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straight lines drawn through the origin by less than
5%.” This statement does not appear to be strict-
ly true. Figure 7 shows the range in units of
(Z%/A)R as a function of the velocity of the projec-
tile where Z is the atomic number of the projectile
and A is its atomic weight. The results for N
ions show a break from the straight line through
the origin at about 3.5%x10% cm/sec and for Na
ions at about 2.7%10° cm/sec. For Ar ions the
present results do not go high enough in velocity
to ascertain the exact situation, but they never-
theless suggest that a break might occur at 2.7
x10% cm/sec. Since the range is zero at zero
velocity, the slope of each curve must decrease

as V=0 is approached, as is demonstrated by ob-

serving the low-energy curve of Evans et al. for
Ar ions in N,. It appears that the straight-line-
through-the-origin approximation of Teplova et al.
is not correct below a velocity of about 3x10°
cm/sec; at higher velocities it appears to be valid,
but it is not expected to be correct at velocities
higher than the maximum of the stopping-power
curve.!
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The transition probability for the multiphoton ionization of the ground-state hydrogen atom
by an intense electromagnetic field has been calculated following a nonperturbative method
developed by Reiss. One distinctive feature of the calculation is a minor reduction in the
power-law dependence of the interaction parameter in the transition probability.

I. INTRODUCTION

Recently Bebb and Gold! calculated the ionization
probability of the hydrogen atom by simultaneous
absorption of several photons using the perturbation

technique. Although the perturbation technique is
useful in ordinary quantum electrodynamics, its
application to the interaction of an intense radiation
field with matter suffers from difficulties. For
instance, at high intensities of the electromagnetic
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field, higher-order corrections cannot be tackled

in the perturbative way, because the expansion
parameter here is eA/E, which could be as large

as ten, e.g.,

eA [ 1 ( Am2>1/2]

= RO | —= ,

E o m
where «a is the fine-structure constant (a=107%),
and Am?/m? is the free-electron intense-field
parameter, which can be as high as 10™® for present-
ly available intense radiationfield. This as compared
to 137 in ordinary quantum electrodynamics is large.
To avoid this difficulty Reiss® has developed an
approximate method which is particularly suited for
the study of the interaction of the intense radiation
field with matter. It is based, essentially, upon a
unitary transformation, which takes account of the
major contribution due to the electromagnetic field,
leaving out terms that can be neglected in the long-
wavelength approximation. The accuracy of the
method increases when the number of photons in-
volved in the transition is large. In this paper the
multiphonon ionization of the hydrogen atom using
Reiss’s method is discussed.

Section II includes a brief discussion of Reiss’s
method and calculations of the amplitude for the
ionization of the general bound-state hydrogen atom
by absorption of # photons of the intense radiation
field. The result is displayed in the form of a sum
over allowed combinations of the three angular
momenta, viz., the initial angular momentum I; of
the bound state, the intermediate angular momentum
! 4 occurring in the partial-wave expansion of e"ex"‘,
and the final angular momentum /; of the outgoing
free plane-wave electron. Each term of the sum is
an infinite series in the interaction parameter
e%a®0?, where a is the amplitude of electromagnetic
field and a4 is the first Bohr radius of the hydrogen
atom. The coefficients of this series are functions
of parameter pa?, where p is the momentum of the
ocutgoing electron. The series represents the sum
of all orders of the interaction parameter eZa?2
exhibiting the presence of the lowest-order as well
as the higher-order correction terms.

In Sec. III, the ionization of the ground-state
hydregen atom is discussed. It is indicated that the
presence of the higher orders tends to reduce the
power-law dependence of the probability of ioniza-
tion. Numerical calculations, performed for the
estimation of the reduction in power-law dependence
in the multiphonon ionization probability of the
ground-state hydrogen atom by the absorption of
eight photons of the Ruby-laser beam at various
intensities, are presented. The results for differ-
ent angular momentum combinations [running from
0, 14,15=(0, 0, 0) to (0, 14, 14)] shown in Fig. 1
indicate that the pronounced effect of the presence
of higher orders appears in the neighborhood,
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and above a certain value of the interaction param-
eter [different for different (0,1,4,1,) values], at
which the amplitude vanishes. Just before this
value of the interaction parameter, a reduction in
the power law is observed, while above this value
a sudden enhancement is noted. The total probabil-
ity of ionization shows a minor reduction in the
power-law dependence.

In Sec. IV the results are summarized and a few
improvements over the present calculations sug-
gested.

II. MULTIPHONON IONIZATION
A. Reiss’s Method

In the presence of an external electromagnetic
field &, the Schrodinger equation for an electron
bound by a Coulomb potential V(») is given bya

8 (2 e .5, €A )
Zat Zpﬁ(Zm —mK P+ 2m F V)b

1)
With the help of the unitary transformation b~
=e"1A%) Eq. (1) can be rewritten as
2
i‘:—t‘llf=<"2%7+ V("r))gb. (2)
In writing down Eq. (2), terms like 8,(A - X) and
V(A - %) have been neglected. In the long-wave-
length approximation, i.e., when w/E << 1, where
w is single-photon energy of the radiation field and
E is the transition energy in question, such approx-
imation is well justified. Solution of Eq. (2) will
then give a bound-state wave function in presence
ofthefield A. The S-matrix element of relevant
transitions involving the states satisfying the dy-
namical equation (1) can now be developed using
the time-development-operator formalism. Follow-
ing the calculations of Reiss, the bound-to-bound
transition-matrix element is as follows:

Th=—i fj:dt ei(Ef-Ei)t(¢f,H' eieAJx ®;), (3a)

T4 =i (Ey—Ey) f_:" dt el EsE)? (¢f’eieA-i¢t) ,

where in Eq. (3a) (30)

e’A?
2m

e >
Hl=-- %K'p—#

In going from Eq. (3a) to (3b) use has been made of
a commutator theorem, which is valid in the long-
wavelength approximation of an intense radiation
field. ¢; and ¢, are time-independent initial and
final bound-state solutions of Eq. (2). The presence
of e****X in the amplitude indicates the presence of
multiple powers of K, showing the nonlinear char-
acter of an intense radiation field in the transition.
The matrix element for the process of multiphonon
ionization is similarly obtained and is given by ex-
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8 FIG. 1. Results of Eq. (16) for I,
, 14 are shown. The dis-
continuities in curves for a particular
14 value show the points where contri-
bution to the probability of transition

vanishes.

pression (3b) with final bound-state wave function
¢, replaced by free-electron wave function ¢>“'°°

B. Ionization Amplitude

In this section the multiphonon ionization ampli-
tude for the hydrogen atom is calculated. The
bound-state wave function ¢; which is required for
the calculations is given by*

¢i = U"il{mg (T’ 0’ (P)

= Q(ny, 1)) (28;7)" ™" LT (2B7) Y yym, (6, @) ,
(C)

where

(n -1 _1)! 1/2
(nh )'_((zﬁi)s Zni[‘(mili)‘]) ’

Bi=Z/n;ay,

ni=li-1
31:-»;: (231 7) = E Pni ’ l(; i)(ZBIT)ki

and

Py, 1y, k)= (= 1)ki*2h+t

[, +2)!

(ﬂ‘—li—k‘—l) (Zli+ki+ l)lki! ’

/'—'\ —
1560 . /J_.\ S

when n;, I;, m; are quantum numbers of the initial
bound-state hydrogen atom. The final free-elec-
tron state is taken as the usual plane wave

*

1 - -
free _ _ ~ipex
e
the partial-wave expansion of which is
*
¢ = (2737’: Z) (=9)'7 j1(b7)
X i Ylfmf p‘Pp) Ylfmf(e <P) s (5)
mp==ly
where

-) = (p’ eﬁ; ‘Pp); .f'_‘ (’V 6 (p) .
Further assuming X to be in the Z direction and
&= Za coswt when a is the amplitude, e'*2°% can be
expanded as

et R E = 2 [am (21,4 1)]2 4], (eAr) ¥y 40(6, @) .

t Q)
Using Eqs. (4)-(6), the amplitude for the ionization
of the hydrogen atom in the n;, I;, m; state by
absorbing photons of intense radiation field can be
written as®'®
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o 41 S 5
(¢;me, eieA x¢i) - W Z; (—Z)lf Yzfm{(ep (pp) E [41T(ZZA+ 1)]1/2i’A
140 14=0

« ((zz,+1)(zzA+1)\1/2

am(20,+1) ) c(lilyly;mi0)e(ly, 1aly; 00)Q(n;1;) (28;)"

szA*lf
21A+lf+2 (ﬁgi-ekia-lf»lAQS F(lA+ %)

ng-1;-1 R
X kEO P(ny, Ly, ki) (28)"
i=

Eé)"‘ S D(li+ R+ 1+l ,+3+2my) 1,8 pe2m N s 5,22
X(p L Ty e T emy + 5 C P E e,y =y =ty 5 Las £ %A%,

where , F; is a finite polynomial of degree m ; given
by m 1 242

3 e Clymmy =3, %A

r=0 7! (lA+ %)r pZ

It is to be noted that because of the presence of
the Clebsch-Gordan coefficients, the matrix ele-
ments [Eq. (7)] vanish unless the following con-
ditions hold:

(L=t <tas|t+14],
l;+14+1;=even integer, (7))
m;=m, |already used in Eq. (7)].

The time integration in (3a) is performed by
collecting terms proportional to e*™* in Eq. (7)
with the result

Tp==2Ti(E;—Ef)25,0(E;~E;+nw) THY . (8)
TE™ can be easily obtained by noting that for
fi

A =acoswt=3a (e + e%)

one can write
eA\Fa ([ ea)#ria 2%.4 27’+ZA)Zzs-zr-tA
P 2p 520 S ’
(9)

where Z=¢'%t,

(7)

[

For n-photon absorption, one needs only to
know the coefficient of Z™. The relevant coeffi-
cient from above is

ea rely TF2r+1,+ 1)
<2p) D(r+3ly-sn+ 1) T(vr+ 3l +3n+1) 7’
10)

with v+ 31, - 37> 0, since index S in Eq. (9) can
have only positive integral values. This implies
that if the absorbed photons are odd (even), the in-
termediate angular momentum must also be odd
(even). Furthermore, if [, >#%n, 7 can go from 0
tom,; but if I, <n, » canstart from v=3ln -1,
only.

Using this condition the expression for the ampli-
tude can be written in new indices M and K defined
by

m,=M+§n—§lA, 1)
r=K+3n—35l,.

The new indices M and K can start from 0 or
111, -n| provided that I, <# or I, >n, whichever
the case may be. Using less than (<) and greater
than (>) signs as subscript for I, <n and I, >n
cases, respectively, the matrix element for the
photoionization by absorption of # photons reads

=30 1 1 L 1 L ]

FIG. 2. Total transition probability
[Eq. (16)]is plotted. No discontinuities
occur.

1
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S g, (21, +1)(21, +1) \1/2
X 27 [4ﬂ(zzA+1)]“2z’A<(—ﬂ—)(l—“—)—) cUilaly;mi0)c,l,l;; 00)

14=0 4n(21,+1)

n;=1 ;-1

%pzﬁzz)zf/z(_ 1)(n-1A) /2

X Qn;, 1,)(28,) ‘Z’ Pln,;, 1, ki)(zﬁi)ki‘% (
) k=0

<[ ety ety 3
M>=(1/<2)HA-IH

X

4 I'(2K+n+1)

BT, +3)

T +k;+lp+n+3+2M)(- 5p%6;2 )M

(eza2/4p2 )K

Ky=/2)11 4-n]

1"<§ TWM -K+1) M -K+1;+3)T(K+35n=%5la+ D)DK+ Sn+ 51, +3) I“(K+n+1)1"(K+1)] - (12)

_ The series in square brackets in Eq. (12) can be rearranged to give a double series in terms of two in-
dependent parameters, viz., the interaction parameter f5e%28;2 and the parameter 1p%8;% with the result

©

(1% eZaZBEZ)n/Z Z;

T(2K +n+1)(~£ e%a?682)

K0 TE+5n -5l + DTE+Sn+5iy +3)TE+n+ DI E + 1)

Ky=(1/2)114-nl

Equation (13) tells us that the least power of the
interaction parameter 5 e%?8;% involved in ampli-
tude of the n-photon absorption process is u,
which is consistent with the ordinary perturbation
theory. All other higher powers are the correction
terms to the lowest-order term.

The series in index v of Eq. (13) can be summed

|

w3 DK +1;+ky+1,+n+3+2)
ve0 T+1T+1+3)

(-3p%2)". (13)

|

up. This can be done by first writing each series
in its hypergeometric form and then utilizing a
well-known transformation,

2Fuila, B v; x)=(1=x)"P,Fiy~a, y=8 7; x).

Equation (13) transforms to the result

(& o%a?B:2)"2 i amlitkr2e2K POK 1 p+1) F[K+%(li+ki+lf+n+3)]1"[K+%(l,-+ki+lf+n+4)]
Is : Ko T +3) TE+ )T E+n+1) TE+5n-Fl+ DI K+ gn+ 5ls+3)

Ky=(172)11 4-n]

(‘flgezaZB;Z)K
X (1+p23-_2)21(+li+ki+1f-
i

The ,F, involved in (14) are all polynomials. The
convergence domain of the series in index K is
given by

. (16 fK+1> 1 2 2,2
lim| =~ “)<1.
KE(KZ fK (ﬁea Bt )

Here fx,; and fyx are values of expressions involv-
ing p%6;2 for the (K +1)th- and Kth-order terms,
respectively. Keeping only the first term of the
polynomials, the domain of convergence is

[e%267%/(1 +p2B2)?] <1.

Since this includes the presently available maxi-
mum value of e%2a2~0.01, it is worthwhile to do

(147

o e Pl K =5 @k tlpen) 41y, =K =50+l +ky+n+ 1) +1a5 Lo+ 35 —p28%].

(14)

f

some numerical computation. In Sec. III are pre-
sented numerical results for the ionization of
ground-state hydrogen atoms.

III. GROUND-STATE IONIZATION

The ground -state ionization potential of the hy-
drogen atom is 13.6 eV. The minimum number of
photons (each of energy 1.78 eV) required for ion-
ization is eight. The energy of the outgoing electron
is then 0.064 eV and the parameter p%2 has the
value 0.047. Since the number of photons is even,
the intermediate angular momentum I, must also
be even.
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The amplitude for the ground-state ionization by
absorption of » photons can be easily obtained by
using the ground-state quantum numbers n;=1,
I,=m,=0 in the general expression [Eq. (12)].

]

. . 272 © (_1)1/2Xn-14) 1/2
Tf{in):_zmé(Ef_Ei_nw)(Ei_Ef)T:Wag/z Z)( 1) (27, +1)

(

Equation (7’) allows only I, =1,. Consequently only
one of the I, and I, summations would contribute.
The Clebsch-Gordan coefficients involved are all
unity. So the ground-state ionization amplitude is

(%pzag)lA /ZS(ZAy n)YtA 0(9p(pp) ’

(15)

(C@a+3))°

F2K+n+1)I(2K+1,+n+3)

1420
where
_(fg e’ ad"? i
8Ua, n)= u%};zfgj“m‘ K0

_1 2232
x( e a ag

(I +p%ag)

The probability of ionization integrated over the
full solid angle £,(0,¢,) is

Wy =2 ((Ei -E)?2 | |15 |3 dﬂ,)ﬁ(Ef -E;-nw),

S (214 +1)
(@' =B} L ol

x(5p%ad)4[s@a, n)|?. (16)
An interesting experimental result in the multi-
photon ionization of some noble gases is the reduc-
tion in the power dependence of the interaction pa-
rameter in the transition probability.” The power-
law dependence of the transition probability given
by Eq. (16) can be determined by using the formula

power of x=‘%}nl-£€‘ , x=tsela%l. 17

Taking, for example, only the I, =0 term Eq. (17)
reduces to
a, amlfoflx ..
a% f§ = %01 fof1 +x°ai ST

power of x=n )

ke /o1 gem TE+ En = FL e DT E + 30+ 51+ HTE +n+ DIE + 1)

K
) tFi(=K —n+dla—K-$n-%+314; 1a+3; -p%l).

where a, and a,,; are coefficients of x" and x™ in
(16). Equation (18) predicts a reduction in the value
of n for small values of x. Numerical results of
Eq. (16) at various values of the interaction param-
eter are given in Figs. 1 and 2. Figure 1 shows
the contribution to the probability of transition due
to terms with [, =0, 2, 4,..., 14. The results
show that for a particular I, the contribution to
the probability of ionization vanishes at certain
values of the interaction parameter, e.g., for

1, =8, the vanishing of the amplitude occurs at
x%0,0050 and x= 0.0310. Around such a point the
power-law dependence for the term of a particular
1, first decreases and then shows an immediate in-
crease as the value of the interaction parameter in-
creases. To demonstrate this effect, lnwy, (1 ,=8)

-vs lnx is plotted in Fig. 3. The slope of this curve

gives the power-law dependence. The slope of the
curve in Fig. 3 for x<0.0050 is = 7.6, while for
x>0.0060 is *9. This shows that in the neighbor-
hood where the amplitude vanishes, the contribu-
tions from higher orders become significant.
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FIG. 4. Power-law dependence of
the total probability of transition is ex-
hibited.
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Figure 2 gives the variation of the total transition
probability at various intensities. No vanishing
point occurs within the range of values of the inter-
action parameter considered; however, a reduction
in power-law dependence occurs (see Fig. 4).

It is to be noted that there exists no restriction
on the maximum value of the intermediate angular
momentum I, and it is difficult from Eq. (16) to
draw conclusions about the convergence of the sum
over the angular momentum /,. However, the re-
sults up to I4,=14 in Fig. 1 tend to show a reasonable
convergence of the 7, summation.

IV. SUMMARY

Numerical results obtained indicate a minor re-
duction in the power-law dependence of the interac-

tion parameter in the total transition probability for
ionization of the ground-state hydrogen atom by
Ruby-laser light of photon energy 1.78 eV. In the
present calculations, the effects that would arise
due to the intermediate bound-to-bound transitions
have not been taken account of. Also the final wave
function of the outgoing electron that was used was
the plane-wave function. The results would certain-
ly be modified if one used the modified wave func-
tion of the outgoing electron in the presence of the
intense electromagnetic field.®
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