Polarization of relativistic photoelectrons

V.G. Bagrov, G.F. Kopytov, V.B. Tlyachev,andN.I|. Fedosov

Precision Electronics Institute, Siberian Division, USSR Academy of Sciences

(Submitted 5 October 1987)
Zh. Eksp. Teor. Fiz. 94, 1-8 (June 1988)

Weinvestigate the mechanism responsible for the preferential orientation of electron spin when
neutral atoms are photoionized. We qualitatively estimate the contribution of processes with and
without spin flip to the total cross section, and we study the polarization of the resulting
photoions. Neutral atoms in both s- and p-states are considered, and it is shown that the self-
polarization mechanism is quite different for these two states.

The basic properties of relativistic photoelectrons were
first studied by Sauter,' and independently by Sommerfeld.?
Their results are widely known, and have become a standard
fixture of the academic literature.>* The book by Bethe and
Salpeter® and the paper of Fano and McVoy® provide a de-
tailed bibliography and analysis of work on the photoelectric
effect up to 1950.

All of this work is basically concerned with the angular
distribution of the photoelectrons, without regard for polar-
ization effects. The Sauter-Sommerfeld theory treated the
simplest case, namely ionization of a hydrogen-like atom in
the ground state; the final state is described by Sommerfeld-
Maue functions.” Calculations were carried out assuming
Za/vto be a small parameter (we use the same notation and
system of units here as in Ref. 3) in the lowest-order (non-
zero) approximation. The high-energy limit'®'' and higher-
order approximations’™® in Za were considered somewhat
later, and subsequent work'>~? involved detailed theoretical
and experimental investigations of screening effects and the
angular distribution of photoelectrons.

The first study of the polarization properties of photo-
electrons?! established a fundamental result: in the high-en-
ergy limit, the photoelectron ejected by the interaction of a
K-shell electron with a circularly polarized photon is prefer-
entially polarized in the direction of the photon spin. The
theory was further developed in follow-up work,**~** includ-
ing an especially complete and detailed investigation of the
nonrelativistic case (Ref. 25). The preferential polarization
of photoelectrons came to be called the Fano effect. Later
work then brought the theory to its final, finished form; a
survey of the literature on the Fano effect appears in Ref. 32.

One characteristic of all of the theoretical studies of
photoelectron polarization, however, was the practice of
summing over initial photoelectron spins, thereby losing any
possibility of tracking the mechanism responsible for the
preferred photoelectron orientation, or the effect of initial
electron spin orientation on the cross section for the process.
In the present paper, we propose to study this mechanism.

We expand upon the Sauter-Sommerfeld theory'™ by
taking the spin states of the initial and final electron into
account. The wave functions of the final electron state are
represented in the Sommerfeld-Maue approximation®’:
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Here y, and vy are Dirac matrices, E, p, and v are the energy,
momentum, and velocity of the photoelectron, ¢ («,3,x) is
the confluent hypergeometric function, and u(p) is the bi-
spinor specifying the state of a free electron with momentum

p:
(-2 )" (" )w, y= oo
v = () (1 ) v= e @)
In Eq. (2), mis the rest mass of the electron, ¥ is the relativ-
istic Lorentz factor, and o represents the Pauli spin matri-
ces. The arbitrary two-component spinor w in Eq. (2) char-
acterizes the spin state of the final electron. This latter spin
state can be conveniently specified as follows. Every two-
component spinor w is an eigenfunction of the operator ol,

olw=tw, (3)

where 1 is some constant unit vector, and { = + 1. The vec-
tor 1 obviously characterizes the spin direction: for { = 1, the
spin is oriented parallel tol, and for { = — 1, it is antiparal-
lel. Normalizing w by requiring that w*w = 1, we find from
(3) that w = w, (1) satisfies

wet(Mw(D =8, wi(Dwt(1)=[1+Eal]/2, (4)

which makes it easy to calculate cross sections with the spin
states explicitly separated out.

According to Ref. 3, the initial state of the electron can
be described by the relativistic wave functions of a hydrogen-
like atom. We examine the photoelectric effect for the case in
which the initial electron state hasj = 1/2. The orbital angu-
lar momentum will then be either /=0or /= 1.

1.ORBITAL MOMENTUM /=0

To first order in Za, the wave functions of the discrete
spectrum of a hydrogen-like atom® are

Z
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where n = 1,2,3... is the principal quantum number, and the
two-component spinor w, describes the initial electron spin
orientation.
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The transition matrix element for the photoelectric ef-
fect takes the form*

M= S W, (r)ve exp (ikr) ¥, (r)dr, (6)

where k and e are the momentum and polarization of the
incident photon. Substituting (1) and (5) into (6), we ob-
tain integrals of hypergeometric functions; these are calcu-
lated in Ref. 33. Some straightforard manipulations then
give the matrix element for the photoelectric effect for an
initial state with / = 0 and arbitarary n:

a2 Z 5/
=AM T o ) Lavert (1e) 10 (1h) + (ve) Yo (e) T o,
(k—p)*n®
__ 1 ., E
“T ko) mk—p) 7
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For n = 1, this is the same expression as in Ref. 4. It implies
that the polarization properties and angular distribution of
the photoelectrons are independent of the actual level from
which they are ejected. The cross section for the photoelec-
tric effect falls off as n 2 with increasing . Electrons sitting
in the ground state, then, are the most susceptible to y-rays.
This is an entirely reasonable result if we bear in mind that
with increasing #, electrons further and further from the nu-
cleus can be considered closer and closer to being free, and
first-order quentum electrodynamics tells us that for a free
particle, a vertex with one photon line and two electron lines
is forbidden.

Invoking the conservation laws and the explicit form of
the bispinors «#(p) and u,, we obtain from Eqs. (7) a differ-
ential cross section for photoionization of the atom:

do=fl4ny* (1—1) *pt (Y—1) "= | w* Rw, |22,
f=nZa'rsn=3, R=~{[~{+3—'{(y—i)u]ev-i—io[eq],(

q= (=1 [ (v+1) (yu—=)n+y (yut1)v],
p=1-nv, n=k/o, o=[k|,

8)

which provides a complete description of the polarization
effects (7, is the classical radius of the electron).

Recalling that the atoms are unpolarized in their initial
state, we average (8) over initial spins § to obtain

do=fl4ny'p*(Y*—1) "1~ (2y°pn—y*n*—1) [s,+E'Els ] dQ,
so=1 (Y F1) (y—1)*put+2(y+1) [2—y(y—1) n] (e*e ) (ee.),

s=2(y"—1)nty(y—1) [y (y—1) p—21v, 9
e,=[v—n(nv) ][v*—(nv)?]~",  E=in[ee*].

Here ¢ is the degree of circular polarization of the incident
photon,*and ¢’ is the spin quantum number in the final state.
Summing (9) over final spin states £’ yields the photoioniza-
tion differential cross section for unpolarized electrons and
an arbitrarily polarized incident photon:

_fQyp—ypu’~1)s,dQ
2nyt (y=1) i (v 1) "

and for a linearly polarized photon, Eq. (10) gives the
expression derived by Sauter.

The equations (9) lead to a physically obvious infer-
ence: the cross section will depend most sensitively on the

(10)
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final spin £’ when |£ | = 1, that is, if the photon inducing
photoionization is circularly polarized; this result was first
obtained by McVoy.?' If the causative photon is linearly po-
larized (£ = 0), there will be no  '-dependence of the photo-
electric effect cross section. From here on, we assume the
photon to have right-hand circular polarization (§ = 1).

The total photoionization cross section, when the eject-
ed photoelectron is polarized, may be calculated by integrat-
ing (8) or (9) over photoelectron angles; it depends on
whether the spin vector 1 is or is not coupled to the electron
velocity vector v.

Consider an electron with given helicity, i.e., with
1 = v/v. Integrating (9) over all angles, we then obtain

o=f[3(y—1)*17{(¥*—1) *[3y" -2y +4+3(2—1) o (¥)]
L3 -2y =3y —4+3 (1 27—y o(1) 1},
e(D=In[y+(y—1)" ] (y*~1)~" (11)

Summing (11) over {’ produces the familiar Sauter cross
section'

o=[2f(y*~1)"/3(y—1) 1 [3y*—2y+4+3(2—Y)p(Y) ], (12)

which can also be derived from (10) by integrating over all
angles, and is thereby independent of the polarization of the
incident photon. In the nonrelativistic approximation v <1,
we have from (11)
247y )

o=\ 15+t 5o ), (13)
and we thus find that in the nonrelativistic limit, the total
cross section is a weak function of the photoelectron spin,
which then shows practically no preferential polarization.
As we remarked earlier, the Sauter-Sommerfeld theory, and
therefore Eq. (13), are only valid for v> Za. The conclusion
remains unchanged,?® however, if higher-order terms in Za
are included in the expansion.

For relativistic electrons (> 1), the equations (11)
yield

f , 11 ,
0=T[1+§ +12—Yz(1—§)+...], (14)

which implies that the cross section for electrons with spin
' = — lisnegligible compared with that for electrons with
¢’ = 1. Right-hand circularly polarized photons at relativis-
tic energies therefore generate electrons with right-handed
helicity (and practically none with left-handed helicity).
The existence of such phenomena as “helicity transfer” is
qualitatively fairly obvious in quantum electrodynamics,*
but it is far from trivial to show that the polarization of rela-
tivistic photoelectrons predicted by the theory is complete.
The complete transfer of helicity to a K-shell electron in the
relativistic photoelectric effect was first established by Na-
gel.?®

In considering outgoing electrons of a given helicity,
however, it is impossible to classify transitions on the basis of
the behavior of the electron spin, since it makes no sense to
introduce helicity for electrons in the final state. We there-
fore now consider those electrons whose spin vector l is con-
stant and independent of the velocity v. Integrating (8) over
all angles, we find that the cross section depends most sensi-
tively on the spin quantum numbers  and § ' when |nl| = 1,
confirming the results obtained by Cherepkov?®’. This should
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be fairly obvious, since the incoming photon defines a physi-
cally preferred direction n. Putting 1 = n, we can then pursue
our analysis in more depth and separately examine transi-
tions with and without spin flip. With 1 =n, (8) gives the
total cross section

_ 2f :
o=y (pon L b P20 A0 Fabe o ],

(15)
Fo=y*+3y*=2y+8+3 (1*—y+2) g (¥),
Fi=y"+37*+8y—6—-3(y*~y+2) @ (1), Fo=1*+2-3yp(y).

If in (15) we average over the initial spin £, then in the

nonrelativistic- and relativistic-electron limits we obtain

_2

T

2
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. ] , Zo<vki,

(16)
o=fy [+ + (=8 )y In2y+... ], y>1.
This means that in the relativistic limit, the photoelectrons
produced are practically all oriented with their spin in the
direction of the incident photon spin, with almost none in the
opposite direction. A comparison of (14) and (16) shows
that the production cross section for electrons with spin ori-
ented parallel to that of the photon is the same (for y> 1) as
that for right-handed helicity. This is physically understan-
dable, since in the relativistic limit the differential cross sec-
tion has a pronounced maximum as a function of v when v||n.
The complete polarization of the photoelectron spin in the
direction of the incident photon spin for K-shell electrons in
the relativistic limit was first predicted by McVoy.?'

If we sum over final spins in (15), with ¥> 1, we obtain

o= (2f/3y) (3—¢). (17)

This means that the photoionization cross section of an atom
with initial electron spin { = — lis twice thatfor { = + 1.
The net result is that there will be an excess among those
neutral atoms that remain of atoms whose electron spin is
oriented parallel to the spin of the incident photon. A similar
result obtains for the spins of newly created positive ions: for
¥> 1, there will be twice as many ions with spin antiparallel
to that of the incident photon as parallel (if the neutral atom
started off with zero total spin). A similar effect at nonrela-
tivistic energies has been considered by Ovsyannikov.*

The conclusion we draw from (15) is that the only pos-
sible spin-flip transitions are those that go from the state
(= —1to¢’ = 1. Spin flip is strictly forbidden in the state
¢ = 1. In the limit > 1, (15) yields

o=(2f/3y) {[1+5+ (1-0) " In 2y]8c, o +2(1-0) &, 27}
(18)

This means that a spin-flip transition from§ = — 1tof ' =1
is the most likely, being twice as probable as a non-flip transi-
tionfrom¢{ = 1to{ ' = 1. The non-flip photoionization cross
section from the initial state { = — 1 is markedly reduced.
Spin-flip transitions thus play a major role in the present
case.

2.ORBITAL MOMENTUM/=1

We now examine the photoionization of an atom with
an electron in aj = 1/2, / = 1 state. As in the preceding ex-
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ample, the principal quantum level from which photoioniza-
tion takes place is considered to be arbitrary. To first order in
Za the wave function for the initial state of a hydrogen-like
atom takes the form

1 Z
‘Pi(r)=JV,[—i“{o‘{r§(x)—2—Zf(x) ]e“”ﬁo, (19)

g(x)=%q)(2—»n’4;x)’ N1=[M—(,:_z—i).]v:

4nin
o= (2m) "’( ?)wo,

f(z)=0(2—n,3; 2)+®(1—n, 3; z), z=2Zamrn™".

The transition matrix element is

M

_ n"(Za)" (nz—i)”z
6m'/:,‘{3 (,Y_1) 3H3

n5

X (p) [aye+(1e) Yo (Yb) + (Ye) v, (Ye) +yd]@,,

a=2y(y—1) p(2—3y°p),

b=4y*(y—1)wnt4(1—py)q, e=3v*(1—1)n’q,

d=2uyq( (Ze) (2q) +i(y—1) pyZ[ne]]

—2p*y* (y=1) (Ze)Z,  g=(y—1)n—yy,
where 2 represents the Dirac matrices, and we have taken
the conservation laws into account. It follows from (20) that
atlarge n, as in the case / = 0, the photoionization probabili-
ty goes approximately as n 3, in agreement with Eq. (70.8)
of Ref. 5, which was obtained in the plane-wave approxima-
tion. We also note that in the ultrarelativistic limit, the cross
section will have an even sharper maximum when nl||v
(~u~°) than was the case in (8), where the cross section
was of order 1~ *.

We take the spin vector 1 parallel to n, and thereby ob-

tain for the photoionization cross section

(20)

do=F[1447*(y—1)°u’(y*—1) ]t |w Rw,|*dR,
f=Z"a*(n*—1)n"°r>, R=R,toR,

Ro=iy(y—1) [¥*(y—1) p*+4y°pn—4]v[en],
R=y(y—1) [y*(y—1)w*—4yp—4] (ev)n
=4[y (y—1) p—2] (ev)v
(=) [ (Y1) W=y (2y°+3y+T) p*+8y*n—4]e.

(21)

Making use of (4), it is then straightforward to derive the
final form of the cross section for specified initial and final
spin orientations. The expression, however, is so cumber-
some that it makes little sense to present it here.

As in the previous section, spin effects show up most
strongly when an atom is ionized by a circularly polarized
photon. Assuming right-circular polarization, the expres-
sion for the total cross section becomes

o=nf[270(y—1)*(y"—1) "]~ [(Fe+TF) 6 v
H(F,+TF;) 6, ],
o=167°+16y*—5y*—15¢*—311y+59
+15 (71" +13y*=57+6) ¢ (1),
Fi=16y"+16y*—677*+63y*—129y+101

—15(y—1) (1=2) (1 +Hdy—1) @ (1), (22)

Bagrovetal. 1087



Fo=14y°—16y*+125y°+195y*+161y—239
—15(2y*+7y*+13y* =11y +5) @ (7),

Fy=—14y>+16y* =TT — 14792+ 271y—49
+15(y—1) (2y*+9y*+6y+11) @ (7).

If we average (22) over the initial spin, we obtain

o=nf[108(y—1)*(y*—1)"]-*{3(y+1) [2(y*+5¢+6)
—(y*+6y+1) @ (y) 148 [6y +6y°+8y*+50y (23
—30—-3(3y’+11y*=3y+13) (1) 1}

Finally, in the ultrarelativistic limit,
o=nf{1+¢'+(1—-5 )y *1n2y] (18y) " (24)

As was the case in states with / = 0, therefore, the pho-
toelectrons that are produced are completely polarized in
the direction of the incident photon spin. The difference
now, however, is that in the nonrelativistic limit v <1,

o= (2'nf/2Tv*) (3-1'), (25)

and the spin exerts a considerable influence. According to
Eqgs. (13) and (16), this was not the case in states with / = 0,
where the probability of photoelectron production with spin
opposite that of the incident photon was twice the probabili-
ty for parallel spin. The first discussion of the strong elec-
tron-spin dependence of the / = 1 cross section in the nonrel-
ativistic limit can be found in Refs. 26 and 27; the explicit
equation (25), however, is not to be found there. For some
value of ¥, therefore (calculations indicate ¥ = 1.483), the
cross section (23) will cease to depend on the spin £ of the
ejected electron. References 26 and 27 also contain the first
dicussion of the fact that the electron polarization in the
I = 1 state changes sign at a certain energy.

If we sum over the final spin in (22), we get the pho-
toionization cross section as a function of the initial electron
spin:

o=nf (y*—1)"1270 (y—1)°]-"{15[ 2 (y’+57+6)
— (Y +6y+1) @ (y) 52 (y*+16y*—T1y—26)

+15(y+3)2(y) 1}. (26)

The limiting cases for Eq. (26) are

o=(2"nf/27v°) (3+¢), v,
o= (wf1351) (15+%), @7
It is evidently easier to ionize an atom whose initial electron
spin is parallel to the indicent photon spin, and accordingly,
this results in the preponderance of one spin over the other in
the positive ions that are produced. For ¥> 1, (22) finally
gives

. [ 1+Z 1—§ In 2y
o= o5y (16 R ) 61

>1.

+( 141—}+24%:—2) 5;,—:']- (28)
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We see from (22) that there are no forbidden spin tran-
sitions, but when > 1, transitions to states with §' = — 1
are strongly inhibited. It is also significant here that non-flip
transitions are more likely than spin-flip transitions, in con-
trast to the situation for states with / = 0 [see Eq. (18)].

Our analysis thus reveals a multifaceted and physically
nontrivial picture of spin transitions in the photoelectric ef-
fect.
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