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CERN, 1968 (to be published), Vol. II, p. 135, find at

pl b=51Bev/c
r((d-~++m +m')

~ (&++n- +p) x r(~- all)
=128+3 pb,

with a t dependence e, B =3.08+0.7. Using theBt

known ~- x +x +m branching ratio we estimate

—(g +n —u+p) ' =100+50da' p =5.1 pb
t =-0.5 GeV

1 1
Assuming an &2™~2energy dependence with —p (u &y,
we find at pl b= 6 BeV and t =-0.5 a value of 80+40
pb/GeV . Barmawi (Ref. 2) quotes experiments of2

W. Bugg et al. and G. Benson et al. giving da/dt - 0.25
mb/GeV at t =-0.5, pl b=3.25-3.65 BeV/c. Assum-
ing the same energy dependence as above we find for

p]ab = 6 GeV/& and t = —0.5, do/dt ~ 80 + 30 p.b/GeV2.
E. Shibata and M. %ahlig, Phys. Letters 22, 354 (1966)
find at Plab =10 BeV/&,

I'(u x+y)
cr(n +p v +n)x I"(~- all)

=5+2 pb

with an e t dependence. This gives at t =-0.5, da/

dt =20+ 10 p, b/GeV . The same energy correction gives
at pl b=6 and t =-0.5, da/dt =60+45 pb/GeV . The
consistency among these evaluations encourages us in
believing that our Eq. (4) is realistic.

SIn addition to taking the extreme limits of Eqs. (2)
and (4), we have also used the p&&

= g limit in the ab-
sence of concrete information. The average values of
Eqs. (2) and (4) and a p&&-4 would give 0.004 pb/GeV
as the limit in Eq. (5).

~OThe +' may be needed elsewhere in order to avoid
the difficulty with factorization pointed out by V. Bar-
ger and L. Durand, Phys. Rev. Letters 19, 1295
(1967).

A. P. Contogouris, J. Tran Thanh Van, and H. J.
Lubatti, Phys. Rev. Letters 19, 1352 (1967).

This agrees with the prediction of Dar et al. , Ref. 1,
who derived it using different assumptions.

One could also consider the exchange of the I= 0
component of the B-meson octet. Such a contribution
would interfere with B exchange but not with ~' . Po-
larized-photon experiments can distinguish between
such a contribution and co' exchange. Another possi-
bility is the introduction of a fixed pole, either in
photoproduction only or in photoproduction and m+N
—V+N.
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The problem of interaction of atoms with intense light is reformulated via a time-de-
pendent unitary transformation. An effective electronic binding potential is obtained.
The effective perturbation remains bounded as the intensity of the incident light increas-
es.

The mechanism responsible for initiating
sparking in gases irradiated by very intense la-
ser beams (about 10"Wicm') is usually consid-
ered to be multiphoton photoeffect. Past calcula-
tions of ionization cross sections have been low

by many orders of magnitude, and calculations
of threshold intensities have been high by two
orders of magnitude. '~' The difficulty experi-
enced in these calculations is that perturbation
theory is applied to intensities far beyond the
limit of validity of the usual theory, and what is
equally important, the effect of the intense elec-
tromagnetic wave on the initial state has been
totally neglected. Indeed, the concept of photon
absorption has its roots in perturbation theory,
so that even the meaning of the concept becomes
unclear at the intensities that we consider.

In view of these difficulties, we propose a re-
formulation of the problem of the interaction of

intense light with atoms. Essentially, the meth-
od consists of a transformation to an accelerated
frame of reference. It is shown that, in nonrela-
tivistic dipole approximation, an effective inten-
sity-dependent potential that binds the electrons
can be found. The remaining terms in the inter-
action approach a finite limit as the incident in-
tensity is increased. The present formulation of
the problem is equivalent to the usual one at low
intensities.

For simplicity, we consider a hydrogen atom
in the nonrelativistic dipole approximation. The
method is easily generalized to the case of many
electrons moving in a Coulomb potential. The
Schrodinger equation is

1 5- e-
—. V =A(t) +(r, t)+ &(r)+(r, t)

2m i c
84=ih —(r t).7
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We introduce the new wave function

()((r, t) = Q4 (r, t),

where

l@e ~
Q= exp — —A(r) V+ ~ A(r) d7

„mc 2PPl c

i t t
=exp J— &. (r)dr .

int

(2)

(3)

The reader should note that no assumption con-
cerning the validity of a Schrodinger equation in

an accelerated frame of references has been
made. Equation (8) follows immediately from
Eqs. (1)-(3); it is somewhat similar to a result
obtained by van Kampen. '

We consider the incident field to be a mono-
chromatic plane wave of angular frequency ~, so
that apart from a phase factor,

Because of our dipole approximation, 0 may be
written as a product:

e'=
m&uc +'

0= 0~02,

Q, =exp — A(r)dr V,
Qo fPl

t e2
Q~ = exp —

2 A (r)d r .
~ 2mc'

is a trans lation ope rato r,

(4)

where Ao is the amplitude of the incident wave.
Equations (8) and (1) must be equivalent to all

orders in e, since (8) has been obtained from (1)
through a unitary transformation. However, the
reader may find an explicit proof for first- and
second-order processes more satisfying. For
small Ao, the time-dependent potential term
may be written

((,f(r) f F — A(rhfv)-
~ pic

Thus, the transformation (2) represents a shift
to an accelerated frame of reference.

For brevity, we define

pt e
n = —( A(v)dr'

J mc (6)

V(r + n) = V(r) + (n V) V(r)

+(1/2!)(n V) V(r)+ (10)

with n = eosinwt. For one-quantum emission or
absorption processes, the matrix element is

(a I n V V(r)lb) = n (a I[V, 8 ]Ib)

The relation

e -' e-
A(7') = —E(t)

PÃC m

8$=ih (r t)—at (8)

indicates that n is the classical displacement of
a free electron from its center of oscillation in
a radiation field E(t).

One easily shows that P(r, t) satisfies the dif-
ferential equation

2
—V'y(r, t)+ V(r+n)y(r, t)

= (E E)n (a I V Ib-)
5 a

= h(u n (a IV Ib).
ba

Since for single-quantum processes I ~y~ I= ~,
this differs from the matrix element of the low-
est order intera, ction of (1) by a phase factor.

%e next consider a second-order process in
which two quanta are absorbed, so that Ef=E0
+2@. In this process, one must take the second
term of (10) to second order and the third term
to first order. Hence the matrix element for
two-quantum absorption is

52m ~ n (flV im)n (mlV IO)

(flP. '10) = z(f l(n V)'V(r) I0)+)
rn

Eo-F- +5M (12)
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The first term may be written as follows:

'(f-I(n V)~V(r) lo)=&(f I[n V, [a V, H ]] lo) =2(f I[n V, a VH H-a'V]10)

=-,'(fl(a V)'H -2(a v)H (a v)+H (n v)'Io)
0 0 0

=-,'(E +E )(f I(a V)'10)-g(f }n.V Im)(min V lo)E
m m

=Q(fin V Im)(m I a V lo)(E +le-E ).
0

Because of the relation

I'e ~ +(E +R~ E)'-=h'&u',
fm mO O m

(12) reduces to the usual second-order matrix
element for two-quantum absorption as calculat-
ed from the interaction of Eq. (1).

In the study of ionization of atoms, the poten-
tial of interest is the Coulomb potential,

the leading term in their respective power-se-
ries expansions.

The effective potential V,(r) is easily under-
stood by calculating the effective charge that
would produce it:

1 2
ep -(r-)=- —V V (r)eff 4r 0

2
8

V(r+n) = ——
jr+nj

e I tq'r ~ 3=-——,-fe J (a q)d q.8~' 0 0 (18)

2 iq (r+ a)
8 8 ds22 2 q.

Because of the relation &=o.'0sint, we may
write

(15)

Taking e, in the positive Z direction, one ob-
tains

eff v a ' —Z')'" '
8 1

OO

iq n + ( )
in+i

qe (16)

2 lq'r
V,(r) = —— — —,—J,(a, 'q)d'q.2' q

(17)

Equation (16) shows that the potential contains a
time-independent part given by

=0 Z&e
7 0P (19)

Equation (19) gives the time-averaged charge
seen by the electron in the oscillating frame of
reference. The term (1/w)(no -Z') '~ is the
classical probability density for an oscillator os-
cillating in the Z direction with amplitude +p.
The effective potential can be simplified by mak-
ing use of the identity

It should be noted that the expansion (16) insert-
ed into Eq. (15) is equivalent to the expansion
(10) if one approximates the Bessel functions by

1 2m i+0 qsinp

Insertion of (20) into (17) yields

(20)

i(q r+a, qsinp) 2

V,(r) =- d'qdp = ——
I

4w q 2& J0 I r+ &0sinp I
' (21)

which is the time average of the potential in Eq. (8). This integral cannot be evaluated in closed form.
&ne can, however, easily obtain an estimate for the order of magnitude of intensity-dependent shifts
of ionization Potentials by approximating Jo(ao'q) by cos(no q/v2). This is reasonable in the region
n, 'q&2. This gives a good approximation of V (r) only for large r but here we shall consider the re-
sult for all x as an order-of-magnitude calculation. In this approximation

840

2 i q (r + a,/W2) i q (r-nJW2) 2 2
Vo(r) -- 2 a

QS0 4~2 q' 2 Ir+ ao/v2 I 2 Ir-a, /~21 (22)
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Equation (22) indicates that, in this approxima-
tion, the electron sees two charges of magnitude
—,'e separated by a distance v2 a, . For a ruby la-
ser beam of intensity 2 x 10"W/cm', v 2 &, is ap-
proximately 0.8a, . The work of Bates, Ledsham,
and Stewart on the wave functions of the hydro-
gen molecular ion indicates that in the present
approximation, the ionization potential drops to
75/o of its zero-intensity value. Since this esti-
mate is based upon an approximation which is
quite poor, it would not be surprising if, at 2
&& 10"W/cm', ionization potentials fell to half
their zero -intensity values.

The present procedure is equivalent to the usu-
al one; its merit lies in the much more rapid
convergence of the perturbation series at high
intensities. Thus, in the present formulation,
one would first find eigenvalues and eigenstates
(numerically) of the Hamiltonian

H = — V + V (r)
2m 0 (23)

with &0(r) given by (21), and then compute ioniza-
tion probabilities due to the time-dependent per-

turbation

2
e

V
jnt 2/2

iq r

q2 n 0

Each term of (24) is clearly bounded as the in-
tensity of the incident radiation increases to ar-
bitrary values.

The author is indebted to Mr. Abraham Hirsch-
man, Professor Ik-Ju Kang, and Professor John
H. van Vleck for stimulating discussions during
various phases of this work.
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A 2.2-m streamer chamber in a large electromagnet was used with a 16-GeV brems-
strahlung beam to study multibody photoproduction. This paper reports on the 851 three-
prong, three-constraint kinematic fit events of the type yp-7|+7( p; at energies above 6

GeV, these go almost completely to a pp final state.

We wish to report on part of the results ob-
tained in the first run of an experiment to study
multibody photoproduction with the Stanford Lin-
ear Accelerator Center 2.2-m streamer cham-
ber. '

A collimated bremsstrahlung beam of 1.6-GeV
peak energy and 3-mm diameter was incident on
a l-cm-diam, 3-atm hydrogen gas target extend-
ing through the streamer chamber. The beam of
low intensity (-120 equiva. lent quanta per 1.5-
psec pulse —180 pulses/sec) was measured by a
quantameter. '

The chamber was mounted in a large electro-
magnet with a field of 8 kG and was viewed by

three cameras in 18 stereo through the open up-
per pole of the magnet.

The streamer chamber was fired and pictures
taken every time a charged particle triggered a
rectangular fourfold coincidence array covering
approximately +15' around the beam direction.
The large scintillation counters were split (~2')
in the horizontal plane containing the target and
were perpendicular to the magnetic field in order
to reduce the number of triggers from electro-
magnetic background events.

The interaction vertices located inside the hy-
drogen gas target were invisible.

Of the 87000 pictures taken and scanned, 7055
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