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Cross sections for Penning detachment, W+ Y —X+ Y+e, and collision-induced photon
emission, X*+Y X+ Y +hv, have been calculated for collisions of metastable neutral
atoms and negative ions at low energies (E-1 eV). A semiclassical treatment based on the
impact parameter method and adiabatic electronic interactions was employed. Collisions
involving H* (2 S), Ca* (3 D), and He* (2'S) with H, 0, Cl, and C were investigated. In

all collisions not involving H* (2 S), Penning detachment predominates and exhibits cross
sections on the order of 10 4 cm .

I. INTRODUCTION

Processes involving electronic energy transfer
between neutral atoms which collide at low (kinetic)
velocities have been studied theoretically. ' In par-
ticular, energy transfer causing ionization of one of
the species X*+Y-X+Y'+ e (where X and Y, X
and Y' represent atoms in ground, excited, and ionic
states, respectively) has been studied both in theory
and experiment and has been called Penning ioniza-
tion. An analogous process involves the detachment
of an electron from a negative ion by energy trans-
fer X*+Y -X+Y+e. Of particular interest are
detachment collisions in which the neutral atom is
initially in a metastable excited state; we denote
such an atom by X*. We call this process Penning
detachment. One must keep in mind, however, that
another channel exists for deexcitation of X* which
competes with Penning detachment, namely sponta-
neous photon emission X + Y -X+Y +hv. In this
paper we calculate the cross sections for these two
processes in order to predict which will be the
dominant feature of a reaction system.

An impact parameter approach is used and
throughout the discussion X is assumed to be ini-
tially in a metastable excited state. We deal with
systems for which the energy of the metastable
E(X*))A(Y), the electron affinity of F, and the rel-
ative collision velocities are small. The latter as-
sumption allows us to treat the collision interactions
adiabatically. [Collisions of ions with metastable
hydrogen atoms are an exception; the diabatic and
adiabatic contributions are comparable for colli-
sions of H(2s) with iona, as we shall see. Further-
more, again anticipating ourselves, H(2s) is the one
metastable for which nondegenerate perturbation
theory is inadequate. ] One may think of the colli-
sion as proceeding as follows. The electric field
of the negative ion F induces Stark mixing of IX/,
the metastable electronic state of X*, with a nearby
excited state which may be coupled to the meta-

stable state by an appreciable electric dipole tran-
sition moment. If this nearby state (denoted IX/)
can decay rapidly enough to the ground electronic
state IX) of the atom, then we shall find that both
Penning detachment and photoemission have high
probabilities of occurring during the collision of X
and Y . We shall show that Penning detachment
occurs as a result of dipole-dipole interactions of
the electrons on the two atoms. We also find that,
while the proposed theory applies quite generally
when the above conditions are met, the detailed
calculations of the cross sections depend on the
energy difference ~„=IE(X*)—E(X„*)I at infinite
internuclear distance. For this reason we treat
several specific collision systems including H*
(2'S), H (nE„small), and Ca* (3'D), H (&ATE„„

large).

II. GENERAL THEORY

We have assumed classical straight-line trajec-
tories for the interaction paths. A trajectory dia-
gram for the process is shown in Fig. 1. %'e let p.

be the reduced mass of the two colliding particles,
R be their internuclear distance, and b be the impact
parameter for the trajectory. The diameter ro is
a hard-core interaction range, the distance of closest
approach of the nuclei for collisions in which b (ro.
There are two possible collision paths, as is seen
in this figure, depending on whether the repulsive
forces come into play.

A. Perturbation of Metastable State

Let the wave function for the metastable electronic
state of X be denoted by IX*) and that of the neigh-
boring excited state by IX~). These are members
of a complete set of orthonormal basis functions for
the electronic states. Let IT(t)) be the wave func-
tion for the excited electron at any time t:

IT(t)) =e IX~)+e,IX„*) .

The coefficients 6 and g„are time dependent and
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where r& and r2 are the position vectors for the
"active" electrons on atoms 1 and 2, respectively.
%e may use the same expansion for the X,*+Y
process, letting ri and r2 refer to X„*and Y, re-
spectively. Substituting in (l), expanding the ma-
trix element in terms of a set of intermediate states
IX„F ) and defining B,=er, and d~=erm, we have

FIG. 1. Center of mass trajectory diagram.

must obey the initial condition for the process:
J~' l =1, fe'„l =0 at t=to, effectively -~. At
some later time I;&to, the probability that the
electron on X be found in a state IX~& is given by
I8,(f}I . The interaction potential V responsible
for this perturbation is just that of an atom in an
electric field $(R), where the argument R reminds
us that the electric field strength depends on the
neutral-ion separation. The z axis of the atom is
defined at all times by the direction of the electric
field vector at its nucleus (rotating atom approxi-
mation ). Thus

V=1 SN) = - e gS(R),

where d = —er.
Having determined the probability I8,(R) I that

the atom is in a state IX,") at some neutral-ion in-

ternuclear distance R, me neglect X*-X transitions
and consider only transitions from X„and their ef-
fect on Y . The use of the separate-particle approxi-
mation will be justified later on by the long-range de-
pendence of the interaction cross section and of its
large size. Our neutral-ion system is, then, in

a state IX„*F ) = I+) IF ). We proceed to study

separately the probability per unit time for transi-
tion to a final state leXY) or IXF ). These transi-
tions represent Penning detachment and photon
emission, respectively.

B. Penning Detachment Cross Section

%e first consider the electron-electron inter-
actions between the two atoms which lead to Pen-
ning detachment. The probability per unit time P~
that the reaction X„*+Y -X+Y+e mill occur is,
according to %'entzel's Golden Rule,

P.= (»/ff)1&X.*F
I
W leXY& I'p(Ei)

Jla

where S' is the electron-electron interaction opera-
tor and p(EI} is the density of final states. Katsuura'
has treated the Penning ionization problem in cases
for which the two-center expansion is valid, so that

2
(2)

Because we choose &X„IX ) = 5 „and (F I Y ) = I
and because of our assumption of the separability
of the collision partners, it follows that

P, =—' i&x„*i- ', ix&&Y id, ieF& f'p(E, )

or

Pg 6 Q] $2 P Ef

Note that g)i and 82 are the dipole matrix elements
for the atomic transitions X~ X and Y"-Y+e,
respectively.

Ne assume that the electron carries off all the
excess energy, i. e. , E(e) = E(X*)—E(X) +E(F )
-E(F). Thus', is related to the cross section for
photodetachment of Y by the Golden rule. For,
upon averaging over the direction of polarization
of the incident photon, one obtains an expression
for the probability per second for photodetachment,

(2v/If)(vhv) is), i'p(Ei), (6)

~here v is frequency of the impinging photon and
Ez=E(Y }+hv=A(Y)+E(e). It follows that the
cross section for photodetachment o(hv) is

o'(h v) = (vv/c) i ~ i
~p(Ey) .

Substitution of this quantity into (5}yields

P, =~
I
~, l'co(h. )/.hvR'. (8)

P,(b)= J P,dt=M (lO)

The cross section for the Penning detachment pro-
cess is then

o~ = J 2vbP, (b)db

or

The total probability per second P, that perturbation
of X* results in Penning detachment is then

P = 4ciB i
0'(hv)

i
8 (R)

i
/QvhvR

where both 18„(R)I and R ~ will vary with time.
The probability for Penning detachment per coQision
of impact parameter 5, P,(b), is obtained by in-
tegrating P, over all time
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4c Is|1'cr(hv}
" "

I C,(R}I'

(12)

C. Photon Emission

Once the mixing of IX~) with Ix~) has occurred,
there is also the possibility that X will spontaneous-
ly decay to its ground state with the emission of a
photon. Neutral-ion interactions are neglected in
this process although it may, of course, be fol-
lowed by the absorption of the photon by F . The
probability of this second step is very small and
will be neglected.

The cross section for photon emission is calcu-
lated in a manner similar to that in Sec. II B. Again

I &,(R) I is the probability that the metastable has
been perturbed to I X~) . This quantity, multiplied
by the Einstein coefficient A„ for spontaneous emis-
sion to the ground state, X*„-X+ hv, yields the
probability for photon emission per unit time when
X~ and Y are at a distance R apart. Performing
the steps indicated by (10) and (11) and substituting
for A„we find the cross section for photon emission
0'~ is

4(g Ix) I

oe

o = ' 2vbdb
~

|' (R)~ df . (12)
3hc

jk -3

-5
0

FIG. 2. Probability per collision P~(b) for photon
emission as a function of e = b/ro for different values of
distance of minimum approach ro. Curves were cal-
culated for Ca~, H collision of 1-eV collisional energy.

III. CALCULATIONS AND RESULTS

(14)

where

)
V„]'= i&X.*I -ca~(R}IX+))'

TABLE I. Minimum separation D of neutral and ion
for which perturbation theory is applicable to calculation
of Stark mixing of states IX„*) and IX~).
[~E = IS(X~+) -&(X~)I.]

X* X„* &&,-~jhow(cm )

H(2 $) H(2~P) 4. 0 x 10-
Ca{3'D) Ca(4'P) 2. 0 x 10-8

D (cm)

~Q ]
1S03

Obtaining numerical results for our cross sec-
tions now depends on evaluating the integrals in
Eqs. (12) and (18). In determining an expression
for the integrand in the integration over the trajec-
tory, it is necessary to consider two different
cases, one in which 18,(R) I' may be approximated
as a function of R all along the trajectory by using
first-order perturbation theory and one in which
perturbation theory breaks down when R becomes
too small. To understand this distinction, recall
that first-order perturbation theory gives

&E„=~E(X~)-E(X*)
~

.
Equation (14) is applicable only for

~

V
~

«&E,„
however. W'e can estimate the distance D, at which
its use becomes inappropriate by calculating the
distance R at which I V„ I

'= 0. 1&E„. Table I in-
dicates the results. Since the distance of minimum
approach of the two atoms ro is about 2 A, it is
evident that first-order perturbation theory is ap-
plicable for any value of R for the Ca*, H system
but not for the H*, 8" system. We will determine
the cross sections for each system by separate
methods.

ln general, the probability P,(b) as calculated
from (10) has its maximum value for impact param-
eter ro, where it also has a discontinuous slope.
Figure 2 shows P, (b) for photon emission for dif-
ferent values of rp= h/n in the case of Ca*, H col-
lisions. One finds that P,(b) is much larger in the
Penning detachment cases. Since P,(b) can never
be greater than 1, however, we will set it equal to
unity for impact parameters for which Eq. (10)
gives a value greater than 1. If s is the impact
parameter for which Eq. (10) yields P, (b) =1, and
if r'0& s, then the cross section for the process will
be

o=vs + j 2wbP, (b)db
S
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if the backcoupling between initial and final states
is negligible. It will be found that this "saturation"
of reaction probability leads to a maximum value of

o~ for small values of rp.

A. Ca*, H Collision

The Penning detachment process

Ca+(3'D)+ H - Ca(4'S)+ H+e

is considered first. Here /2E„„/h, = 1803 cm
I &„(R) I is determined from (14) and $(R) = —e/R .
Employing the relations x=vt and R =x +b and

integrating over the appropriate path as indicated
in Fig. 1, we find

"
ip, (R) I2 352 e'Ib„

R6 128 AE b

(18a)

"
Ie„(R) I2df 2e'I&„ I'

v~82

proach.
To obtain quantitative results for o, and o„we

assume the wave functions of the electron states
associated with the neutral atom are hydrogenic.
The transition moments are then determined. o(hv)

is obtained from the photodetachment spectrum of
H as determined theoretically by Doughty et al. '
using a dipole velocity expression. If r, is taken
to be 2. 5 A and the relative collision energy is 1 eV,
one finds

a~=1.9 x10 cm 0'e=3. 6x10 8 cm~ .
We have shown the dependence of o„and o, on rp

in Fig. 3. Note that o„, especially, is sensitive to
rp, but is very large even for rather large values
of ro.

B. H*, H Collision

The two processes to be considered are

H'(2s)+ H -2H(ls)+ e,
H*(2s)+H -H(ls)+ H +hv .

(r2 b2)l /2

384be

zp 0&b&rp0

(18b)

where b„ is the z component of the transition mo-
ment between X„and X . The probability per col-
lision for Penning detachment is taken to be unity
for b&s=7. 0A.

One then integrates over impact parameter (nu-

merically in the region 0& b & r,) and obtains

Because of the near-degenerate nature of the
2 P-2'S levels in H( v- 0. 1 cm '), I e, (R) I

' cannot
be determined by the simple perturbative equation
(14). In principle, there could be a regionoutsidea
sphere of radius D for which Eq. (14) is applicable,
and whose contribution to a, or o, might be signif-
icant. Inside the sphere of radius D, I8„(R) I

It can be shown that the contributions to the cross
sections outside the sphere of radius D are negli-
gible. The important contributions to the probability

(17a)

-8

hl
Eu -)0

O
I-
LLI

P~e

(I 4 10() e IGg

c h 4E„vrp (18)

where ~=2~v. Here the cross section is only in-
versely proportional to distance of minimum ap-

We note that in (17b) o2 is critically dependent on

rp, the distance of minimum approach, and is in-
versely dependent on the relative velocities of the
two particles.

The photon-emission cross section is calculated
from Eqs. (13) and (14). Integration over impact
parameter in the region 0 & b & rp was done numer-
ically. P, (b) is much less than one for all b The.
resulting cross section is

~4M

O
K
O

-l 6—
0

-20—
-2I

0 2
i I

'0 (&)

l2

FIG. 3. Dependence of cross sections for Penning de-
tachment 0& and photon emission 0, on ro. Systems
represented are Ca*, H (solid line) and H~, H |'dashed
line).
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per collision P, (b) come from

(D2 52)1/2/
P, (0& b& r,) o-2 l8„(R)l R~dt= B,-(b)

( 2 2)1/2/

and

P,(r, & b & D) ~
2 2 1/2

(D -b ) /v

(19a)

(lob)

which, upon integration and setting I8,(R) I~= —,
' in

this region, yield

(gP b~)~~2
Bs(b)=

4 b2D2 P +
2b~

(&~ b~}& &~

b2y 2 ~r 2b2

3 (D2 b2)~~~ (p~ —b~}~~2+, tan ' —tan '
8b5v

(D —b) 1 3
4vb D D 2b

0& b&t'p
(20)

(DR b2) 1 /2+, tan-' , ~p&b&D.
8bv b

0

In this instance s=4. 1 A. For rp&s,

c I B& I o (h v)
a, = vs'+ (0.35) —

b
'

hvvs D
(21)

In the case of rp &s, numerical integration was used

to solve integrals involving B,(b). One finds

J '2vbB, (b) db= (0. 28) v/vr03 (22)
p

The second contribution to integration over impact
parameter gives directly (realizing only D» ro)

J 2vbB2(b) db= v /4vDro . (23}
Fp

Comparing (22) and (23), we realize that the prin-
cipal contribution to o~ comes from the region
where 0& b & rp and R & D. This indicates that our
neglect of the other reaction regions was justified.
Thus

o~= (0 12)clDil'o(b')/""«o' ~o's . (24)

We also investigate the probability for photon
emission during an H(2s), H collision. The cross
section is given by the general equation (13}and

P, (b) «1, always. Unlike the case of Penning de-
tachment, however, all portions of the trajectories
contribute to the cross section. Integration is
carried out over the trajectories indicated in Fig.
1 with the appropriate values for I &„(R) I as dis-
cussed above. Numerical integration was employed
in the region 0 & b & D, R & D when integrating over
impact parameter. Otherwise, the calculations are
straightforward. If one remembers that D» xp, it
is found that

os= (2vA. r/3v)(D —'ro')+~, ("l b,.l

"/»B' D)(3 75)

(25)

On substituting for A„and letting D -rp, we see that
cr, is, to within a factor of 1.2, just the same as
(18), as should be the case.

For a collision energy of 1 eV and a minimum
distance of approach rp=1. 0 A, we obtain o„=1.7

TABLE II. Cross sections for Penning detachment a& and photon emission (T~ for different collision systems.
E(collision) =1 eV. In the case of H(2s) only adiabatic contributions to the cross sections are given.

Collision system

H(2s), H-

Ca(3'D), 0-
Ca(31D), C
Ca(3'D), H-

He(2 S), H

He(2'S), 0-
He(2 S), C
He(21S), Cl

1.0
2. 8
2. 6
2. 5
1.5
1.6
1.4
1.8

o(hv)
(1018 cm2)

7b

6.4'
13d
23
1.sb

50
8f

10'

o„(cm')

1.7 x1p-"
1.9 x10
2.0 x10-'4
1.9xlp 14

2.7 x10-"
~ 4.p x10-"

4.5x10 15

4.9 x10-"

(T,(cm )

l. 5 xlp
l. 1 x 10-1'
l.1x10 17

3.6 x10-"
3.2 x1p-"
5.0 x10
2, 3 x]0-16

6.2 x 10-16

'ro = r~R) + r~(Y), where r~ is radius of maximum radial electron-distribution function calculated by Slater's
method of screening constants [J. C. Slater, Phys. Rev. 36, 57 (1930)] except in the case of Y=Cl where a value of
1 A. is used.

~Doughty ef al. (Ref. 5).
~L. M. Branscomb, S. J. Smith, and G. Tisone, J. Chem. Phys. 43, 2906 (1965).
M. L. Seman and L. M. Branscomb, Phys. Rev. 125, 1602 (1962).

'S. J. Smith, in Proceedings of the Fourth International Conference on loni@ation Phenomena in Gases, edited by N. R.
Nillson (North-Holland, Amsterdam, 1960),p. 219. Smith calculated the photodetachment cross section only for 0 (3P)
+hv 0( P) +e, thus neglecting formation of excited states. His cross section is therefore taken as a minimum value.

J. W. Cooper and J. B. Martin, Phys. Rev. 126, 1482 (1962).



B. BLANEY AND R. S. HERR Y

IV. APPROXIMiATIONS

We have employed a number of approximations
in the above calculations and will now discuss their
validity and the restrictions they may place on col-
lision processes to be studied. In specifying the
relative positions and orientations of the colliding
particles, we used the impact parameter and rotat-
ing atom approximations. The impact parameter
method is applicable if the wave packet of relative
motion does not broaden much during the collision.
This leads to the requirement that the collisional
angular momentum l = pbu/b»1 or that b» b/pv
In addition, if the mass p, is to be approximated by
a point, then the dimension of its wave packet
—b ' = b/ps must be small compared to the interac-
tion distance. For v & 10' cm sec ' and p, & &

x (mass hydrogen}, h/pn & 0. 3 A, and both conditions
for the applicability of the impact parameter meth-
od are satisfied. Any actua1, deviation from linear
trajectory during the collision will be small and
will effect the absolute magnitudes of a, and e~ about
equa1. l.y thus having little effect on the relative sizes
of these two cross sections. Katsuura' has em-
ployed the rotating atom approximation to study
Penning ionization processes. He points out that
doing so increases the true collision cross section
by a factor of -2. 5. Since similar electron-elec-
tron interactions are involved in Penning detach-
ment, as noted above, we expect a~ to be in excess
by the same amount.

We assumed also that the F- interacts X in an
adiabatic manner to produce Stark mixing. For
4E„ large enough that first-order perturbation
theory is valid throughout the process, the require-
ment for adiabaticity is that the interaction takes
place over an interval, of time larger than the Bohr
period of the transition, or

(« /b)(o/~)»1, (26)

where a is the dimension of the interaction region.
For nE„ /bc=10 cm ' as is the case for both Ca~

x10"cm~ while a,=1.5x10"cm.
C. Other Collision Systems

In Table II we present values for e~ and a, for
collision systems involving several negative ions
and metastables T. he energy gap AE /bc=4867
cm ' for He(2'S} -He(2'P} is large enough that the
interactions involved may be treated by first-order
perturbation theory throughout the collision pro-
cess. Photodetachment cross sections of negative
ions have only been investigated in detail for H-,

C, and 0 . Systems involving Cl ion have been
included since more work is now being done with

negative halogen ions. ' In all cases Penning detach-
ment is seen to dominate over photon emission by
factors of 10' to 10 .

and He~, one finds that v must be less than about
10' cm sec '.

When first-order perturbation theory is not ap-
plicable, appreciable spreading of the energy levels
occurs during the collision and it is better to in-
vestigate the requirement for adiabaticity':

1 dV„
(27)

For velocities of interest, condition (27) is fulfilled
except in the region 10-'& A & 5 x10- ~ cm. Purcell'
and Seaton" have shown that the diabatic contribu-
tions from this region lead to cross sections on the
order of 10 '0 cm~ for the transition H(2'S) -H(2'P)
induced by passing ions. Thus in the limit of very
small 4E our theory becomes incomplete because
of an onset of a region where interactions are no
longer adiabatic. It can be shown using (27) that
the interactions will be adiabatic for nE„ /hc
& 1 cm '. For energy separations that are at least
this large, the theory as applied to Ca~(3'D), H

should be quite generally applicable.
We have also assumed the 18„(R)I + I6 (R)I

=1 at any time during the collision; the probability
that the transition X„*-Xoccurs during the reaction
time r = a/s is small. For spontaneous photon
emission, A„ is a measure of the lifetime of the
state X„*, thus we require w«A„'. At a collision
velocity of 106 cm sec ', 7'=10' sec and 10' sec
for Ca*, H and H~, H systems, respectively.
Since A„' is on the order of 10 9 seconds or longer
our assumption is justified. In the case of Penning
detachment it is no longer true that lC„I + lg~ t =1
for impact parameters up to several angstroms and
we have set P, (b) = 1 in this region.

V. DISCUSSION

The absolute magnitude of a, is considerably
larger than gas kinetic cross sections. This is to
be expected due to the long-range potentials which
induce the Stark mixing. For cases where AE„ is
not small, a, is only on the order of gas kinetic
cross sections due to the short interaction time
during the collision.

The method of calculating a~ and a', which is
presented in this report should also be valid for
atoms in metastable states whose spin quantum
numbers S differ from that of the ground state (S~)
[i.e. , He(2'S): 8 = 1, S,= 0]. ln such a case,
however, both a', and a, are expected to be greatly
reduced if we assume that only Stark mixing with
an excited state I X, ) of spin S, will result in either
photon emission or Penning detachment. In fact,
the probability for either process occurring during
a collision will probably be reduced considerably.
This suggests that electron detachment will occur
via a mechanism similar to that of Penning ioniza-
tion and that the resulting cross section a„will be
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less than gas kinetic cross sections.
In our calculation, xo represents a hard-core

interaction range, analogous to the classical dis-
tance of closest approach for two colliding particles.
While a determination of r, from cross sections ob-
tained in monoenergetic collision experiments
would, in theory, be possible using the equations
presented above, in practice it would be difficult
since O„and o, vary within at most only one order
of magnitude over the range of expected values of

In the case of Ca*, H collisions, for instance,
one expects ro to be in the neighborhood of 2-3 A.

From the restrictions placed upon the theory by
the approximations employed, it is evident that our
method of calculating Penning detachment and
photon-emission cross sections will be useful in
gaining an order of magnitude estimate of the rela-
tive importance of these two processes when nega-
tive ions and metastable atoms collide. The cross

sections associated with the H*, H system indicate
that quenching of H(2'S} by ions, even H, is far
more important than Penning detachment in regions
such as the solar chromosphere where H is known
to be abundant. In any neutral-ion collision system
for which ~E~ is so small that diabatic contribu-
tions become dominant, quenching of the metastable
state will dominate over Penning detachment even
if adiabatic approximation indicates that o~ & e,.
On the other hand; interaction of H- or other negative
ion with atoms in metastable excited states as-
sociated with large ~E„will result in Penning de-
tachment (see Table II} and may be an important
channel for deexcitation of such metastables.
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It is demonstrated that the pure-Coulomb t matrix satisfies a modified unitarity condition
and that its discontinuity is not zero, as has been asserted elsewhere.

Recently several attempts' have been made to
evaluate the scattering amplitude for three charged
particles via the impulse approximation applied to
the Faddeev equations. All of these approaches
rely on a result due to Mutt, ~ who contends that the
discontinuity of the off-shell-Coulomb t matrix
along the unitarity axis is zero. We will demon-
strate here that this result is, in fact, wrong, so

that those results based upon it are probably also
incorrect.

To formulate the problem precisely, we follow
Nutt and define the Coulomb t matrix by the integral
representation derived by Schwinger':

(K,
~

T (Z'}
~
K, ) = - ',


