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of corresponding constants of the motion. For ex-
ample, for a system with central symmetry there
is conservation of the components of the angular
momentum M, which generate the rotation group.
Gauge transformations with a constant phase are
generated by the charge operator Q Such con-
stants of the motion do not exist, however, for the
general group of gauge transformations,

$—>eibd,  A,— A, — OA/Ox, - )

We shall show that by the introduction of additional
variables into the Hamiltonian one can construct an
infinite set of constants of the motion, which gener-
ate the transformations (1), and thus can include
the gauge transformations in the general scheme
of canonical transformations.

Let us write the Hamiltonian of quantum electro-
dynamics in the form

y .
H =) E,(@faps+ bfabps) + 20 (cik 1+ CrCor— ConCa
. p, o k

4
— o) + 202

—2_{oon (NF) + Ok (€Mjr));
% am1 V20

(2

jr = (e, i) = S 1 ge—ikx dx, 3
where a and b are the operators of the electron-
positron field, and c¢ are the operators of the elec-
tromagnetic field; ji are the Fourier components
of the current vector. The integral in Eq. (3) is
taken over unit volume. The polarization vectors
e) are chosen in the following way: e! and e? are
unit space vectors perpendicular to k, and

e =(l,k/w)/ V2, et = (1, —k/w)/V 2.

For the photons one introduces an indefinite
metric. In accordance with this, the operators ¢

satisfy the commutation relations
[cde, o] = [y can] = 8w, [cak, cow] = [cihy can] =0

(the remaining commutation relations are the usual
ones). We now introduce “supplementary” variables
ak and Bk, which satisfy the commutation relations

[oif, Be] = [BF, aw] = dues o, o] = [BF, B =0 (@)

and commute with all the other quantities, and add
to the Hamiltonian (2) the quantity

Hap = — Do (@l 3, + Blas).
k
It is easy to verify that the “total” Hamiltonian
H+ HaB commutes with the quantities

Ry = aif (eps/20” — cq), (5)

R = o (epi /20" — ).
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In terms of the operators (5) the gauge transfor-
mations (1) can be expressed in the form of a uni-
tary operator

Up = exp {12 <)\kRk + RLFRE*')},

k

(6)

where Ai are arbitrary numbers. The function
A (x) for the transformation (6) is

1 .
A(x) = gm (Mo exp {i (kx — ot)}
4+ Mo exp {— i (kx—ot)}),

and in virtue of the relations (4) A (x) can be
regarded as a numerical function.

In our representation the supplementary condi-
tion (9A, / 0x,) ® = 0 can be written in the form

(Car—epp/207) @ =0, (G —epi 207) D =0.  (7)

Comparing Eqgs. (7) and (5), we see that for the
allowed states the quantities Ry and R} are
equal to zero:

Ri®=Ri®=0. (8)

Obviously the conditions (8) single out the Max-
wellian electrodynamics from among all the theo-
ries described by the Hamiltonian (2).

The variables o and B are of the nature of
two additional components of the electromagnetic
field. Since these components do not interact with
charges, this scheme is entirely equivalent to the
usual electrodynamics.

Translated by W. H. Furry
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THE problem of a theory of the nonrelativistic
photoeffect in the L shell was solved a long time
ago.!l»2 The relativistic aspects of this problem,
however, have only been remarked upon. In view
of the successful development of B -ray spectrom-
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etry in recent years it becomes now desirable to
make a more careful analysis of the contribution
of the L shell to the photoelectric absorption at
high energies.>* As it is impossible to obtain ex-
act analytic expressions for the relativistic cross
sections, we attempt to find their approximate form
for the light elements.* Thus we determine the
cross sections for the L; subshell which are ac-
curate up to and including the first order of aZ;
in the case of the Ly and Lijy subshells we only
obtained approximations of zeroth order in «Z.

As usual, the calculation is based on the central
Coulomb field approximation for the different elec-
trons, with Z changed to Zg=7Z -4.5 (see ref-
erence 1, §69 o). The spinor corresponding to the
final state of the electron is treated in the Born
approximation. The integration in the matrix ele-
ments is performed in momentum space. The cal-
culations are analogous to those in the case of the
K shell, described earlier by the author.’? To find
the differential cross section for one of the L sub-
shells, we must sum the contributions from all
electrons of this subshell, taking into account the
two possible spin orientations in the final state.
Mathematically this involves very laborious cal-
culations of traces.

As a result we obtain for the differential cross
sections the expressions

day = (dog)s, (1)

dovyy = 30 KO ZE (P — Iyt (y — 1)7°

X L BrF )BT — 2 (9 430y —7)8

+5 1P (4 672+ 11y —2) 872

— L (y— 1) (y+ )8 FsintOcosPp(y + 1)yt [267

—27 8L 2 (3y41) (y — 1) 7%} do, @)
dopyy = 25 Mot ZL(r — )yt (y — 1) {— By — 1) &

F G = DA (2 2y B
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— By — D H L — )87 do, (3)

where (dog)g is given by formula (92) of refer-
ence 5, with Z replaced by Zg, the angles 6 and
¢ are determined in reference 5, and.

v=1/(1 —3%"%, 8=1-—fcosh, o= h/mc.

The corresponding total cross sections are

GLI = %‘(GK)S’ (4)

1 2 __ 1)

SLy =2—360LGZZ%%_—1))5

‘ . Y4 3y—8 o \
x{973~512+247-—16— ‘ (:2_71)./,1n v+ — 1)“1}‘

(5)
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oLy = ﬁaﬁls@uﬁ

o - " — 3'{ + 4 | 2 Y2
{4'{3——6x'—}v S5y+4-3— '(T2 Ty Infy+-(y*—1)7 ]} , (6)

where ok is given by formula (98) of reference 5.
The formulas for the cross sections are valid for
light nuclei, since we must fulfill the condition
(raZg/B)2 << 1 for the L subshell and the con-
dition maZg/B << 1 for the Liy and Ly sub-
shells.

In the extreme relativistic limit 8 —1 we
easily find that the total cross sections (4) to (6)
are proportional to mec?/hy. In the limiting case
of small energies we can show by neglecting terms
of order B2 that the angular distributions given by
formulas (1) to (3) go over into the corresponding
nonrelativistic expressions of Schur (see refer-
ence 1, §72 B). The value of the ratio
(doLyy /dcrLIH)nr =1, is equal to the ratio of

the number of electrons in these subshells.
Formulas (4) to (6) predict a slower decrease
of the total cross sections with increasing photon
energy than the nonrelativistic formulas. In the
case of the light elements this can be seen from
the table, in which we list the ratios of the rela-
tivistic (o) over the nonrelativistic (o®F) cross
sections (to lowest order in aZg). There we also
give the values of the relativistic ratio oLy / oLt

It can be assumed that the error associated with
the ratios given in the table is of order (aZg)?2.
In conclusion the author expresses his grati-
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tude to Acad. S. Titeica for his interest in this
work and to Prof. R. H. Pratt for clarifying com-

ments on a number of questions touched upon in
this paper.

*Recently Pratt calculated the total cross section up to
terms of order oZ in the extreme relativistic case.

'H. A. Bethe and E. Salpeter, Handbuch der
Physik 35, Part I, Berlin (1957).

THE EDITOR

2H. Hall, Revs. Modern Phys. 8, 358 (1936).

SE. P. Grigor’ev and A. V. Zolotavin, JETP
36, 393 (1959), Soviet Phys. JETP 9, 272 (1959).

4 Novakov, Hultberg, and Andersson, Arkiv
Fysik 13, 117 (1958).

%M. Gavrila, Phys. Rev. 113, 514 (1959).

Translated by R. Lipperheide
75



ERRATA TO VOLUME 10

page
Article by A. S. Khaikin

1044, title
6th line of article

Article by V. L. Lyuboshitz
1223, Eq. (13), second line
1226, Eq. (26), 12th line

1227, Eqgs. (38), (41), (41a) numerators and
denominators
1228, top line

reads

. . resonance in lead

~ 1000 oe

"'—Spl. 28 (01)
- {p+q p

(P —q)

qa—p

= -

ERRATA TO VOLUME 12

Article by Dzhelepov et al.
205, figure caption

Article by M. Gavrila
225, Eq. (2), last line

Article by Dolgov-Savel’ev et al.
291, caption of Fig. 5, 4th line

Article by Belov et al.
396, Eq. (24) second line
396, 17th line (r) from top

Article by Kovrizhnykh and Rukhadze
615, 1st line after Eq. (1)

Article by Belyaev et al.
686, Eq. (1), 4th line

Article by Zinov and Korenchenko
798, Table X, heading of last column

Article by V. M. Shekhter
967, 3d line after Eq. (3)
967, Eq. (5), line 2
968, Eq. (7)
968, line after Eq. (7)

Article by Dovzhenko et al.
983, 11th line (r)

Article by Zinov et al.
1021, Table XI, col. 4

Article by V. I. Ritus
1079, line 27 (1)

1079, first line after Eq. (33)
1079, 3d line (1) from bottom

Article by R. V. Polovin
1119, Eq. (8.2), fourth line
1119, Eq. (8.3)

Article by V. P. Silin
1138, Eq. (18)

54
—2y@ 41
pp =50 x 107¢ mm Hg

v.— (4 —2m)01 + ...
. . less than 0.7

2 2
g, = 2me’n,/my,,

b f(sp) 4

2y

Op—ynt =

e=2mE+ mf,
+ (B} + BY). ..
. (CY +CR).
for ¢} + ¢4 =...

y =18+

—1,22

—A L0
AP
- N(@'p; Pg).-

Ug 8 (1) —[y--+

.. -sign u.

+_; 22

1403

should read

. . . resonance in tin
~1 oe

. —Sp; 5 & (e2)...

---{(p+q, p) — (p+q, n)-
«(pm)}

(p*—q??

me= [mg m,]

5.4
—2ye =Y
Po =5 x 10" mm Hg.

ve + (4 —27m) 01 +...
. . less than 0.07

w2

= 2,
oo = 4mein,/m,,

vl (s e
210

T =

e= (2r,an + mz) e
+ (B} + B%)Q...
. Gy + C3—Q? (B} +BY) .
for ¢} + ¢
—Q*(B} + BY)=...

t=18402

1,22

AL @),

1
5 (LB
(g pqg)--

— U8 [
-+ .sign u,,

+-g—c2k2-



