > 1.

polarize the nucleus appreciably.* This leads, in
particular, to an anisotropy in the angular distribu-
tion of neutrons emitted in the absorption of u~
mesons by protons in closed subshells of the atom,
which has the form

aW , (En,9) ~1 4 Py (Ep)cos,

where 6 is the angle between the direction of
emission of the neutron and that of the polarization
of the nucleus, and a(Ey) is the asymmetry co-
efficient calculated by L. D. Blokhintsev and the
author.!

It should be noted that, together with the aniso-
tropic angular distribution of neutrons emitted by
the nucleus immediately after absorption by the
i~ meson (‘direct’ process), there will be an iso-
tropic background of neutrons which are decay
products of the compound nucleus formed in re-
action.! However, as shown in reference 1,
selection of neutrons of energies Ey 2 3 Mev
significantly decreases the background.

Thus, the resulting angular distribution of neu-
trons of given energy Ey emitted in the absorp-
tion of unpolarized u~ mesons by unpolarized
nuclei, will have the form

*[t is easy to show that the degree of polarization acquired
by the y~ meson in the K orbit of a mesic atom is equal to
P,= [4i/(2j + 1)’ P;, where Pj is the initial degree of polari-
zation of the nucleus, and j is the spin of the nucleus. The
resulting final polarization of the nucleus is equal to Pg =
[1-2/(2j+1)*IP;. It should be noted that the hyperfine struc-
ture interaction can, in special cases, be important also for
p~ mesons in excited states of mesic atoms. However, if one
tries to take this property into account, one meets a series of
essential difficulties connected, in the main, with the absence
of sufficiently reliable information about the initial stages
of capture of y~ mesons from the continuous spectrum into
mesic atom orbits and about the way the p~ meson makes tran-
sition from the excited states to the ground state.
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aw (EN, e) =dWp (EN)

+ deuc (EN, e) + qu (EN’ 0): (2)

where dWp (EN) denotes the isotropic background,
and dWp,. (EN, 6) and qu (Epy 0) denoteithe
angular distributions of neutrons, emitted from the
nucleus as a result of the direct process on the
outer proton and on the protons of the closed sub-
shells, respectively. Formulas for dW” were
given in reference 1.* The present work is devoted
to consideration of AWy, (EN, 60).

2. NEUTRON ANGULAR DISTRIBUTION

The Hamiltonian for the interaction between p
mesons and nucleons, the form of the wave func-
tions of the particles, and the assumptions at the
basis of the calculation coincide with those of
Sec. 2 of reference 1. No difficulties arise in
taking account of the hyperfine structure of the
mesic atom. It i§ easy to show that, in the pres-
ence of hyperﬁnq structure, the angular distribu-
tion of neutrons emitted in the absorption of
unpolarized pu~ mesons by the outer proton of the
nucleus, of spin j and projection j, on the z axis,
should be calculated from the formula

dWnue(Ew, 95 njlj2)

=11y 3 D [CHE oW el B, 0 Liz 452, (3)
sy 1

where dWp (Ey, 6; I1,) is the angular distribu-
tion of neutrons emitted in u~ capture by the
outer proton of the mesic atom, in state with
spin I and projection I,; s, is the projection
of the p~ -meson spin, which is averaged over;
summation is carried out over 1 = j + %;
s =Y.

The general formula for the angular distribution
of neutrons emitted in absorption of unpolarized
i “-mesons by the outer proton of a polarized nu-
cleus with arbitrary spin j, is rather complex
and is given in the appendix [Eq. (A.1)]. In the
special case of absorption of unpolarized p~
mesons by polarized nuclei, the spin of which
comes from the proton in state n S1/2 (j= 1/2,
1=0) Eq. (A.1) simplifies considerably, and has
the form: ¥

dWaue (EN, 0;n 1/20) = ((fn + 3f2e + 'Tsfpp
— 2vvRe fop) an (Ew) + Yo Piy Py = hoo - 2Re Ay,
+ 12hpp — 2%y Re (hyp + hop)1 b (E) cos 0} dEndQy / 4,  (4)

*Equation (9) in reference 1. Summation over n, j, I in
Egs. (A.2)—-(A.4) is now carried only over the closed
proton subshells.

tThe notation used in this article is given in the appendix.

where PIEI = 2<j, > is the initial (previous to for-
mation of the mesic atom) degree of polarization
of the nucleus, and the quantities a, (Ey) and

b, (Ey) are function of the neutron energy, de-
pending also on properties of the nucleus con-
sidered. We note, for comparison, that in the case
of p~ capture by a free polarized proton, the neu-
tron angular distribution is described by a formula
analogous to Eq. (4), with vy,, =0.053 and
an(EN)/bn(EN) =1,

If the interaction between p~ mesons and nu-
cleons is described by the theory of Feynman and
Gell-Mann,? which assumes vector (v) and pseu-
dovector (a) variants of interaction, then the for-
mula for the neutron angular distribution again
simplifies considerably. Neglecting renormaliza-
tion of the pseudovector coupling constant 8, We
obtain from Eq. (A.1):

dWaue (En, 9; njl)

— 21 g P [Aunsi (En, ) — Ay it (Ew, 0)] dEndQy, (52)

if go=—ga=g, g, =80 g, = ga

AWaue(En, 8; njl)
— 2| g[* (Aot (En, ) — By it (Ew, 9)1dExdQu, (5b)

if g,=8,=8, 8y = 8y» 84 =8, Incase gy =
—gy» 84 = —8g, the sign preceding B, nj1 should
be changed from minus to plus in Eq. (5b). We
remember that in the theory of Feynman and Gell-
Mann for |g, | = |g, |, as noted in reference 1,
the angular distribution of neutrons emitted in the
absorption of polarized p~-mesons by nuclei with
zero spin is isotropic. Therefore, in Eq. (2),

dW“ = dWM (Ey) and all of the dependence upon
angle in the angular distribution of neutrons emitted
in the absorption of unpolarized p~ mesons by po-
larized nuclei will be contained in the term
dWp(EN, 6), which arises from the absorption
of the p~-meson by the outer proton. Insofar as
Ay njl and A, njl are even functions of cos 0,
and Bjpj; an odd function of cos 6, then it is
clear from Egs. (5a) and (5b) that in the case

gy = — 8y, there is no asymmetry in the angular
distribution of neutrons relative to the direction
of the polarization of the nucleus, and, in the case
gy = 85, the indicated asymmetry occurs. In the
case of p~ capture by an nsy/p proton, Eqgs. (ba)
and (5b) take on the especially simple form

AWise(Ew, 0; 11/, 0) = 2| g [*an (Ex) dEndQn  (62)

and
deuc (EN» e; n 1/2 O)

2
™

|17 [@n (En) + Y2 Ploye bn (En) cos 6] dEndQn,  (6b)
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i.e., for g, = —g,, the neutron angular distribu-
tion is isotropic, and for g, = ga, anisotropic.

We note the following, relevant to the absorption
of polarized p~ mesons by unpolarized nuclei. We
assume that the neutrino is longitudinal (e.g., for
definiteness, g = g,) and do not consider the
pseudoscalar variant. We use the notation

x=|gt+gal/|gs+ go),
A = arg (g + go) — arg (gs + gv)-

Then, from Eq. (11) of reference 1 for the coef-
ficient of asymmetry in the angular distribution
of neutrons arising in the direct process of ab-
sorption of polarized p~ mesons by nuclei with
zero spin, we obtain the following expression

g = [(—1 + x%) By + 2xsin A-G,] [(1 + 3x2) A, ™. (7)

On the other hand, from the results of the present
work and those of reference 1 it is easy to show
that the coefficient of asymmetry in the angular
distribution of neutrons from the direct process
of absorption of polarized p~ mesons by unpo-
larized nuclei, the spin of which comes from a
single proton in state nsy/p above filled proton
subshells, is given by

Ay, = [(—_1 + x2) Bo + 2x sin A'GO

+ (1 4 %% + 2x cos A) bl [(1 4 3x?) (4o + @t (8)
In both cases the angular distribution has the form
1+ P, acos §(a =0 or ay;) where Py de-
notes the polarization of the p~ meson in the K
orbit of the mesic atom.* The quantities Ay, B,
Gy, a,, and by entering into Egs. (7) and (8) can
be calculated theoretically (we note that the quan-
tities Ay, By and Gy in Egs. (7) and (8) are, in
general, different, since they refer to different
nuclei).

Thus, measurement of the coefficients of asym-
metry in the angular distribution of neutrons
emitted in the direct part of the absorption of po-
larized p~ mesons by nuclei of the type con-
sidered, would make it possible to determine the
ratio of moduli and relative phase of the Fermi
and Gamow-Teller constants for the interaction
of p- mesons with nucleons.

In particular, for the interaction proposed by
Feynmann and Gell-Mann (where x =1 and
A=0,m), a=0 and @y/y ~ (1 % x)?. Therefore,

*In the derivation of Eq. (8), we have assumed that the only
depolarizing factor for the y~ meson, falling into the K orbit
of the mesic atom, is the interaction giving rise to the hyper-
fine structure of the mesic atom. In this case, for a nucleus
of spin j = !, the y~ meson falling into the K orbit of the
mesic atom, depolarizes by 50%.

measurement of the coefficient of asymmetry of
the angular distribution of the direct neutrons
from the absorption of polarized p~ mesons by
unpolarized nuclei, the spin of which comes from
a proton in the nsy/ state, would make it pos-
sible to differentiate directly between the case

gy = =8y (ay2 # 0).

3. NUMERICAL ESTIMATES FOR u~ CAPTURE

The quantities entering into Eq. (4) were evalu-
ated for p~ capture by the outer proton in the F1
nucleus. This proton was assumed to be in the
state 2sy5(n=2, j= Y, 1=0). The assumptions
in the calculation were the same as the assump-
tions noted in Sec. 3 of reference 1. The following
parameters were used in the calculation: R =1.45
x 109 AY3 e¢m, Up = 44.7 Mev, Uy = 42 Mev,
¢=0 and -0.15, where R is the radius of the
square-well potential, Up and Uy are the poten-
tial depths for protons and for neutrons, ¢ is the
ratio of the imaginary part of the complex potential
for the neutron to its real part.

The angular distribution, integrated over energy,
for neutrons emitted in the absorption of unpolar-
ized F!* nucleus, can be represented to a good ac-
curacy as

dW,{0) = const (1 -+ P%__ Bous cos 0) dQy, C)

where oy is the asymmetry coefficient for p~
capture in mesic hydrogen, calculated including
the hyperfine structure of the mesic atom [Eq.
(A.16) of the appendix], and 8 =0.52 for ¢ =0,
B =0.76 for ¢=-0.15. Eq. (9) also describes
the angular distribution of the neutrons in the ab-
sorption of polarized p~ mesons by the outer
proton in unpolarized F19, if Pﬁ] is replaced by
2P, , where P, is the polarization of the p-
meson in the K orbit of the mesic atom. In so far
as 2Py is a quantity of order® ~ 0.2, and
0 =<|agl|=1, thenfor B~ 0.7 we find the up-
per limit of the quantity | 2P,fay | to be of the
~ 0.14. From the calculations given in refer-
ence 1, one can expect the maximum asymmetry
in the angular distribution of direct neutrons from
the absorption of polarized p- mesons in unpolar-
ized F!° to be of the order of ~ 5%.

The author would like to sincerely thank I. S.
Shapiro for discussion of the results obtained in
the present work.

APPENDIX

The probability of emission of a neutron in‘the
direct process Eq. (1) with kinetic energy between
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EN and EN + dEy into the solid angle dQy at the nucleus, in the absorption of a p~ meson by an
given angle 6 to the direction of polarization of outer proton in subshell (n, j, I) is of the form:

dwéu,(EN, 6; njl) = {{fud. + fae (34, — 2/42) + T%fppAl + 2Re fia- A — 27y Re fip' Az — 2v.Re fzp'(Al — A+ As)]
- [AnBy — has (By + 2Bs) + 13hppBy — 2Re by By + 2Im hyp - By

+ ¥v-2Re iy By — 2y Re hop- By — 2y, Im by - Bs)} dENdQy / 4, (A.1)
where the following notation has been employed
Am = Apnt(En, )= 2 a2 (Ex) *"Par (cos0); (A.2)
(k=o0, 1, 2,...)
Bm =Bt (En, 8) = 2 LF1(EN) [#+1 Poyy, (cosO) (m=1,2,3); (A.3)
(k=0, 1, 2,...)

(En) =[1—k(k+1)/(2] + VAW (Iskj; jl) X (—)“H @A 4 1) W (LARL IL")Re Fryava (En); (A.4)

1n/l
LL A

ak (Ex) =3 D (—) QA 1) (2f + 1) W (LARL; IL") V (jkf) X (ifj; 1kL; s1s)Re Friaia (En); (A.5)

LL'Af

ak, (En)=3 2 () EHAEERIR 0N L1y A 1) 2F 4 1)

LL’AN'<fg
><(2g—[—l)C1010 AOAO V (jkg) W (kgel; 1f) X (jgi; IfL; sls) X (LEL’; IfL; AzA’) Re Fn,,LALA (En); (A.6)
By it (Ex) =37 D) (—) T2 [(2A 4 1)(2A + 2)2A+ 3)]7(2f +1)
LL'AF
x V (jkf) W (jsfl; 1) X (LEL'; Ifl; A1A 4 1)Re Fhjiar-ass (En); (A.7)

Binjt () =2-8" [1 —k (k- 1)/ (2] +1)°] 2 (—)*FH"
LL'Af

X 1A + 1) (2A 4 2) @A + 3)1" (2f ++ 1) X (jkj; [fL; s1s) X (LEL'; [fl; A1A + 1) Re Fryrareays (En); (A.8)
Bhnje (En) =312 (2k+1)]" D) (—)“TH 02 [(2A4-1) (2A +2) (2A+3)]"
LL'Af
x &V (k) X (LEL'; Ikl; A1A + 1) X (jfj; lkl; s1s)Im Fhjparass (En); (A.9)

2k + 1) (2] — k) (e
Frueaew (Ex) = & @1 +1) () [ B2 oL + 1)

X(QL' + 1) CLoLo Lvo CL ‘0A’0 [bLAn/l (EV) ba njl (EN) Onjt (EV) (A.10)
V (jkf) = 2 (21 + 1°W (jskl; 1j) X (jfj; IkI; s1s); (A.11)
I
engy = 2k +3) [/ (k+ DI ey =— 2k — Dk + 1)/ k" (A.12)
ot L = — P! G ) k\*
fh:j_k(k) Zp’ZZ( (1—1 —r) (J+i,—k+n)! ()’ (A.13)
=i =
a,(Ey) =C }_ 2L+ 1)[b,, O(EN)|2anO(EN); (A.19)
L=o 2
bu(En) = C 2L + 2)Re[bien Lo (EN) 0y iy yin Lo (N0, 1 (EN); (A.15)
L=0 2 2

og =5 (A + hae + Y*hpp + 2Re Ayy — 27 Re (Ayp + A2p)] (i
+ 3fas + Yo — 27Re f2p) 5 7 = 0On/2c = 0.053; (A.16)
Gi=g+8g g =8g+€ G=g<+ds g =g+,
fn=88 + 88 hn=glg,+8& g (i, k=1,2,p); Y, =t = Ent[2Mc?;, C = (2M)%a7c3; (A7)

where M is the nucleon mass, E,?jl is the neutrino energy.
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In the case of a longitudinal neutrino (gi< = g)
we have: ap = 1/2 for s, v and p variants and
oy = 1/6 for the t and a variants of interaction.
The parameters f°, which were introduced in
reference 4, characterize the orientation of the
nuclear spin; Pj, is the probability of finding the

nucleus in a state with spin projection on the z axis
equal to jz. The quantities bLAnjl(EN)’ Pnjl( EN)»

W and X were given in the appendix to reference 1.

We note that for f! > fz, 3, . .. the neutron,
angular distribution takes on the form: 1 +
ft anjl(EN) cos 6, where f' is the degree of
polarization of the nucleus, and apj 1(EN) isa
function of neutron energy only, depending on
properties of the nucleus considered and on the
properties of the nucleus considered and on the var-
iant of interaction between p- mesons and nucleons.
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