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than that used by James and Coolidge" in their funda-
mental investigation of the H2 molecule often is needed,
the authors intend to repeat the energy calculations
(eventually the magnetic shielding) for the H2 molecule

by the aid of the wave function

$0 tt'I 1+ Cir12+ C2(rl r2b) I

+/I 1+&iri2+c2(rib r~ )'I (37)

"H. M. James and A. S. Coolidge, J. Chem. Phys. 12, 825
(1933).

which should be at least as good as the corresponding
third-order wave function of the He atom.
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The first-order radiative correction to the energy-momentum tensor of the electron is investigated. In
order to avoid the ambiguities connected with the occurrence of divergent integrals a regulization with
auxiliary masses is introduced. It is shown that a procedure which is in accordance with the conservation
laws necessarily has some of the features of an auxiliary field theory. The method of the present calculation
corresponds to an introduction of an auxiliary neutral vector-meson field which is coupled to the electron-
positron field with an imaginary coupling constant.

I. INTRODUCTION

~)N investigating the effects of the vacuum field
fluctuations on the field source, difficulties arise

due to ambiguities in the interpretation of divergent
integrals. The possibility of obtaining a non-vanishing
photon self-energy, in contradiction to the gauge in-
variance of the underlying theory, illustrates this situ-
ation. Since these ambiguities occur within the frame-
work of a covariant formalism, there is some hope that
on insisting on the formal properties of the theory:
covariance, gauge invariance, and the validity of con-
servation laws, we might find a way to get rid of these
difhculties.

On the other hand, one can argue that since these
ambiguities are connected with the occurrence of di-
vergent expressions, an invariant limiting process that
makes these expressions finite should resolve these
ambiguities. The first point of view, supported especially
by Schwinger, ~' furnishes a set of rules of interpreta-
tion; thus, for instance, gauge invariance implies the
invariance of a certain integral in momentum space
under translations of the integration variable. (For
further detail we refer to a forthcoming paper by
S. Borowitz and W. Kohn. )

An investigation along the lines of the second point
of view' exhibits the remarkable fact that the postulates
of gauge invariance and conservation laws strongly
reduce the possible number of diferent regularization
procedures. A common feature of all of the admissible
regularization methods seems to be their "realistic"

' G. Wentzel, Phys. Rev. 74, 1070 (1948).' J. Schwinger, Phys. Rev. 76, 790 (1949), Appendix.' Borowitz, Kohn, and Schwinger, Phys. Rev. 78, 345 (1950}.
4 W, Pauli and F. Villars, Rev. Mod. Phys. 21, 434 (1949).

aspect; this means, more precisely, that apart from the
condition of a hermitian interaction, which in general
is violated, " these methods can be interpreted as
auxiliary field theories in the sense of Pais' f-field. '

In the present paper the second point of view is
applied to the problem of the radiative corrections to
the energy-momentum tensor of the electron. A straight-
forward calculation may lead to results in contradiction
to the conservation laws, which require that

(3T„„(x)/8x„=0.

An equivalent expression of this fact is the result of
Pais and Epstein. ' The difhculty of this special problem
was first resolved by Rohrlich. ' His results are contained
in the present calculation as a special case.

Section II will be concerned with the establishment
of the expression for the first-order radiative correction
to the one-particle part of T„„. In Section III the
regularization will be discussed, and finally in Section
IV the actual form of T„„(p'p) will be determined.

II. CALCULATION OF THE FIRST-ORDER
RADIATIVE CORRECTION

The symmetrized gauge-invariant energy-momentum
tensor of the interacting photon and electron-positron
fields can be written as

+k(A''"~.4 (~& *0)v"4) (1)—
' D. Feldman, Phys. Rev. 76, 1369 (1949).
%. Jost and J. Rayski, Helv. Phys. Acta 22, 457 (1949).

~ A. Pais, Uerh. Ned. Akad. Amsterdam XIX, No. 1 (1947).
s A. Pais and S. Epstein, Rev. Mod. Phys. 21, 445 (1949).' F. Rohrlich, Phys. Rev. 77, 357 (1950).
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A(„B,& A——„B,+A,B„and 8= 8/ax ieA—(x); 8*=8/ax
+ieA(x). For the purpose of the present investigation
it is convenient to express (1) in terms of opera. tora
which describe the physical electron, that is, satisfy a
free particle equation, in which the original mass mo is
replaced by the total mass m. In terms of these
operators, the interaction between the two fields is

X'= —~fd'x(j„(x)A„(x)+h, (x))

Write 0'(t) =S(t)%0. Then

S(t)=P exp~ i— dt'X(t')
~

(
) '

where I' is the operator of ordering in time introduced
by Dyson. "

The self-energy operator is defined by the require-
ment that a one-particle state must be an eigenstate of
the system, which implies that

=
J
"d:x(hi(x) —h, (i)). (2) (S(~ )),= 1. (5)

Fxpression (1) does not refer to a definite represen-
tation as long as i(8/ax4) has the signification of the
total time derivative

80/ax4= 8'ft/ax4+ [Bc', Qj.

In introducing the above mentioned representation
into (1), T„„acquires the form

This furnishes a recursive definition of the self-energy
corrections of diferent orders. In first order in
a=e'/4ir Eq. (5) yields

—',( —t)' ) dxidx2(P(hr(x, )) hi(x2))),

—( —i) fd'xh. ,("(x)= 0

T((tu + ~ttv +~(u4~tt) )

T„"= -', (J".i,F,i.+P, ),&',
(
—-', &,7'i..'),

8V
T,.'=-.'~ kv(" — v"V (

l' (4v'V —~ ),
ax„) ax(„J

a.=~i4'(x)(V"V'V"+V"V'V")lt (x) &i(x)

(3a)

(3b)

1
e(t t')(P(4'(x) —4'(x')))0= —-Sp(x —.~''),

2
(6a)

from which (4) can be extracted as the operator repre-
senting the self-energy density.

If we adopt the definition SF——5"'—2i8, DJ:——D"'
—2iD, it follows that

(&
—&') (&I

k(*')
I )

(8$(x)

& ax,
,', e'~ —

~I—d4x'd4x"8(t t')—
1 8Sp(x —x')

+i8,4y'8(x x') —(6b).
2 BXu&((g (x') y"S(x' x")M F (x"—x)if (x)+(+—)) (3c)-.

but.
2ie jfd x (~(x)~ v Mp( x- x)~( x)+(+-))

(~) indicates the reversed expression:

P(x) M F(x—x")S(x"—x') q~tt (x)

The e' —self-energy density tt, (2'(x) in the above ex-
pression has been written as

The energy-momentum tensor representing the
physical electron: T„„(x),may be written as

( +XI

T„„(x)= P T„„(x),exp
(

i K—(t')dt'
)

. (7)

—-'ie' d'x'((f (x)M p(x x')P(x')—8

+f(x')Mp(x' x)f(x)), (4)—
MF=y"SFy" DF,

that is, in the form which follows directly from its def-
inition (see below).

The variation in time of the state vector 0' in the
representation chosen above obeys the Schroedinger
eguatlori

i(8+/at) =x'+

(This expression actually represents S(~) T„. (where
T„„ is the transformed operator in the sense" of
Schwinger). This however reduces to T„„in view of the
mass renormalization. See Eq. (5).)

In the following we confine ourselves to the first-order
radiative correction: T„„"'.This expression includes
non-covariant parts by 8„, (3), and through (6b), but
these are easily shown to cancel.

Let us write T„„&'&=T„„+T„„~,representing the
parts that arise from the photon field and electron field

' F. J. Dyson, Phys. Rev. 75, 486 (1949).
~ J. Schwinger, Phys. Rev. 76, 790 (1949).
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tensors, respectively. From (7) it follows that

T„.P(x) = —— ' dxtdxs(P(T„.P(x), hr(xt), h&(xs)))t
1

2~

Introducing

Igg&&;gr=
J

J~dxtdx2'lp(xl)r Sp(xt x2) YV(x2)

X (BDp(x& x)/Bx—,) (BDp(x.. x}/Bx—t),

we can write this as

+igy = ge yl)i)E, (py)+1(py), )Ex 1)t(/I, y) )t 1(&&I)t, )ty)
P 1 2f

These f„can be determined by a straightforward cal-
culation, making use only of the equations

'Dp(x) =2ib(x), (y"(B/Bx")+m)Sp(x) =2ih(x) (12)

and some integrations by parts. The result is"

f„= f„—= 4iJ~-dxt (p(xt)y"Sp(x, —x)

BDp(x, —x)
XvV(x)+ (~)) —(4(x&)~"

BXy

BDp(x, —x)
XSp(xt —x)yQ(x)+ (~)) (13)

Byv(I»„ss Ixo, ex)) ~

In a similar manner we get

e & &' ( BSp(x —xs)
T„x= ~ dx,dx,

~
P(x,)q" S,(x, x)q&~—

BSp(xt —x)
pp&Sp(x —x,) &V(x,) IDp(xt —x,)

Bx(„

+—
I dxtdxsj P(xt)Mp(xt —xs)

Bp BSp(xs x)—
Sp(xs —x)y&" q»P(x) +h.c.

~

BXy)

~ ~

(Dp(x) ) It Dp(x) —Dp &~& (x——)

(g)
Thus the divergence of the complete tensor apparently
vanishes. It should be observed, however, that f„ is
represented by a quadratically divergent integral in
momentum space. A direct computation in momentum
space will therefore in general not give zero for f.x+f„P,
since all we can expect for f„eand f„P are two integrals
that differ by a translation of the integration variables. '

From this situation it does not follow that any
invariant regularization process that makes the ex-
I&ressions for f„p and f„xfinite would yield automatically
zero for the divergence of T„„The result .(13) is based
essentially on the wave equations (12), and any regu-
larization of the DI; or the Sp function destroys the
validity of the corresponding equation. If for instance
we introduced individually regularized D-functions

dx, g (x&)y &sSp(xt —x)
8 J

XDp(xt —x)y"&P(x)+h.c.). (9)

In this last formula the second line is not quite correct
insofar as it represents the expression omitting the
terms appearing through the mass renormalization:

1
( ( et/ &P

dx I'( Py&" — y"'P, h, '"(xt)
)

4 ( Bxp& Bx{y )

—2i r' M-'
d'ke" ~ du

(2~)4 ~s "s (h'+3f't&')'

f„x would go over into the corresponding regularized
expression, but this is not the case for f„p which takes
the form

M'
Ji dx,dx. (X, X)pDp&~&(x, x) (BDp(x. x)/Bx—„)„—

8

+ (BDp(x, x)/Bx„)~D &sr&(px x)s]—+a simi7ur term.

(Xt, X) = P(x,)y"5p(x, —xs) y"P(xs)
and the second and third line of (3c). If we include these
terms, then in the second line of (9), Sp(xs —x) and
BSp(xs—x)/Bx„are to be replaced by

i (8(xs x)+—', s(xt —x)5(x-s x)—)—
and its derivative

Another still purely formal device would consist in
(1O) regularizing T„„&'& itself and defining the regularized

expression by

i(B/Bx„)(8—(xs x)+-', s(xt —x)5(xs x—))— (T &t&)&t=T &'&(Sp Dp) —T &'&(Sp Dp&sr&) (14)

Let us introduce the two "force densities" f„, defined

by
~ To derive expression for f„g, Eq. {9) has been used without

corrections (10}.It is easy to verify' that the term affected by (10)
11) gives no contribution tof„s,f,p= BT„„p/Bx„, f,E= (BT„x/Bx.).

Again f„ is then replaced by the corresponding regu-

OF THE REGULARIZED TENSOR larized expression. In the calculation of (f„P)n the
wave equation for Dp(~) comes into play which intro-
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duces an additional term ~M'; in this way (f„~) goes
over into

1
(f ~) &i

—,V'— ~ { dx,dx2 {(&P(x,)y"S) (xi —xi)
8 J

Xp")P(x,)+(~))D&, &~&(x, —x) [BD);&~&(x,—x)/Bxij
—a term with (X, v) interchanged}. (15)

To get rid of this additional term we are guided by the
statement that this regularization has already some
features of an "auxiliary 6eld theory, " but with the
"unrealistic" feature of an imaginary coupling, i.e., of
this auxiliary (neutral vector-meson) field to the elec-
tron field. ' This fact suggests the inclusion of the com-
plete energy-momentum tensor of this auxiliary 6eld
into the system considered, and the discarding for the
moment of the non-hermitian character of the inter-
action with the electron 6eld. This procedure changes
the situation. in two respects: (a) The components p„
of the auxiliary fieM can no longer be quantized as
independent scalars" and instead of &1„,Dp&~)(x) we
have to put (I&„, M'B„B,—)Di &~'(x). It is easy to show
however that the terms arising from M '8„8„never
contribute to T„„, which is just an expression of the
gauge invariance of this operator. " (b) The energy-
momentum tensor of the vector meson 6eld diQ'ers

from ~pv

M'(4.4.—k4 4i4»)

which contributes

-M'
~ dx,dx, (P(x,)q&~S, (x, x,)q"&P(x,)—

J ~
—4.0(xi)V"S~(xi —x2) VV(x2) )

.D);&~&(x)—x) D) &~&(x2 x) (16)— .

to the first-order radiative correction T„„(').One im-
mediately sees that the divergence of (16) and the
additional term in (15) cancel.

Such a device can no longer be called a purely formal
prescription. The aim of such a formal method would
have consisted in providing a generally applicable rule
which should be formulated in such a way as to be in
accordance with the conservation laws and gauge-
invariance, which are both formal properties of the
non-regularized theory. Apparently this program has
not yet been carried through in a satisfactory way, and
the actual situation seems to indicate that only a realistic
theory (f-field)' will be able to re-establish a satisfactory
situation.

IV. CALCULATION OF T„„(p',p)
Let p(p') exp( —ip' x) and &p(p) exp(+ip x) be

Fourier-components of &P(x) and &P(x), respectively.

"This argument is of purely formal character, since the ex-
pressions involved are divergent. A proof which avoids the
divergences must make use of Stueckelberg's 8-field formalism
I,
'see W. Pauli, Rev. Mod. Phys. 13„203 (1941), Part IIj2) to
describe the neutral vector meson.

7 „„&'&(x)may then be written as an integral over terms
of the form

0(p')e-'"'*T"(p'p)e"V(p) (»)
The operator T„„(p'p) thus introduced has the general
form

~p.I)p f(I)p')+4 g(I)p')
+(iy&"P„))h(hp')+P P,k(hp ) (18)

(~p=p' p; -P=p'+p)
The symmetry of T„„(p'p) in p and p' is a necessary
condition for the validity of the conservation lazes

I)P.T"(P'P) =o. (19)

(Non-symmetrical terms

i(y &&6p„))H(hp')+ I&,p&„P„)K(Iip')

would contribute

iy"Ap'H(hp')+P„hp'K(I& p')

to the divergence (19), which is NO unless H= K—=0.)
In the symmetrical expression (18), g(Ap') will be

written as

s+sp'g(op').
The conservation laws then require that

g(~p') = f(I)p')—
It is the purpose of this paragraph to show anew

how the regularization device which proved to be suc-
cessful in Section III leads to a result satisfying (19).
But furthermore it will be explicitly shown that the
final result is now finite and independent of the auxiliary
mass M up to terms O(3f ' logM). Finally the actual
form of the functions f(I& p'), k(hp') and k(Ap-') may be
of some interest.

Contribution of T„„p(x)

This part is expressed in terms of

I ;, (&))r=xJf )fdgd))&P(x+g) y S)'(g r)) yQ(x+—g)

X &7DF(g)/8$, &7D) (q)/&7&)r

The corresponding I &);,r(p'p), defined through (17),
reads

Si
I &);,r(p'p) = ~fd'ky (iyk m) y&'—

(2)r)' ~

( ,kp, ')( k-rp)r-
X . (20)

(k'+m') (k —p')'(k —p)"-

(It should be noticed that in the terms ()iX, )&,»),
(X)i, »X) and (oX, )«r) a part containing (k'+m') in the
numerator may be isolated. These parts are easily
shown to give a vanishing contribution, their removal



F. VILLARS

in this stage of the calculation however is an essential
simplification of the results. )

To regularize these expressions in the manner out-
lined, we write

a b c a(b+M')(c+M')

M2
+

a b c (c+M') b(b+M')(c jM')

M2

a=k'+m'; b= (k —p')'; c= (k —p)'.

On introducing properly chosen Feynman parameters,
this can be written as

p1 p% pQ
3)M' dl ' dv ~ dwI (k —p(N —v) —p'v)'-

0 0 0

+m'(1 —N) '+6p'(N —v)v+M'w]-'.

If k'=k —P(N —v) —P'v is introduced as new variable
the numerator in (20) takes the form

k"I' + I'2

and a straightforward integration yields

—2 &' ~" C+M'ttI.e r(P'P)=
i

dtt dv 2I'i log
(2z.)' ~

&)
~

&) C

C= m'(1 —N)'+ p'(tt —v) v.

For the purpose of the following discussion it is con-
venient to introduce the variables

S=Qi Sf= 2'v

With (8) it follows now that

—e2 ~1 (g1

I'„„ ip'p) = p I(p'p) = dt, zd-
8 4(2&r)' ~

&) ~0

C+M's
t

1 1
X I.log +III —— !, (21)

C EC C+M'z J

where

I= 2 Z I')= 2z&&mb„„+(iy&"P„))],

II=Q I'= mhp„t). p„[(z 2)z't'+z]—
—2m'b»L(z —1)'+ e'z'(1 —t')]
+mP„P„(s —1)'s

—m'(i~&~P, &)L(z —I)'(z+ 2)+ e'z'(I —t')], (21a)

C= m'[(z —1)-'+ e"'(I —tz)], e'= ap'/4m2.

It is easy to verify that the traces of I and II vanish
separately. In the following we shall omit the con-
tributions from II. (C+3P z) ', which are of the order
M 'logM. A partial integration with respect to t splits
the logarithmic term into a part independent of Ap'
and a part proportional to t))p'. Thus

e2 ~1
dz z'(mb„.+ (iq&~P„&))T»"(P'P) =

2(2~)»,

Co+ M'z
X log

G0

e2

mzb—„, + dt ."ds
4(2~)'"o "o

Contribution to T„„(p'p) from T„e(x)
From (9) it follows that

e2

T„„s(p'p)= ! d4ky"SF(p' —k)
32(2v)4 ~

X(iy&" P,) 2k.))S) (p k)y—" De(k)—

+ "d'qJ~d'gl e ""' "AM&(q)
I Z8(q) '(P')S(q )

XI ~'" +~'"p I+(p' p)!
E a() ) i

(y&~(SeD~)(p)p"&+p—&~(—SeDe)(p')p" ). (24)
8

Introducing

M p(q) = (iyq+m) F(p)+G(p), p= q '+m'-, -

the second line becomes

G(p) -G(0) &

!)"d'q ld4(I e '& &t! F(p)+(iraq m—)—
J p i

X(i&&"P.&)+(P ~~p) !

= —2 (2)r) '(F(0)+2mG'(0)) (iy &~P„)) .

X Im'(ap„ap„—~p'b„„)s't'

m'(iy—&"P„&)[(z 1)'(z+—2)+ e's'(1+3t')]

+mP P (z I)'z+—mapped)p„(z 2z't') —
I 1/C, (22)

(Co ——C(e =0)).

An explicit calculation shows that the last term
~hp„hp. vanishes. The constant (that is, Ap'-inde-
pendent) terms are easily shown to give (t&=M/m):

+e' - )1 Iiq
mb„„! -Iog(lent z)+—

!
2(2v)' ) 3 18)

&&1 10'
+( v'"P.&) I

—log(1+) ')+—
! (23)

E3 9i
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e2 ~1 ~1
T E(pp), l dt sds I 2m(s+1)s2t2

8(2&r)' ~02z
bf&&(q) = -

~
dz(imp(1 —s)+2m)

(2&r)' &0 X [t&.P„AP. t& P'b„—„5+2m(z 1)'zP—„P„

+(1-s)[(2—4s+s') m'+ (1 —s+-,'s'(1 —t') )ap']m's'+M'(1 —s)+ p(z —s')
X log (25a)

m's'+ X'(1 —s)+ t&(z —s') e21 1

X (iq&~P„&) I
—— ds (4m.s'b„„
C' 8(2&r)' "0and

Before performing the k space integrations we sub- partial integration with respect to t we get:
stitute D~ —DI &~) for D~. %'e have then

—i
(&'~D~)(q) = —

~
dz(& yp(1 —'s) —m)

(24r)' &p

m's'-'+ M'(1 —s)+p(s —s')
X log— — —. (25b)

m'z+ X'(1 —s)+ p(s —s')

Co'+ M'(1 —s)
+ (3 —z) (1 —-) (O''"P.&)) log

Co'

1
—2m'z(1 —s')(fy& P„&) —. (28)

Ca'

—e'
i t'1

mb„„~ —log (1+44') ——
~

I 3 18)2(2&r)'—e'
~

' ~ ' C'+ M'(1 —s)
dt sds I' log

8(2) J, (1 65
+(tv'"P &) I

—log(1+& ')+—

The constant terms contribute the quantityFor the first line of (24' the technique already out-
lined yields

t 1 1
+»I ——

(C' C'+ M'(1 —s) )

Here a small "photon mass" X has been introduced
to avoid difFiculties at the lower limit of the k-integra-
tion. We have also

I'= 4m(z+1) b„„+(s —1)(4~ &~P,&),

II'= (1 —s)[(2—4s+ s') m'
11+7 A

5= mb„„=—mb„„.
2(24r)' 18 24r

(30)

—m' ds(1 —s')/Co'
~

. (29)2, )

By comparison of this result with (23) it is seen that
all contributions proportional to log(1+&4') cancel.
There remains, however, a 6nite part containing 8„,:

+(1-.+-,'"(1-t'))~P'](4&&"P.&)
This corresponds just to the result of Pais and Epstein, '

+2m(s —1)'sP„P„+2m(s+1)s't't&&p„hp. , (26a) where it is deduced by calculating the so-called stress
that

C' =m'[s'(1+ e'(1 —t') )+»'(1 —z) ],
e'= Ap'/4m' &1= X/m.

The second and third lines of (24) are, by (25)

~= T»"'(pp) = '(T "'—T44'")-

But T44"&=0 (this result is due to our representation,
compare Section II, in contradistinction to the situation
in references 2 and 9). Since T»P=0, we should have

e2

ds (3(1—s)(iq&~P.&) 4mzb„.)—
8(2~)' ~0

S=s T„„(pp)
and this can indeed be verified from (28) and (29):

(31)

Co'+Ms(1-z)
X log —2m's(1 —z') (fy'~P,

&

Co'

t'1 1
(27)i C0' Co'+ M'(1 —s) )

e'm )7 65)
T»s(PP) = ll ds( —4+3s+z')+ 4( —+—

)
2(2&r)' ~0 E 18 72)

n ( 3 1 31$ 44

=—~( -4+++
2m E 2 3 6 ) 2m

In (27) and also in the factor multiplying II', the The stress vanishes, as was shown in Section III,
terms ~(C'+Ms(1 s)) ' will be —dropped again. By a Eq. (16), if one includes the additional term arising
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through the energy-momentum tensor of the auxiliary
field

(32)M2(y„y. —~8„.y, m).

Its contribution to T„„1"(p'p) is

e2@f2 ~l pl 1
dk zdz[2m8„„+z(iy&"P„i)j (33)

4(2s)'~0 & 0 C+M'Z

The minus sign in (33) is due to the choice of an
imaginary coupling ~e of this auxiliary field.

Neglecting again terms of the order M 'logM, Eq.
(33) gives

—( '/2(2 )')L 8..+-'('7'"P.))j.
Thus the formerly remaining stress-part (30) is now
cancelled and a divergence free energy-momentum
tensor is obtained. There remains, however, an infra-red
term in the third line of (28). Because of the factor
Ap' this term plays no role in the energy-momentum
four-vector P„=J'T„4d'x. It indicates, however, that
as soon as we try to localize energy and momentum and
to build up wave packets, the mell-known failure of the
power series approach in constructing of the physical
electron becomes manifest. Expressed in terms of the
operators of the present approximation, the physical

electron carries still a cloud of virtual low energy
photons with itself, the efFect of which is discarded on
going to the one-particle, no-photon part of T„„.Thus,
to investigate the energy-momentum density distribu-
tion, the above calculation mould have to be completed
by a sort of Bloch-Nordsieck treatment, but which is
not within the scope of the present investigation.

The discussion of the energy-momentum four vector
P„displ aysagain the necessity for the inclusion of (32)
into the system, in a way which, of course, is con-
nected with the self-stress difhculty. Since the change
in the physical properties of the electron due to its
interaction with the radiation field vacuum consists
only in a change of its mass, and since this change has
already been included in the representation of the
electron field, T„„P+r„,~ should give no contribution
at all to P„. From this statement it follows that the
coefficients of (iy'"P„&) and P„P.should vanish too for
5p'= 0. This fact is easily verified from (22), (23), (28),
(29), and (34). The inclusion of the contribution
~(iy&&P„&) in (34) is essential and exhibits again the
failure of a purely formal mass regularization.

In conclusion I would like to express my gratitude
to Dr. J. R. Oppenheimer for the privilege of a stay at
the Institute for Advanced Study, and also for helpful
criticism.
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The diameters of fifteen polar an.d non-polar gases for collisions with ammonia are obtained from measure-
ments of the pressure broadening of the ammonia 3-3 inversion line in the mixed gases at low pressures.
The design of the spectroscope used and the experimental technique involved are discussed.

I. IM'RODUCTION

QRESSURE broadening of spectral lines has been
studied for many years in the optical and infra-red

regions. In 1936 a review of work done up to that time
was given by Margenau and Watson. ' The difhculties
encountered in this region are great. A large Doppler
breadth and insufhcient resolution hamper measure-
ments at low pressures while at high pressures multiple

~ The research reported in this document has been. made pos-
sible through support and sponsorship extended by the Geo-
physical Research Directorate of the Air Force Cambridge
Research Laboratories under Contract No. W(19-122) ac-35. It
is published for technical information only and does not represent
recommendations or conclusions of the sponsoring agency.

)The material in this paper is a part of the author's thesis
submitted in partial ful61lment of the requirements for the degree
of Doctor of Philosophy at Duke University.

'H. Margenau and %. W. Watson, Rcv. Mod. Phys. S, 22
(1936).

collisions complicate the process. Because of these and
other difhculties the problem sufFered from neglect and
never was brought to satisfactory completion.

More recently, the expansion of microwave spec-
troscopy has caused new interest to arise and a number
of theoretical and experimental papers have appeared. '
In the microwave region, resolution is high and Doppler
breadth is only about 70 kc. At breadths of the order
of a megacycle, the more intense lines, especially the
ammonia 3—3 inversion line, may easily be displayed
on an oscilloscope for observation.

In the case of collision broadening in a pure gas, the

~ H. Margenau, Phys. Rev. 76, 121 (1949); J. H. Van Vleck
and V. F. Weisskopf, Rev. Mod. Phys. 17, 227 (1945); P. W.
Anderson, Phys. Rev. 76, 647 (1949); H. M. Foley, Phys. Rev.
69, 616 (1946); B. Bleaney and R. P. Penrose, Proc. Phys. Soc.
London I.IX, 418 (1947); LX, 83 t1948l.


