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The scattering (Compton effect) of plane electromagnetic waves by uncharged fermions with an 
anomalous magnetic moment is studied. The scattering cross section, probability, and inten
sity of the polarized scattered radiation are found. Spin effects are considered, and it is found 
that the particle spin may take on a predominant orientation as the result of scattering. Effects 
which depend on the intensity of the wave and which lead to the emission of secondary harmon
ics are considered. 

1. MOTION OF A NEUTRAL FERMION IN A 
PLANE ELECTROMAGNETIC WAVE 

THE motion of an uncharged Dirac particle (for 
example, a neutron) having a negative anomalous 
magnetic moment-c:l'iJ.L can be described by the 
generalized Dirac equation: [ 1l 

iM'¥jat== :JelJ!, :Je= e(a.P)+pamc2 

+ eliJ.L{pa(oH) + p2(oE) }, (1) 

'¥ = L-'loexp{- ie')..t + i(kr)- iks6}'1Jl(6), 

ko2 + k2- f..2 me (3) 
ks = 21.. '· ko = h. 

Substituting (3) in Eq. (1), we get a set of equations 
for the components of the spinor 1/J (~ ). The spinor 
1/J(~) can be sought in a form similar to the form of 
the wave function of an electron in a plane wave:[ a, 4l 

'IJl (6) = N ( ko +A.+ (an) (ok) )u. 
(on) (k0-A.) + (ok) · 

(4) 

where a, p, u are the Dirac matrices, p =- itiV, In Eq. (4) and below, u are the Pauli matrices 
and E and H are the external electric and magnetic and U is a two-component spinor, and N is a nor-
fields. malizing factor. If U satisfies the condition 

Let us consider the motion of a particle in a 
plane electromagnetic field propagating along a unit 
vector n. In this case, the fields E and H satisfy 
the relations* 

E = E(6), H(6) = [nE], 

(nE) = (nH) = (EH) = 0, 6 = et- z. 

_!._ r u+u..ro = 1 L J '""~:> ' 

then, for a choice of N in the form 
N = [2(k~ + k 2 + ;\.2)]-1/ 2 , the wave functions (3) 
are normalized to unity. 

In contrast with the electronic waves functions, 
the spinor U is not constant and satisfies the 

as is well known. [ 21 It is easy to see that the inte- equation 
grals of motion in the case of motion in such fields 
will be the operators. 

lik = p- n(pn), eli~= :Je- e(pn). 

Consequently, in addition to (1), the wave function 
"Ill must satisfy the equations 

k'¥ = k'¥, (kn) = 0, ).Yf = A.'¥. (2) 

With account of (2), one must seek the wave 
function in the form 

*[mE] = m x E, (mH) = m • H. 

dU /d6 = - J.L(an) (oE) u. 
If we assume the quantity J.L to be small, then 
Eq. (5) has the solution 

U= {1 + J.L(an) (oA)}Uo, 

(5) 

(6) 

in the approximation that is linear in J.L, where A 
is the vector potential of a plane wave in the Lo
rentz gauge, (A· n) = 0, U0 is an arbitrary constant 
spinor which characterizes the orientation of the 
spin of the particle. Actually, if we assume the 
average value ( u) of the Dirac matrices according 
to the functions (3), (4), (6) in the nonrelativistic 
approximation ;\. ~ k 0, k = 0, then we get 
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(o) = Uo+fJUo. 

By making the spinor U0 satisfy the equation 

(fll.) Uo = ~Uo, ~ = ± 1, 

where 1 (sin Tl cos 4>, sin Tl sin 4>, cos T/) is the 
unit vector of the direction characterized by the 
angles Tl and 4>, we get a particle with spin ori
ented along the direction of 1. The solution of 

(7) 

Eq. (7) with account of normalization has the form 

_ 1 (~1+~cos1')e-i'1>/2) 
Uo----= 

12 1'1- ~COS 'I'} ei'l>/2 

2. RADIATION OF AN UNCHARGED DmAC 
PARTICLE MOVING IN A PLANE ELECTRO
MAGNETIC WAVE 

The spectral angular distribution of the intensity 
of the polarized radiation of a neutral Fermi parti
cle having an anomalous moment has, as is well 
known, the form 

c3fi21l2 x 4 sin e de dqJ 
dW=-- IZ~2-il3A3 I 2 , 

2n 11- (xon) + ol..' fox 1 (8) 
'A'= 'A- x(1- xon), 

where Ko = (sin 8 COS cp, sin 8 sin cp, COS 8) is the 
unit wave vector of the photon, the quantities A2 

and A3 are connected with the matrix elements of B: 

W = 1/sWopa2(Eo / Ko) 2{1M22 + 1Ms2 + l2ls sin 2¢} (1 + ~s). 

(B)= Jw+' exp{-ixr + icxt}B'l'd3x., 

B= ([crxo] -ifl\. (9) 
ifJ -[axo]/ 

In Eqs. (8) and (9), the primes denote quantities 
referring to final states, and (:J2 and (:J3 are unit 
vectors of linear polarization, orthogonal to one an
other and to the vector IC 0• A different choice of the 
quantities z2 and z3 corresponds to different polari
zations of the radiation: z2 = 1 and z3 = 0, or z2 = 0 
and Z3 = 1 to two components of linear polarization; 
l2 = z3 = 1/..f2 to right circular polarization, z2 
= -z3 = 1/..f2 left circular polarization; l ~ = l ~ = 1 
and Z2Z3 = 0 correspond to unpolarized radiation of 
light. The appearance in (8) of the factor 
1- ( Ko • n + 8A1 /8K) and the ''conservation law'' 
A' = A - K (1 - IC 0 • n) is connected with the non
stationarity of the problem (see [ 41 ). 

Assuming J.L to be a small quantity (i.e., using 
the solution (6)), and choosing the vector n along z 
and the vectors (:Ji in the form 

[xon] xo(xon)- n 
fl2= , fls= · ' 

11-(xon)2 l'1-(xon) 2 

it is not difficult to compute the intensity of the ra
diation in the general case. If the potential A(O is 

periodic (with period T = 27rc/w), then Eq. (8) 
takes the form (in the initial state k = 0) 

dw 3Wo a2 ~ p2(1 + ~3 CO,S 6')sin 6'd8'dqJ ll-(:' ·z s I = -- LJ ZU2- ~ 3 3 2 
2 2n m- [1 + p(1- cos 8')]4 ' 

-I (10) 

(xoEm) as cQis 8' - . , (n[xoE ])crs s2 = ---. ----+ ( flEm) Slll e ' Sa= -- _m __ • 
sm8 sinS 

Here the following notation has been introduced 
(m = 1, 2, 3, ... ): 

ro 
p=2ma-, 

roo 

'). 
a=-, 

ko 
1- a2 

~s = 1 + a2 '· 

Em= T1Q fE(s)eimm6fcd6, o=U0+1aU0, 

0 0 (11) 

roo= 2c~ = 2,856·1024 sec-~ Q0 = ko/J.L = 1,558·10200e 

Wo = 16/sc31i2J.L2ko4 = 7.672·1019 erg/sec 

(the numerical values are shown for the neutron). 
The angle e' is connected with the angle e by 

the transformation 

6 cos 6' + ~3 
cos = . 

1 + ~3COS 8' 

The frequency of radiation of the photon w' is 
connected with the wave frequency by the relation 

ro'=cx=----------~(~1--~~~3)~m __ ro __________ _ 

-

ro .---
1 - ~3 cos 6 + 2m --l' 1 - ~32 ( 1 - cos 6) 

roo 

1 + P3 cos 6' mro 
1 + ~3 1 + p ( 1 - cos 6') 

(12) 

and for m = 1 corresponds to the usual Compton 
effect. The probability of emission is obtained by 
division of Eq. (10) by 1i w', summation over the 
polarizations of the photon and integration over the 
angles: 

3 a3 ~ p \ sin 8' d8' dqJ ( IS l2 IS l2) 

w = 4T 01 + a2 ;:12~~ [1 + p ( 1 - cos 8') ]3 2 + 3 • 

To = 3 = 2.941·10-13 sec. (13) 
32c21i.J.L2ko3 

The scattering cross section can be obtained 
from (13) by dividing the probability by the photon 
flux density in the incident wave, equal to 
Wc/47rtlw. 

It follows from Eq. (11) that only those harmon
ics are radiated which are present in the incident 
wave. Therefore, it is natural to consider the iso
lated monochromatic component E. Since the mono
chromatic wave is elliptically polarized (see [ 21 ), 

we then choose the axes x and y along the axes of 
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the polarization ellipse of the incident wave. We 
shall characterize the polarization by the angle 1/J: 

E=)'2Eo( icos'ljlcos: s+isin'ljlsin: s)' E2 =Eo2. 

In this case, only the Fourier component E1 is 
different from zero, m = 1: 

E1 = _!o (i cos'¢+ ij simp). 
)'2Qo 

Integrating over the angle cp, summing over the 
final and averaging over the initial spins, we get 

W = ~ Woa2p2 ( Eo y f (1 + ~3cos8')sin9' d9' 
16 Q0 0 [1 + p(1- cos 9')]4 

X {Z22 [cos2 H' + 2 sin2 91 + l32 + 2lzl3 sin 2'¢ cosH'}. ( 14) 

Integration over e' can be carried out exactly; 
however, the expressions obtained are very cum
bersome and unclear. In the limiting case of small 
p, we have 

In the case of large p, we obtain 

W = 1/sWopa2 (Eo/Qo) 2{1/dz2 + 1/2Z32 + [zl3 sin 2\jl} (1 + ~3). 

It is then seen that in the case of small p the radia
tion is appreciably linearly polarized. With in
crease in p the degree of linear polarization de
creases. There is circular polarization of the radi
ation at any p. Linear polarization of the radiation 
does not depend on the polarization of the incident 
wave, while the circular polarization depends on it 
in significant fashion. 

We shall divide the probability of radiation into 
parts corresponding to transitions with spin rever
sal and without spin reversal: 

3 a3 (Eo ) 2 s" sin 9' de' 
w= 16To 1+a2 p Q0 0 [1+p(1-cos9'))3 

X ( 1 + ~~' R +· 1 - ~~' R ) 2 . 1 2 2 ' 

R2 = ( 1 + cos2 8') sin2 1J + 2 sin2 8' ( 15) 

X [ 1 - 2
1 sin2 1J ( 1 + cos 2<1> cos 2'¢) - ~cos 1] sin 2'Jl J . 

It is then seen that the probability of transitions 
with spin reversal depends on the initial spin ori
entation. Thus, as a result of scattering, the spin 
obtains a preferential orientation. As is well 
known, an analogous effect occurs for electrons 

moving in a magnetic field. [ 61 In our case, this ef
fect is most clearly illustrated in the case in which 
the incident wave is circularly polarized (1/J = gn /4, 
g = 1 for the right circular polarization and g = -1 
for the left) and the spin of the electron is oriented 
along the direction of motion of the wave (TJ = 0). In 
this case we have 

R1 = 1 + cos2 8', R2 = 2(1-- ~g) sin2 8'. (16) 

It is then seen that, as the result of scattering, 
the spin of the particle is oriented along the direc
tion of the spin of the incident photon. Integration 
over the angles in (16) leads to the expression 

3 a3 (Eo\2 {1+~~, 
w = 16T0 1 + a2 Qo J 2 

X [2(1+p)(2p2-2p-1) +ln(1+2p)J 
p(1 + 2p)Z p2 

+ 1-\;~' 8(1-~g)p(1+p)}· 
2 3(1 + 2p)3 

By assuming that there were n0 particles in the 
initial state, of which n1 had t = 1, and n_ 1 cor
responded to t = -1 (n1 + n_1 = n0), we obtain the 
result that in the passage of time the numbers ni 
change in the following fashion (see c 61 ): 

nt(t)= nor 1-g+(n1-n-1 +g) e-*]' 
2 L , no 

no[ (n1-n-1 \ 1 nz(t) =- 1 + g- + g e-ttr , 
2 ' no / J 

1 + a2 ( Qo \ 2 ( 1 + 2p) 3 

't = To-a-3 - Eo! p(1 + p) 

It follows from the last formula that the effec
tive time for spin reversal T has a minimum as a 
function of p for p ~ 1: 

- 1 + a2 (Qo )2 
'tmtn=6)'3To-a-3- Eo 

i.e., the spin has a point of maximum instability at 
some frequency w of the incident wave. 

The total transition probability, averaged over 
the spin, does not depend on the polarization of the 
incident wave and has the form 

3 aa (Eo\2 
w = 16To 1 + a2 Qo / 

X [~(1 + !!) (12p3 + 18p2+12p + 3) _ ln(1 + 2p) J 
3p(1 + 2p)3 v2 

In the limiting cases, we get 

p a3 (Eo )2 
w =To 1 + a2 Qo ' (P......, 0), 

(p ~ oo). 
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It then follows that for p » 1 the probability of 
emission ceases to depend on the frequency of the 
incident wave and is determined only by the dy
namic characteristics of the particles and by the 
wave amplitude. 

After determining the scattering cross section, 
we find that it does not depend on the wave ampli
tude and is determined by the expression 

cr = _3ro2 _~-=--r 2(1_7- p) (12p3 + 18p2+12p + 3) 
16 1 + a2 L 3(1 + 2p) 3 

_ ln(l; 2p)_ J 

ro = 8l'2n I 3clik4f.t2 = 1,626 ·1Q-15 em. 

In the limiting cases, we have 
p2a2 

cr = ro2-- (P ....... 0), 1+a2 ' 

3ro2 paz 
cr ~ ·(oo ....... d) =w1+a2 ' 

(17) 

3. EFFECTS WHICH DEPEND ON THE WAVE 
INTENSITY IN THE SCATTERING OF ELEC
TROMAGNETIC WAVES BY NEUTRAL 
PARTICLES 

Equation (5) has an exact solution for certain 
special cases of the incident wave. Let us consider 
the wave polarized linearly along the x axis, 

Ax =A (s}, Au= Az = 0. 

In this case, there is an exact solution of (5) 
which undergoes transition to the solution of ( 6) 

U=! {(1.+a2)ei"'A+(1-cr2)e-i"'A} U0• 

as p.-0. 
Assuming the incident wave to be monochro

matic 
cEo . oo 

A= --sm-S. 
(I) c 

we get for the intensity of radiation averaged over 
the spins and integrated over cp: 

W= 3Wo ~ ,1 Z() \ (1+Pacos9')sin9'd9' 
32 p m q J [1 + p ( 1 - COS 9') )' 

m=1 o 

X {l~[cos2 :8' + 2 sin2 91 + li}, 

where Jm(q) is a Bessel function, q = w0Eo/wQo. 
As q- 0, which corresponds to J.l.- 0, we get 
Eq. (14) if we set lf! = 0 there. We then see that the 
exact solution leads to the possibility of radiation 
of higher harmonics. A similar situation occurs in 
the ordinary electron Compton effect (see [ 41 ). 

Equation (12) remains valid. 

Equation (5) also admits an exact solution in the 
case of a monochromatic wave that is circularly 
polarized: 

E = Eo ( i cos : s + gj sin : s) . 
The solution of (5), which goes over into (6) as 

J.l.- 0, has the form 

igq(crt+iaz) .•• 
- 'e-zu2~:t 

1 +l'1 + q2 

6t = :()) (1- 11 + q2), 
2c 

igq(crt- icr2) e+iM} Uo, 
1 +l'1 + q2 

goo ---
62= 2c (1+l'1+q2). 

In this case, the intensity averaged over the 
spins and integrated over cp has the form 

3W0 qz ~ s" (1+~3 cos9')sin9'd9' W - __ ._ LJ p 4 ~~~..::....:.___:_!..,_---::-;:-:;-:-- 8m, 
- 64 1 + q2 m==t m 0 [1 + Pm(1- COS 9')]4 

OOm 
Pm=2a-. 

roo 
Here, we use the notation 

81 = (l2 cos e' + gls) 2, OOt = ro; 

82 = 2lz2 sin2 9', 

q2 (lz cos 8' + gls) 2 

2(1+l'1+q2)2 

(18) 

( 1 + l' 1 + q2) 2 --
84 = 2q2 (~cosS'- gls) 2, 004 = ro(l' 1 + q2 -1). 

As q- 0, we again get the result (14) (!/! = g1r /4). 
The frequency of radiation of the photon is as be
fore determined by Eq. (12), where in the place of 
mw we must write wm in this case. 

Thus, in the case of circular polarization of the 
incident wave, four different harmonics are radi
ated; these are not multiples of the fundamental 
frequency. For example, at low q, we have w1 .... w2 

.... w, w3 .... 2w, w4 .... q2w/2. This feature has no ana
log with the ordinary electron Compton effect. 

It is easy to obtain the intensity of the polarized 
radiation of a neutron from Eqs. (18) and (19) as 
w - 0 for constant fields E and H that are equal 
in magnitude and orthogonal. Assuming J.l. to be 
small, we find 

3 (E )' n W = 4 a4Wo ~0 ~ (1 + ~scos9') 

X sin 9' d9'{l~(2- cos2 Of)+ l32). 

Integrating over e', we get 

W = 4a'Wo ( EJJ { ! ~2 + ! ~2}. 
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Similar results were obtained in [ 5• 7l for a purely 
magnetic field. 

We now draw some brief conclusions. The pres
ence of an anomalous magnetic moment in neutral 
Dirac particles leads to the possibility of Compton 
scattering of electromagnetic waves by these par
ticles. The scattered radiation possesses signifi
cant linear polarization that is independent of the 
polarization of the incident wave and circular po
larization that is significantly connected with the 
polarization of the wave. The scattering cross sec
tion does not depend on the amplitude of the inci
dent wave and its polarization, but does depend on 
its frequency and the dynamic characteristics of 
the particle. At high frequencies (w ..... 1023 sec -l), 

the scattering cross section is only a few orders of 
magnitude smaller than the ordinary electron 
Compton cross section and evidently is capable of 
experimental measurement (see Eq. (17)). 

As a result of the scattering, there is a prefer
ential orientation of the neutron spin; however, 
even the minimal effective orientation time for 
reasonable amplitudes of the field is very large 
and is not yet experimentally measurable. The 
existence of a minimal spin orientation time dem
onstrates the presence of a region of maximum 
spin instability. 

Expansion in the moment J1. is equivalent to ex
pansion in the quantity q = w0 E0/ wQ0 , i.e., it is 
possible either for low intensities of the incident 
wave or for its high frequencies. In the optical 
range, such an expansion is possible for all rea
sonable E0• Effects which depend on the intensity 
of the wave appear in the emission of higher har-

monies and of harmonics which are not multiples of 
the fundamental frequency, whicb. is a very inter
esting fact. For very low frequencies, an expansion 
in J1. is impossible and one must use the exact so
lution. 

It must be noted that consideration has been 
given as to the dependence of the momentum of the 
neutron on the frequency of the incident wave 
(see [81 , p. 131). The results obtained can obvi
ously serve as the basis of a test of this hypoth
esis. 
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