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A perturbation theory of the ionization of atoms by simultaneous absorption of several photons, each of
whose energy is less than the ionization potential, is developed from the evolution-operator formalism. A
precise computation is made for the hydrogen atom, giving transition rates as a function of photon energy
for two- through twelve-photon photoionization. The eighth-order ionization rate (in cgs units) at the
1.78-eV ruby-laser line is found to be ~10~24X (photon flux)® and should be observable using available
techniques. Good agreement is obtained with Zernik’s exact calcualtion of the two-photon ionization rate of
metastable 25 hydrogen. Approximate calculations are made for the rare gases. Assuming ““typical”’ experi-
mental conditions of a gas density of ~10% atoms cm™ and a ruby laser focused into a volume of ~10-8
cm?, we find that the flux required to liberate one electron during a 10-nsec pulse is ~10% cm™2 sec™! for
Xe, Kr, and Ar and ~5X10% photons cm™ sec™? for Ne and He. These gases ionize with the simultaneous
absorption of 7, 8,9, 13, and 14 photons, respectively. The predicted rate for Xe is found to be in excellent
agreement with the recent direct measurements of Voronov and Delone. We conclude that multiphoton
ionization provides the initial electrons required for the optical breakdown of gases, though it does not ac-
count for the over-all growth of the discharge except possibly at very low pressures. Impurity atoms (par-
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ticularly heavy rare gases) may be the source of “initiating” electrons in Ne and He.

I. INTRODUCTION

HE breakdown of various gases in the focal region

of a Q-switched laser has been reported by several
workers.~* The growth of optical discharges in rare
gases seems to be quite well accounted for by inverse-
bremsstrahlung theory which gives results very close
to those obtained through the ad hoc use of the classical
theory of microwave breakdown.’ The cascading ioniza-
tion is found to take place through the agency of “free”
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electrons absorbing energy from the field while in the
neighborhood of gas atoms. There thus remains the
query, “Whence the initial electron(s) which trigger
the breakdown?” We assert that they are provided by
direct multiphoton ionization of neutral gas atoms,
cautioning, however, that in some instances the ioniza-
tion of impurity atoms present in minute concentra-
tions may play a dominant role.

The advent of the laser has led to abundant experi-
mental verification®!® of Goeppert-Mayers’ theory!
of the simultaneous absorption of two photons by an
atomic system. This new experimental capability has in
turn motivated application of the theory to a variety of
specific systems.'?~17 In particular, Zernik!® has per-
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formed an exact calculation of the two-photon ioniza-
tion rate of metastable 2S hydrogen atoms and
Geltman!” has made an estimate of the two-photon
photodetachment of negative halide ions. The latter is
in quite reasonable agreement with the measurements of
Hall, Robinson, and Branscomb.!® The present authors
have extended the perturbation-theory treatment to
the computation of N-photon photo-ionization rates for
rare-gas atoms, using rather crude approximate wave
functions and matrix elements.!® Keldysh has written a
semiclassical theory of multiphoton ionization.?? He
extends Oppenheimer’s? perturbation theory of tunnel-
ing in static fields to the optical-frequency regime.
Voronov and Delone have measured the rate of ioniza-
tion of Xe atoms by ruby-laser light.?? Their results are
in good agreement with our calculation’s prediction for
this seven-photon process.

In this paper we carry out a precise, detailed calcula-
tion of the V-photon ionization rate of atomic hydrogen
for N=2 to 12. (N =38 for the ruby laser.) The general
features of and insights gained from this calculation are
then applied to the rare gases Xe, Kr, Ar, Ne, and He,
whose ionizations require 7, 8, 9, 13, and 14 ruby laser
photons, respectively. All rates calculated are high
enough to be measured using presently available lasers.?
The rare-gas results indicate that direct multiphoton
ionization provides the initiating electron(s) for the
observed optical breakdown of Xe, Kr, and Ar, while
it seems likely that very small traces of impurities,
particularly heavier rare gases, furnish the first elec-
trons in Ne and He.

Section II presents the formal theory of multiphoton
ionization. The evolution operator technique is used to
treat the interaction of the quantized field with the
atomic system. Expressions are developed for the lowest
order contributions to transitions involving absorption
of N photons. Explicit formulas for multiphoton ioniza-
tion are then written. These results are applied to a pre-
cise perturbation calculation of the multiphoton ioniza-
tion rate of hydrogen in Sec. III. Coulomb final states
are used and summations over intermediate states are
carefully performed. Section IV contains a much more
approximate computation of transition rates and
“Initiation” fluxes for the rare gases Xe, Kr, Ar, Ne, He.
The calculation is based on a “hydrogenic” model. Re-
sults are discussed in Sec. V. Comparison to observed
cross sections is made. The relationship of multiphoton
ionization to optical breakdown in the rare gases is con-
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Letters 1, 66 (1965)].

28 Multiple-photon ionization experiments can probably be
most effectively performed using atomic-beam techniques similar
to those reported in Ref. 18.
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sidered. The role of the mode structure of the exciting
laser beam on the interpretation of experimental data
is also briefly examined. Appendix A derives selection
rules for multiphoton transitions in the hydrogen atom.
Appendix B presents the details of the calculation of
the hydrogen “average energy denominators” which
appear in high-order matrix elements.

II. FORMAL THEORY

1. Perturbation Expansion

Power and Zienau?* have shown that the Hamiltonian
for a bound electron interacting with a radiation field
can be written

H=H+Hp, (1a)
where
Hr=—e8&(rt)-r (1b)
H0= H8+Hr (1C)
and
H,=p*/2m+V(x) (1d)

H,=(1/87r)/|a|2+|sc|2dv=§ oy, (le)

In Egs. (1), &(r,t) is the transverse part of the electric
field. (The Coulomb gauge has been assumed.) The
second equality of (1le) presupposes quantization of
the radiation field; 7, denotes the number operator for
mode \.

The use of the quantum-electrodynamic formalism is
convenient (though not necessary) for considering
optical maser sources. Following Heitler?® (whose nota-
tion we adopt) we define the electric field operator in
terms of annihilation and creation operators, ¢\ and ¢f,

&= (i/c) La(ipAr—arAy®) (2a)
where
A= (4wc?)t2eirre, (2b)
The “ladder” operators are defined by
g m)=[(7/20)m ]2 [ ma— 1), (32)
qx'f[m)=[(h/wa)(m—l-l)]l”]m—}—l). (3b)

The state |#y) of the radiation field is specified by the
photon occupation number, 7). The complete radiation
field is described by specifying the entire set of occupa-
tion numbers over all modes, |#1,%2," « -7, - - ). These
states are the eigenstates of H, (or the number operator),

H,=Y mhon=2x [Qoy/B)rtgpnJheon.  (4)

In (4), the number operator is implicitly defined in
terms of the “ladder” operators.

2 E. A. Power and S. Zienau, Phil. Trans. Roy. Soc. (London)
A251, 427 (1959) ; Nuovo Cimento 6, 7 (1957).

26 W, Heitler, The Quantum Theory of Radiation (Oxford
University Press, London, 1954).
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We develop the theory of multiple-photon absorption
by direct application of time-dependent perturbation
theory using the concept of evolution operators. Since
evolution operators are only occasionally used in atomic
or solid-state physics, we give a brief resume of their
properties.?¢ Within the interaction representation, the
time evolution of the system arises solely from the inter-
action part of the Hamiltonian. Suppose that at time
'=0, the system is in one of the eigenstates |g) of the
unperturbed Hamiltonian, H,. Then after time ¢, the
state of the system is |¢(¢)). We postulate that there
exists an (evolution) operator Ur(f) such that |¢(2))
=U1(#)|g). The probability amplitude &, that the sys-
tem is in some other eigenstate of Hy, say |n), is clearly
given by the projection of |¢(#)) on to |n),

bu=(n|¥(0)=(n|Us()|g).

If |¢()) is represented in terms of the complete set of
orthonormal eigenstates of H, then b,, is just one of the
expansion coefficients of

[¥(0)=2m bu(t) |m).

where

t tn
Ur™(f)= (ﬁl)‘"/ dtnf Atpy+ -+
0

IONIZATION OF H AND RARE-GAS ATOMS 3

Thus, by definition, the probability that the system has
undergone a transition from |g) to |#) in time ¢ is

Wao(t)=[{n]U2())|g)]*=[ba]* ©)
and the transition probability per unit time is
Wa, o= (/)W n,4(1) . (6)

Since the evolution operator satisfies Schrédinger’s
equation, we may write

Ur(t)=1+4(in)1 / HY (YU ()dt

which is just the integral form for Schrodinger’s equa-
tion (in the interaction representation) with H;'(¢)
given by

HI/(Z)=eiH°t/hH[e_iH°”h.

By successively substituting the right-hand side of this
expression back in for Ur(¢'), we arrive at

Ui)=1+ 3 U™, (7a)
-/”2 A Hy (t)Hy' (tn)- - - Hr' (t1)
(7)

= (ih)_"/ an H[/(tn)Hl,(ln_l) v H]l(tx) .

To calculate the Nth-order contribution to the transition rate between, say the ground state |g) and some final
state | f), we must determine the matrix element of Uy (¢). From the definition of U;™(¢) given by Eq. (7b),

we have

(FlUL™ (1) g)=(h)~ / aVi(f| HY (tw)HY (tv-) - - - HY' ()1 () | g)

=(ih)—N/ Nt Y X X (S HY (tw) [ mav—)

MmN—1 mN—2 m2 mi

X{my—1| Hy (ty-1) [my_s)- - - {ma| H' (1) [ ma){ma | HY (81) | g) . (8)

The sums over the m, are extended over the complete set of states of H,, discrete plus continuum. Next we integrate
over time. To eliminate rapidly oscillating terms, the lower limits on the intermediate integrals are taken as
¢ — .2 The lower limit on the final integral is taken at /=0 to ensure the final state was not occupied before the
perturbation was “turned on.” Thus,

eiw/,,t_l
(1O | g)=(—h)~¥ My,o™, (9a)
Wyr,g
where
(my—1|Hr|my_s) (my—o|Hr|my_g) (mi|Hr|g)
My, M= 3 3 -2 X(f|Hr|mn-1) X © e X——.  (9b)
mN-1 mN-2 m2 m1 Wmy_1,0 Wmy_2,0 Wmy,g

. g:flor an extensive treatment, see A. Messiah, Quantum Mechanics (John Wiley & Sons, Inc., New York, 1962), Vols.

27 See Ref. 25, p. 140.



4 H. B. BEBB AND A. GOLD

The frequencies appearing in Eqs. (9) are defined in the
usual manner, w; ;= (Ex—E;)/%, where E; and E; are
the eigenenergies of the unperturbed Hamiltonian Ho;
these energies include both radiation field and the atomic
energies.

So far the formulas derived are quite general and
applicable to a large class of multiple-photon effects. We
now specify that we are concerned with N-photon
photoionization. Obviously, the lowest order contribu-
tion to photoionization cannot involve the creation of
photons. Therefore, the only part of the field operator
& that requires consideration is

8= (1/c)r xppAx,

where ¢y is the annihilation operator defined in Eq. (3a)
and A, is given by Eq. (2b). For simplicity of notation
we consider a radiation field containing only one mode
of frequency w and occupation number ». With these
considerations, we take the interaction Hamiltonian,
Hy, as

(10)

Hi=—e8& r=(—1ie/c)wgA - r=—1ieR(4m)%wqg. (11)
The new quantity R(=e "e-r) operates only on atomic
states.

The matrix elements of Hr can immediately be evalu-
ated. Let the state |g) be denoted |a,;#), where a,
specifies the atomic quantum numbers and » specifies
occupation number of the field. Similarly the states
|m,) are represented by |a,;#’). Using the definition
(3a) for the annihilation operator ¢ and recalling that
for each successive matrix element the radiation field is
depleted by one photon, the Nth order matrix element
M, , Y defined by Eq. (9b), becomes

My, oW =[—ie(2rhe) " * PV {[n— (N—1)]
X[n—(N=2)1X- - - X[n—1][n]}*K o,0,"", (12)
where

Kojag™=3 X -+ X a7 R|ay-1)

aN—1 aN—-2 a2z ai
{an—1|R|an—2) {a1| R|a,)
~v—1|R|an—2 % 1 o (13)
(waN_l,an'— (N“‘ 1)0)) (wal,ag'_w)

In (13) we have separated the frequencies appearing in
the denominator of Eq. (9b) into the atomic and field
frequencies,

Winy, 9= Wm ™ Wg= [way+(n— Dw]— ["’ag“‘ nw ]

=Way,a,— @~
Putting the results into Eq. (5) gives

Wi, o™ (@)= [{FIUI™ 0| g)]*
= h_2Nf(“’f,a:t) l Mf,a(N) | 2

=[2m(e/ W) ]V f(©1,00) | Kog.a0|*5  (14)
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where K, ., is given by Eq. (13) and

flws,g)=| (e 0t —1) /ey 4| 2.

We have neglected the depletion of the photon field in
the last line of Eq. (14). This is reasonable for optical-
maser sources since the occupation number is of the
order of 10%.

It is convenient to replace # by F/c where F (No.
photons cm™2 sec™?) is the photon flux. Further, since
we are interested in times long compared to 1/wy , we
replace f(w,!) by its asymptotic value, 2m#8(w). Then,
the transition rate per atom can be written

(d/at)W 5, (t) = 2w (2waFw)V
X | Kaga, ¥ |20(ws,0), (13)

where « is the fine structure constant, e?/%c. Equation
(15) is useful for considering transitions between two
discrete atomic states.

When the transitions are to the continuum, one must
treat a group of neighboring states within a small energy
range de; , rather than a single state. From Eq. (15) we
have, upon integration over e, [incorporating the
appropriate density of states, p(es,5) ],

)., = 22w aF)V | K oy 0y ™| %(0).  (16)

The density of final states, p, depends on the nor-
malization of the continuum-state functions.”® In this
work the continuum-state wave functions are nor-
malized so that p(k)= (27)=3. Then, the density of states
with respect to energy becomes

(m/ W2k
.,
(2r)?

p(e)=

where % is the wave number of the electron and the
energy is defined by

€7,0=€e1— Nho+#%%2/2m=0.

¢r is the ionization energy of the atom, 7 is the photon
energy, and the last term is the kinetic energy of the
electron. Substituting the density of states into (16)
gives

m/h
wy,g ™ (Or,1) =——2maFw)V | Kap o™ |%.  (17)
(2m)?

Here, wy,, ™ (0x,¢x) denotes the “differential” transition
rate corresponding to the probability for emission of an
electron in the direction (8x,¢x) within the solid angle
dQ. The total transition rate per atom is

wy, N= f dws, ™ (Or,0x) (18)

28 See Ref. 26, Vol. I, p. 170.
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Equation (17) is the central result of this section. The
integral over dQ; cannot be performed until the final-
state wave function has been more fully specified.

The Nth-order contribution to the perturbation ex-
pansion for the transition rate can be written in the
form

wy,,V = const(0.85X 10-33F /i) ¥ | K o4, | %

where 7w is the laser photon energy measured in elec-
tron volts, the number in the bracket is just a combina-
tion of natural constants, and other symbols are as pre-
viously defined. The convenience of the expansion and
the adequacy of keeping only the lowest nonvanishing
term follows from the quantity in parentheses. The
Ko, (with matrix elements in atomic units and
energy denominators in electron volt) vary but slowly
with N. Hence, conservatively speaking, the present
perturbation treatment should suffice for fluxes <103,
higher order contributions being negligible. However,
for very strong intermediate resonances saturation of
the intermediate state may place a lower limit on the
validity of perturbation theory.!® The typical fluxes en-
countered in breakdown experiments are F~102°— 103!
photons cm™2 sec™.

2. Damping and Level Shifts

A rigorous treatment of damping and level shifts is
difficult even for “one-photon” problems and is an un-
explored area in multiple-photon effects. Although de-
tailed discussion is beyond the scope of the present
paper a phenomenological damping term can be put into
the theory following Weisskopf and Wigner.?? They
assume initial- and final-state wave functions with time
dependence

[al))=cisot=rat12| ).

The principal consequence is an addition of a 34y to
every energy denominator appearing in our equations,
where v is the combined width of initial and final states.

Detailed treatment reveals a complex, flux-dependent
damping parameter v’+4y”’ causing both a shift3® and
broadening'® of the resonance lines. With the photon
fluxes available from optical maser sources, the shift
of lines and even the ionization edge may sometimes be
significant. (Order of magnitude estimates place the
shifts in the tantalizing region of ~0.1 eV.) We reserve
further discussions of damping. Henceforth, we shall
include it in our energy denominators when it is im-
portant and omit it otherwise. This slight looseness in
usage should cause no confusion.

3. Notation

Because of the complexity of the Nth-order matrix
elements it is convenient to develop an abbreviated

»® V. F. Weisskopf and E. P. Wigner, Z. Physik 63, 54 (1930);
65, 18 (1930).
% M. Mizushima, Phys. Rev. 133, A414 (1964).
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notation. We associate a transition operator 7, with
each sum over states:

R|a,)a|
T,=Y . (19)
o (Way,apy—ve0+17/2)
We also define 7™ as
m—1
m=[II T,]R. (20)
y=1

The Nth-order matrix element, (13), is now written in
terms of the Nth-order transition operator,

Kagay™=(as|7™|a,). (21)
If we wish to separate out the (NV—1)th order, we write
K0, =(as| Tn_17"|ay)
(as|R|an-1)
aN-1 (Way_1,0,— (N —1)w+1v/2)
X{an-1|m¥ 1 a,). (22)

Only the portion of the matrix element of interest need
be explicitly displayed.

4. Evaluation of Nth-Order Matrix Elements

The chief difficulty in calculating the transition
probability for N-photon ionization is the evaluation of
the Nth-order matrix element Kag, q,‘Y). Perhaps its
most conspicuous feature is the appearance of many
infinite summations over electronic eigenstates. The
energy denominators associated with these summations
over intermediate states can, under fortuitous cir-
cumstances, become small. If, say in »th order, vw is
nearly equal to one of the atomic energies, then that
atomic state will make the dominant contribution to the
sum.!® These “‘near resonances” are the key to making
approximate calculations of the matrix elements. The
“near resonances’ also cause a characteristic dispersion
in the transition probability as a function of the photon
energy.

For simplicity of notation, we immediately make the
dipole approximation and assume the radiation field is

polarized in the z direction, then,
R=¢lk'rg.r=3, (23)

With this simplification the Nth-order matrix element
(13) is given by

Kopag™= 20 2 -2 2ay|zlan-)

aN—1 aN—2 a2 al
(an-1]z|an_s)
(wﬂN-l.“g_ (N—=1)w+1iv/2)
(an—2|z|an—s)
("’azv-z,a,,_ (N— 2)w+i'y/2)
(a1]2]a,)

("’al.ag_w"'i’)'/z) ’

(29)
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HYDROGEN
_8
12.282
LiMiT 13.595
6(s;-h) 13.217
7 5(s;-,q) 13.051
iz496 4Sp.dif) 12.745
3(s,p,d) 12.085
6
i0.711
2(s,p) 10.196
S5
8.926

Fic. 1. Relevant portion of the hydrogen spectrum. All energies
are in electron volts. Integral multiples of the ruby-laser photon
energy (1.785 eV) are also indicated.

where the “sums” extend over complete sets of atomic
eigenstates, |a,).

We eliminate the “sums” by using an “average”
frequency,' o(v), independent of the state, to replace
the atomic frequencies wg,,qo,- Then, the numerator of
Eq. (24) can be “collapsed” to give

(as|2V]a,)

Kaf,ag(N)= (25)

N-1
I [G()—wrti/2]

The equal sign is retained in (25) since there must exist
some set of frequencies @(v) such that the two matrix
elements are equal. No approximations are yet involved.
In fact, a little algebra reveals that the “average” fre-
quencies are defined (neglecting damping) by,

(ol @)l o) (a0
[o(¥)—vw] .

This result is obtained by defining &(u) in each succes-
sive order u by equating the right-hand sides of (2%)
and (25).

Additional reduction of Eq. (25) is possible by assum-
ing there exists a single ‘“average” frequency for the
virtual states, @,, independent of the order, ». The new
“average” frequency is

(26)

ay (wap e Vw)

N-—1 N-1
II [6()—ww]=IT (@v—rw). 27)
y=1 y=1
The Nth-order matrix element then becomes
a;| 2V |a,)
Ka,,a”(N)= < f| I g (28)
N-1

IT (@o—rwt3iy)
v=1

In this form the problem of evaluating an Nth-order
matrix element is reduced to determining an ‘“‘average
frequency,” which in principle is well defined by Egs.

BEBB AND A. GOLD
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(26) and (27) and calculating a single matrix element.
Of course, a straightforward evaluation of @, still in-
volves an infinite sum (see Appendix B). From a purely
formal point of view, the number of matrix elements to
be evaluated has been greatly reduced and we have
therefore made progress. In addition the occurrence of
“near resonances” can be used to simplify the
calculations.

The electronic spectrum of atomic hydrogen is shown
in Fig. 1. Integral multiples of the photon energy of a
ruby laser (1.785 eV) measured from the ground state
are also indicated. It will be seen that the #=4 state of
hydrogen falls within 0.25 eV of being seven photon
energies above the ground state. Owing to this “near
resonance,” we expect the z=4 state to make a domi-
nant contribution to the sum over states. To make use
of such coincidences, we avoid ‘“collapsing” the matrix
element on the sum containing the near resonance. If,
the near resonance occurs in only one order, say », we
take the matrix element (24) to be

Kagay™
(as]2¥]a,)as| 27| ag)
(way,ag_”w'l"i')'/z) H [‘bv{l‘)*#w“l"iﬁ’/zj
Lz
1 (as12%7 | @)@ | 2| ag)
=] g : fin
- av Way 0, VWOT?
T (Go—wo-tiv/2) !
p=1
pFEv

where we have added the subscript » to the average fre-
quency &,(u) to remind us that its value depends on the
states a,. Unless v=N—1, two equations are required to
define @,(u), one for u>» and one for u<v:

(as|z¥=#| au)aul | a0) (as]5Y7|a))

, (30)
“">#v (wap,ay"#w) [‘;’V(N)_F“’-’]
and
<aVIz”_"|au><a#lZ"|ao>= (as| 2| ag) 6D
2, () Léon() — e ]

The final average &, is defined in analogy with Eq. (27),

N—1 N-1
II [ov(w)—uew]= II (Go—pw). (32)
r=1 p=1
unFEv wFEv

The extension to additional ‘“near resonances” is

obvious.!?

Strictly speaking, @, depends on the state g, as well
as ay, a, and the photon energy and finally the order N,
of the matrix element. Thus @, must in principle be
evaluated for each term of the indicated summation in
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Eq. (29). What we hope, and indeed find, is that &,
does not depend strongly on the parameters and can
therefore, to a good approximation, be replaced by some
fixed value. Direct computations for hydrogen, which
are outlined in Appendix B, set this value near the
first excited level which possesses nonvanishing ma-
trix elements coupling to the ground state, i.e., for H,
€2p,1s=10.2 eV. For more complicated atomic systems,
we cannot perform the direct computations required to
define &,; hence, we simply choose @, as the first excita-
tion level in analogy with hydrogen. This choice of &,
differs from the value assumed by Gold and Bebb; in
that work @, was taken as the ionization energy. Conse-
quently, the absorption cross sections reported there are
somewhat too small. For continuous final states the sum
over the intermediate states |a,) contains the matrix
element (a;|z¥—""*|a,), where |a;) and |a,) are both
in the continuum; an integration over |a,) must then
be performed. This difficulty is not encountered in prac-
tice, however, since the dense set of states for y=N—1
generally contains important “near resonances.”

III. HYDROGEN

In this section we turn our attention to detailed cal-
culations of /N-photon ionization of atomic hydrogen.
Since the hydrogenic wave functions are well known, we
expected that rather accurate computations can be per-
formed. The development of realistic computational
procedures is emphasized. While the techniques em-
ployed are not exact (in the sense of Zernik’s treatment!6
of two-photon photoionization of 2S-metastable atomic
hydrogen), they are quite precise. Careful computations
serve a twofold purpose: first, atomic hydrogen is of
interest in its own right and experiments though difficult
may be feasible using atomic-beam techniques. Second,
the results of the calculations for atomic hydrogen aid
the establishment of reasonable approximations for
more complicated atoms.

1. Nth-Order Transition Rate for Hydrogen

We now evaluate the NVth-order matrix element de-
fined in Eq. (24) for hydrogen. The positive energy
continuum states are formed from eigensolutions com-
mon to H., |1|2, and I, where H, is the Hamiltonian of
the unperturbed atom and 1 is the angular-momentum
operator. These wave functions will be denoted | k,,m).
The hydrogenic final state is given by the partial-wave
expansion?t

© l
la)y=|k)=dr 3 % iR (y,kr)

=0 m=—1

XYm(0,6) V™ (k1)  (33)

© l
=dr Z Z ileiﬂllk,l’m>ylm*(0k,¢k) ’

I=0 m=—1

(34a)
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where y=1/ka,

[k,l,m)=Rl°('y,kr) Yzm(e,d)) , (34]1))
Ric(y,kr) = Ni*(y) (2kr)!
X e F (14 14-iy | 214-2| 24kr),  (34c)
Noo(y)= |D+1—iv)|e™r/2/(2141)1,
and finally,
m=argl'(l4+1—1y). (344d)

These wave functions have been treated at length by
several authors.3!

Using the partial-wave expansion (33), the Nth-
order matrix element becomes

o 1
(klr¥|ag)=4r 3= 3 eV ™(0rer)

l=0 m=—1

X {klm [ TN] ngslgmg), (35)

where |74,l,,m,) denotes a “hydrogenic” ground state.
Since we have chosen our coordinates such that 7% de-
pends only on z (not x or y), m=m, in the final state,
| k,l,mg). With this simplification the absolute magnitude
of the matrix element squared is given by

[ (k[ 7 | 79,0) |*

— (U2 3 (= i) mG) e Y (B h)

=0 I’=0
X Yl'm*(okad’k) (naalﬂl TNI k:llxk;ll TNI ”mla) . (36)

The magnetic quantum number m has been suppressed
in Eq. (36). Since we are interested in the total ioniza-
tion rate, we integrate (36) over all angles assumed by
k, i.e., over dQ;. Using the orthogonality relations for
the spherical harmonics, ¥ ;”(6,¢x), we find

/ | (k| 77| 14,05) | 2= (41r)? g)l (kb 78| ng)le)[2. (37)
For convenience we define
e O Ay ENT P CHEY

This “integrated” matrix element depends on the wave
number % while the “old” matrix element depends on
the wave vector k.

The total transition rate can now be written from
Egs. (17) and (18)

m/h
wy, oV ’=z2—-)-2(2me)” |E |7V [m0,00)| % (39)

8 W. Gordon, Z. Physik 48, 180 (1928); Ann. Physik 2,
1013 (1929); A. Sommerfeld and G. Schur, bid. 4, 409 (1930);
N. F. Mott and H. S. W. Massey, The Theory of Atomic Collisions
(Oxford University Press, New York, 1952); and H. A. Bethe and
E. Salpeter, Quantum Theory of One and Two Electron Atoms
(Academic Press Inc., New York, 1957). For a more recent and
complete account, see Ref. 26.
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() /F¥ as the resonant denominator
(Neodymium 1.064 line) @0
- | a [ Gom, o~ »00)*+1%/4] goes to [1/4].
T T T T T T T 1]
14 1.15 1.16 .17 1.18 .19 1.2 1.21 1.22
PHBTON ENERGYCEV)
107334 N=11
v=10 n=1-7 1=0,2
7 v=8 v=10 v=9 mn=3 41
107336 ] n=2 [ln=4 ve8 mns«2 1=0
4
107338 |
Fic. 3. Dispersion for 11-photon
= - v=10 ionization rate. The large peak as
B e n=s v hw=1.275 eV is due to simultaneout
S 0T resonances in eighth and tenth orders.
107342 _]
107344 T T T T T T T 1
1.25 1.26 1.27 1.28 1.29 1.3 1.81 1,92 1.93

PHOTAN ENERGY CEV)

The (N—1)th order will always be treated as a near
resonant state. Using the selection rule Al=o1 for
dipole matrix elements, the Nth-order matrix element
in (39) can be written to display the near resonance

(k] 7 | masha)] 2
= 4y g (ol 7 | sl 2

5 (ky 11 3|m,0)
n (0n,n,— (N—1)e+1v/2)

o3|

2
X(n,llr”‘lln,,,l,)l +|term in l—llz} , (40)

where the values assumed by ! are determined by the
nonvanishing contributions of (n,}| 7¥1|n,,l,). For
convenience the sum over / is referenced to the (N—1)th
intermediate state.

Formally, the sum over the principal quantum num-
ber # spans the complete set of electronic states, dis-
crete plus continuum. However, because (N—1)w

typically falls in a spectral region where the states are
relatively dense (see Fig. 1), it is reasonable to expect a
near resonance for at least one of the values of # (or per-
haps several values of ). Hence, only a small number of
states together make the dominant contribution to the
sum over #, and we can approximate (40) by taking
only those states with energies near (V—1)%w. Since,
on the other hand, the states may be closely spaced,
hwn,ny— (N—1)Ao can of course be small over a large
range of n. However, it is well known3? that matrix
elements of the form (n,l|2*|#’,l') decrease rapidly with
increasing # (for #>7’) so that the number of significant
terms in the sum over # is still limited to about ten for
each allowed value of /. In many cases, only one term is
needed to obtain a good approximation.

2. Computational Formulas for Nth-Order
Hydrogenic Matrix Elements

The calculation of Nth-order matrix elements breaks
naturally into two parts; (1) The evaluation of the
bound-bound matrix elements (/| 7#|n,,l,) appearing

32 H. A. Bethe and E. Salpeter, Quantum T'heory of One and Two
Electron Atoms (Academic Press Inc., New York, 1957).
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in Eq. (40), and (2) the evaluation of the sums over the
intermediate states containing the near resonances. We
have reduced the problem of computing the bound-
bound matrix elements to the calculation of an average
frequency, @, and a single matrix element (#,l|2*|n,,l,).
The details for computing the average frequency, @,
for hydrogenic systems are given in Appendix B. We
now discuss the remaining “sums” containing the “near-
resonant” states and present a computational formula
for the hydrogenic Nth-order matrix element. We re-
write Eq. (40) explicitly displaying the frequency de-
pendence and referencing the sum over/ to the (N —1)th
intermediate states (rather than the final states),

z

PHOTAN ENERGY CEV)
[E| 7| 0,00} |*

-6z

2

(k141 2] m, 1) m 2| 2V | 1g,0,)

N-2
(@n,n,— (N—1)w) IT (@r—rw)

r=1

+ |term in (l—-l)lz} . (41)

To account for the possible occurrence of near reso-
nances, we sum over #(and all allowed ) up to some
maximum, #mex. The remaining terms can be approxi-
mated in analogy with (B6). We define a new average
frequency @ and approximate (41) by

nmax (k’ +1 !Z‘ﬂ,l)(ﬂ,ll ZN—-llna)ltI)

|<k1rN|n,,z,>12=<4r>2z{

l

n

=1

(B, 1129 | 1,0 — 3o (o, B-H1] ], 1), 591 g, 0
n=1

=1 N -2
(@n,n;— (N—1)w) IT (@y—re)

2

N -2
Q@—-W—-1)w) I-;Il: (@r—rw)

I + |term in (l—l)[z} . (42
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The average frequency €, though not easily calculated,
can be reasonably estimated. The term involving  rep-
resents a sum over the discrete states near the ioniza-
tion edge together with the continuum states; Q is the
average frequency appropriate to these states. The
dominant contribution from the continuum states occurs
in a region 1-3 eV above the ionization edge. The
energies of the discrete states are near 7w;. Hence, we
expect 7Q to be near 7w;. '

Choosing Q=1.2w; gives good agreement with
Zernik’s!® results for 2S—H (second-order photo-
ionization) and ensures that [Q2— (N —1)w] will not be-
come small introducing an artificial resonance behavior.
The results are not critically dependent on the choice
of Q since the term involved normally represents only
a small contribution to the matrix element.

3. Numerical Results

A FORTRAN computer program was written to evalu-
ate the NVth-transition rate. The main program computes
the Nth-order matrix element (42) (using several sub-
routines to calculate the various radial and angular
integrals) and then calculates the transition rate from

Eq. (39). The ground-state and intermediate-state
quantum numbers and energies, the order &, the num-
ber of orders containing near resonances, and the aver-
age energies %@, and %#Q are supplied as input. The out-
put from the IBM 7074, w; ,¥ and 7w, is written on
magnetic tape which is used as input to a Calcomp
digital plotter. The digital plotter draws the transition
rate as a function of photon energy. The dispersion
curves reproduced in this work are taken directly from
the digital plotter output [the label W/(F¥) on the
ordinate should be read as wy ¥ /F¥],

The Nth-order photoionization transition rates in
hydrogen have been calculated for photon energies
ranging from 1.14 to 13.4 eV corresponding to the
simultaneous absorption of from twelve photons to
two photons, respectively. The results are given in Figs.
-2 through 13. The figures are ordered with increasing
photon energy starting at 1.14 eV (V=12). The reso-
nance states and the order » of the intermediate reso-
nances are indicated, i.e., the resonance in Fig. 2 denoted
by »=11 and #=4 corresponds to a small energy de-
nominator #(ws,1—11w). The states explicitly summed
over in each order » are shown in the inset with the re-
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maining states being incorporated through the agency
of the average energy #Q=1.24w;. The lower order
sums not involving near resonances are approximated
by “collapsing” over the average energy 10.2 eV [see
Eq. (42)].

Atomic hydrogen ionizes with the absorption of
eight ruby quanta (1.785 eV). The dispersion for the
8th order transition rate is given in Fig. 6. It will be
seen that seven ruby photon energies fall between the
n=3 and n=4 atomic levels. Increasing the photon
energy to ~1.82 eV makes 7%w resonant with the n=4
state. We have indicated the corresponding transition
rate (wy,‘M=2.5X10"235F8 sec~!/atom) appropriate
to a linewidth of 1y=10"% eV.

The dispersion curves show several interesting ‘“co-
incidences.” Referring to Fig. 2, we note that near reso-
nances occur in two separate orders, »=11 and 10, at
nearly the same photon energy, Zw=1.21 eV. In
fact, the =3 state is a near resonant state for the
complete range of photon energies (see Fig. 14) with
| #(w3,1—100) | 2<0.47 for all #w within, 1.14 eV<w
<1.22 eV;similarly for the 2p state, | #(w2,1—9w) | 2<0.6
within the indicated range of photon energies. Hence, we
have treated only the 2p and 3d states as near resonant

PHBTON ENERGY(EV)

states (v=10 and 11, respectively). The 3s state (de-
generate with 3d) is of course also near resonance, but
we have neglected its contribution since the matrix
element involved is small compared to the 3¢ matrix
element (the larger angular-momentum states, in
general, make the dominant contribution to the photo-
ionization transition rate).

Additional simultaneous resonances occur at 7w
=1.275 eV (N=11) and Aw=2.55 eV (N =6) shown in
Figs. 3 and 8, respectively. The lower energy ‘‘simul-
taneous resonance’ at 1.275 eV, occurring in orders »=8
and 10, is particularly interesting because the resonant
atomic states are separated by two photon energies
(rather than a single photon energy as with the reso-
nance at Aw=2.55 eV), ie., #ws2=2.549 eV and
2hw=2.55 ¢V while 8%w=10.2 eV is very nearly reso-
nant with the 2s state (see Fig. 14).

In Fig. 13, our calculation of the two-photon ioniza-
tion transition rate of 25 metastable hydrogen is com-
pared with Zernik’s'® “exact” treatment (Zernik’s re-
sults are indicated by the dashed line). The average
energy #Q is taken as 1.2%wr (fwr=3.399 eV for 25 H).
The agreement is good with noticeable discrepancies
appearing only far from resonances. This, of course, is
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expected since our technique is most accurate for pho-
ton energies in near resonance with an atomic state. The
ruby photon energy (1.785 €V) is near resonance with
the 3p hydrogenic state (1.889 eV above the 2s state).

IV. RARE GASES

In this section we estimate the NV-photon ionization
rates of the noble gases Xe, Kr, Ar, Ne, and He, for
ruby laser light (#w=1.785 eV). These processes re-
quire (in the lowest nonvanishing order) the simul-
taneous absorption of 7, 8, 9, 13, and 14 photons, re-
spectively. Subsection 1 summarizes some minor modi-
fications in the theory and general selection rules. In
Subsec. 2 we treat each of the rare gases in turn begin-
ning with He. We give a brief resume of certain features
peculiar to each gas, the relevant portions of the spectra
and the dispersion for the transition rate in the neigh-
borhood of 1.785 eV.

Most experiments on gas breakdown have been per-
formed over a limited range of atomic densities around
~1020 atoms cm—3 and using a Q-switched ruby laser
with ~10-nsec pulse duration, focused into a volume of
~10~8 cm—3, Taking these values as defining a typical

experiment, we find that the initiation flux required to
liberate one electron is ~10% photons cm~2 sec™! for
Xe, Kr, and Ar and ~5X10% photons cm~2 sec™ for
Ne and He.

1. Theory

The wave functions for the noble gases are approxi-
mated by hydrogenic wave functions with the radius of
the appropriate Bohr orbit scaled to the atomic radius.
Expressing the Nth-order matrix elements in units of
(ao/Z)¥+312) all frequencies in units of electron volts,
w(~/sec)=(e/300%)w(eV), and measuring the wave
number % in as~!, we can write the integrated transition
rate (39) in a convenient numerical form,

Wy, oW =Z-3(1.412X 10%)
X [0.84564 X 10-33Z2Fewey ¥ | (B | 7 | o 1o | 2. (43)

The computational form of the matrix element is given
by (42). The procedures used for hydrogen are applied
unaltered to the rare gases. In analogy with hydrogen,
we will take %, as the first excitation energy and
7Q=1.2%hwr. This choice of #&, differs from that used by
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Gold and Bebb,!* where the average energy 7w, was
taken as the ionization energy, 7u;.
In contrast to our earlier work, we take explicit

LIMIT zuawN='2_ " 10 9 8 7 6°5 4 3 2

: 13.595
n= T 13.318
n=6 ——77 =T — i32i7
n=5 9 13.051
n=4 + TEJ»., 12,745
- 6
5
n=3 - + 4— 12.085
10 1 3
9 | I
8
7 1
5|
n=2 o 4 10.196
I 71 1

Fic. 14. Resonant energies. The brackets show the range of
viwev spanned in the dispersion curves (Figs. 2-12) for hydrogen.
N specifies the order of the process and the number accompanying
each bracket specifies the order » of the intermediate] resonances
explicitly “summed on.”

account of the intermediate near resonances using the
appropriate scaled hydrogenic functions (rather than
“collapsing” the matrix element over the resonant de-
nominators) and use scaled Coulomb functions (rather
than plane-wave states) to represent the continuum
states. The resulting transition rates are larger than
those previously reported.

Selection rules for an N-photon transition are most
easily derived by successive applications of the selec-
tion rules for one-photon processes. Both (LS) and (57)
coupling are employed as appropriate. (j7) coupling
obtains when the “electrostatic interaction is weak
compared to the spin-orbit interaction of the parent
ion, but is strong compared to the spin coupling of the
external electron.” In this case we couple the J, of the
core ion with orbital moment I, of the external electron
to form a resultant K. The total angular momentum J
is formed by coupling K to the spin s, of the external
electron:

Jc=lc+sc,
K=Jc+le,
K+s.=J.
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TaBLE I. Summary of properties of the rare gases. The intermediate states displayed are explicitly summed on according to Eq. (42).

Intermediate resonant states

Tor ficoy Atomic radii LS i
Gas N (eV) (eV) (angstroms) zZ v Designation Designation Energy
He 14 24.580 21.0 0.93 0.57 13 1s3p(1Py) 23.082
4p(Py) 23.737
4f(1F3) 23.732
5f(1Fs) 24.038
12 1525 (1S0) 20.611
Ne 13 21.559 17.0 1.12 0.96 12 2p510p (3Py) 10p [$J0  21.4038
11p(1D,) 11p [3]. 21.4294
11 2p54s(1Py) 45 3 19.7749
Ar 9 15.755 11.8 1.54 1.03 8 3p55p(3S1) 5p Eﬂl 14.46
Sp(1Ds) 5p [31e 14.51
Kr 8 13.996 11.3 1.69 1.25 7 44565 (3P3) [31. 12.3494
6s(3Py) (3 12.3827
44 (3F,) 51, 12.2552
4d(1Fs) [5]s 122816
44(3P,) [3], 12.3518
Xe 7 12.127 9.6 1.90 14 6 SpPTp(3S) G 10.8995

The selection rules in (jI) coupling are

AT =0,
AK=0, %1,
Al,==1,

together with AJ=0, &1, and parity change. The levels
are specified by #i[K]s (e.g., the 4s 1P, state of neon
written in (I) notation is 4s[%7];). Levels belonging to
the 2Py, core are indicated with a primed / value, the
unprimed belonging to the 2P3/, core.

Certain of the lower lying states and the np®u's
states can be significantly assigned with LS designa-
tions.?® The higher lying states show (j7) coupling. In
Ne, the 2p53p states and the 2p%ns states can be taken
as LS-coupled®; in Ar the 3p%4p, 3p°4d and the lower
np®n's states are LS coupled,®® in Kr and Xe, (50
coupling obtains throughout the spectrum while He, at
the other extreme, is LS coupled. The dominant
coupling scheme for a given state, of course, affects the
selection rules. However, the selection rule AS=0is very
weak except in He even for the states listed above as
LS coupled. We will adhere to the more familiar LS
term designations where meaningful but will resort to
(j2) coupling notation where necessary.

In our approximation, the rare-gas wave functions
are replaced by scaled hydrogenic functions. Consider
for example the one photon excitation of neon to. the
2p%4s('P,) state; we approximate the dipolar matrix
element corresponding to the 2% — 2$%s transition by
(4s|z|2p), where the |n,l) are hydrogenic functions

3 G. H. Shortley, unpublished material reported in Ref. 37.
3 A. Gold and R. S. Knox, Phys. Rev. 113, 834 (1959).
3 R, S. Knox, Phys. Rev. 110, 375 (1958).

scaled to match the radius of the appropriate Bohr
orbit (in this case the 2p orbit) to the atomic radius.
The scaling is accomplished through the effective charge
parameter Z appearing in (43). We should note that
the effective Z determined by scaling the orbitals is
quite different from the effective Z for energy. Slater3®
has pointed out that the discrepancy is due to screening
effects of the core electrons.

2. Numerical Results

We have obtained numerical results for each of the
rare gases He, Ne, Ar, Kr, and Xe. They are presented
in two forms: the dispersion in the Nth-order transition
rate in the neighborhood of 1.785 eV (the ruby-laser
photon energy) and the initiation flux required to liber-
ate one electron in a gas concentration of 102 atoms
cm—3 with a 10-nsec pulse of light in a focal volume of
10~8 cm3 (i.e., the flux, F, required to produce a transi-
tion rate per atom of 10~ sec™?).

Some properties of the rare gases needed for the
computation of the N-photon ionization rates are sum-
marized in Table I. The order N given in the table is
appropriate to ruby laser photons (1.785 eV). The inter-
mediate states explicitly summed on in evaluating (42)
are listed together with their energies. Both (LS) and
(j1) designations (where appropriate) are given. In the
sixth column we give the effective Z scaling parameter.

The energy levels and assignments for the rare gases
are taken from the Moore tables.’

36 J, C. Slater, Quantum Theory of Atomic Structure (McGraw-
Hill Book Company, Inc., New York, 1960), Vol, I, p. 227.

37 C. E. Moore, Atomic Energy Levels, Natl. Bur. Std. (U. S.)
Circ. No. 467 (U. S. Government Printing Office, Washington,
D. C., 1949).
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a. Helium

The relevant portions of the spectrum of He are
shown in Fig. 15(a). Integral multiples of the ruby
photon energy are marked. It will be seen that the
3p(1Py) state of He is rather near 13 (1.785 eV) photon
energies above the ground state, The dispersion curve
for wy,,‘N)/F¥ given in Fig. 15(b) shows the effect of
this near resonance. It is interesting to note that the
peak at 1.825 eV [shown in Fig. 15(b)] incorporates
two nearly degenerate states, 4p(P;) at 23.737 eV and
4f('F;) at 23.732 eV.

b. Neon

Neon is of particular experimental interest because of
a very near resonance of 127w (=21.4200 eV for
hw=1.785 eV) with the 11p(D,) state at 21.4294 eV
above the ground state [see Fig. 16(a)]. Under ideal
circumstances it may be possible to observe this reso-
nance, shown in Fig. 16(b), with presently available
Q-spoiled ruby lasers. The resonance is centered at
6940.6 A (1.7858 eV) which corresponds to the wave-
length of a ruby cooled to ~250°K. The initiation flux
at resonance (~5X102% photons cm™2 sec™?) is reduced
by a factor of 7 from that at 6943.5 A (the ruby
wavelength at room temperature).

A more detailed investigation of the spectrum of neon
reveals a total of eight even parity states between
21.3908 eV and the ionization edge.?” Six arise from the
2p%10p configuration and two from the 2p°11p con-
figuration. They are

2p%10p 35,
3Dy, 3Dy
8Dy, 1D,
3P0

21.3981 eV
21.3986 eV
21.3995 eV
21.4038 eV

Gl
(5.
[(3ie
Gl

2p511p (32

All of the states listed possess first-order nonvanishing
matrix elements to the 4s[3]; (i.e., the 4s3P; state) ex-
cept the 10p[5]; state which violates the selection rule
AJ=0, 1. The 10p[$]; state couples to 4s[$],. We
have taken the 453P; 5 (or 4s[$]1,2) states as near reso-
nant in eleventh order [the 4s'P; and 3P states violate
AJ.=0 in the (jI) coupling scheme where they are
specified as 4s'[$ 1,0

and

3Dy, 1D, 21.4294 V.

c. Argon

Argon, krypton, and xenon all show comparable initia-
tion fluxes (~5X10% photons cm~? sec™?) for ruby-
laser light and a density of ~10% atoms cm~3. Referring
to the spectrum of Ar [Fig. 17(a)], we see that the
3p%s states at 11.5 eV are the first excitation states.
We have taken %®,=11.8 €V. Nine 1.785-eV photons
are required to liberate an electron in Ar aided by a
reasonably near resonance occurring in eighth order in-
volving the 5p excited states. All of the .S and D states
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in the 3p°5p configuration possess nonvanishing eighth-
order matrix elements to the ground state 3p° 1S, while
the P states are probably coupled somewhat more
weakly to 15,.38 We have approximated the 5p 35y,
5p D, and 5p D states with two (rather than five)
hydrogenic 5p functions taking the energies as 14.46
and 14.51 eV, respectively [compare the energies given
in Fig. 17(a)]. Hence, the transition rate is believed to
be conservatively estimated. The peaks (valleys) in
the dispersion curve for the transition rate (flux) shown
in Figs. 17(b) and 17(c) are due to the resonances as
87w approaches 14.46 and 14.51 eV, respectively.

d. Krypton

Krypton ionizes with the absorption of eight ruby
laser quanta through the agency of a near resonance in
seventh order with several closely spaced 4d and 6s
levels around 12.4 €V [see Fig. 18(a)]. The transition
rate (initiation flux) for Kr is unusually large (small)
due probably to the presence of 4d near resonant inter-
mediate states which have the same principal quantum
number n(=4) as the ground state. The dispersion
curve for the transition rate is carried through these
resonances in Fig. 18(b) with the lower energy
(hw=1.784) peak arising from the two nearly degener-
ate levels 6s[%]. and 4d[£], and the higher energy
(hw~1.766) peak arising from the 6s[$7]; level.

As evidenced by the pair structure apparent in the
spectrum, Kr is (jI) coupled. The resonant 4d and 6s
levels indicated in Fig. 18(a) belong to the 2P;/, core.
The 4d’ and 65’ levels belonging to the 2Py, core lie
above 12.8 eV while the remaining 4d states lie below the
12.2 eV. We have included only the states (falling be-
tween 12.3 and 12.8 eV) listed in Table I in the computa-
tion of the transition rates. The sixth-order near reso-
nance seen in Fig. 18(a) is illusory since the 4p%5s states
are odd parity states. The average energy %@, has been
set (above the 5s states) at 11.3 eV to avoid introducing
an artificial resonance.

e. Xenon

The relevant portions of the spectrum of Xe are
shown in Fig. 19(a). It will be seen that the 5p57p even-
parity states lie approximately 6 ruby photon energies
above the ground state while 5%w falls between the 6s
and 6s” “pairs.” We have incorporated only the lowest
7p state as a near resonant state in sixth-order collapsing
over the average energy #%w,=9.6 eV in the lower orders.
The dispersion curve for the seventh-order photo-
ionization is shown in Fig. 19(b).

The transition rate for Xe (and the other rare gases)
has been computed in several different approximations.
In addition to the calculation outlined above, we have
computed the transition rate treating both »=6 and 5
as containing near resonances as well as increasing the

% See, for example, A. Pery-Thorne and J. E. Chamberline,
Proc. Phys. Soc. 82, 133 (1963) and references quoted therein.
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Fi6. 15. Fourteen-photon ioniza-
tion of He. (a) Relevant portion
of the spectrum of He with integral
multiples of the ruby photon en-
ergy (1.7852 eV) indicated by the
left-hand scale. (b) Dispersion for
the fourteenth-order transition
rate in the neighborhood of the
ruby photon energy. (c) Threshold
flux for an atomic density of 10%
atoms cm™ and a 10 nsec pulse
focused into a volume of 1078 cm?.
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F1G. 16. Thirteen-photon ioniza-
tion of Ne. (a) Relevant portion of
the spectrum. (b) Dispersion for
the thirteenth-order transition rate.
The transition rate at the fw
=1.7858 eV resonance is ap-
propriate to a width v/2=10"% eV.
(c) Threshold flux for Ne.
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F1c. 17. Nine-photon ionization of
Ar. (a) Relevant portion of the spec-
trum. (b) Dispersion for the ninth-
order transition rate. The four D states
of the 5p configuration (shown in a)
have been approximated by a single
hydrogenic 5p state at 14.51 eV. (c)
Threshold flux for Ar.
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Fic. 18. Eight-photon ionization
of Kr. (a) Relevant portion of the
spectrum. (b) Dispersion for the
eighth-order ionization rate. (c)
Threshold flux for Kr.
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Fi16. 19. Seven-photon ionization
of Xe. (a) Relevant portion of the
spectrum. (b) Dispersion for the
seventh-order transition rate. (c)
Threshold flux for Xe.
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number of 7p states explicitly summed on. While these
calculations are not detailed here, we stress that the
different situations lead to consistent answers insuring
that the results are not an artifact of a particular
approximation.

V. DISCUSSION

What is the role of multiple-photon ionization in the
optical breakdown of gases? The breakdown, occurring
in the focal region of a Q-spoiled ruby (or neodymium)
laser, is conveniently divided into three stages: (1) ini-
tiation, (2) growth, and (3) recombination. Qur results
indicate that direct multiple-photon ionization can
provide a number of free electrons to initiate the break-
down. After the onset of absorption, additional pro-
cesses® (such as inverse bremsstrahlung) cause the
ionization rate to increase rapidly until a large fraction
(if not virtually all) of the atoms are ionized, resulting
in a very high-density plasma (~ 10 electrons cm™3),
At the termination of the laser pulse, the plasma
recombines slowly via reasonably well understood
processes.®?

In Fig. 20, we plot the pressure dependence for the
direct multiple-photon ionization of the rare gases. The
general trends in the observed pressure dependence for
gas breakdown of Ar and He are also indicated. While
the data given by Meyerand and Haught,! Minck,? and
Waynant and Ramsey* differ in detail, it is clear that
the pressure dependence for gas breakdown is much
stronger than the weak N¢'/¥ predicted for V-photon
ionization. Hence, even if direct ionization does provide
the initiating electrons in the rare gases, some other
process (e.g., inverse bremsstrahlung) determines the
threshold for the gross discharge.

However, the weak density dependence will greatly
enhance the role of any low ionization potential trace
impurities present in the gas in providing initiating

|°32
He (14)

G MINCK

FLUX (no. photons cm™2 sec™")

1021~ A WAYNANT & RAMSAY
O MEYERAND & HAUGHT
—— He
—-——Ar
ol vy
10° 102 10" 10¢ 10 10%° 10%2

CONCENTRATION  (no. atoms ¢m™3)

F1c. 20. Atomic density dependence of the N-photon ioni-
zation threshold and gas breakdown threshold (see text for a
discussion).

# See, for example, R. S. Mulliken, Phys. Rev. 136, A962 (1964)

and also W. Finkelnburg and T. Peters, Handbook der Physik and
Spectroscopy (Springer-Verlag, Berlin, 1955), Vol. II, pp. 28, 79.
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F16. 21. Number of electrons liberated as a function
of the photon flux.

electrons. For example a “hydrogenic model” impurity
of ionization potential 7 eV (a reasonable value for
many organic molecules) for which N=4 will give an
initiation flux of ~10? photons cm~2 sec™! for a con-
centration of 104 atoms cm—%. An even more severe
problem is the presence of “other” rare-gas impurities.
A concentration of ~10'! atoms cm™3 of Kr (one part in
10°) in He would lower the initiation flux to 0.45 1030
photons cm~2 sec™ as would a concentration of ~101
of Xe and Ar.

Figure 21 is a plot of the number of electrons liber-
ated by direct multiple-photon ionization as a function
of flux (still assuming the “typical” conditions of a
density of 10% atoms cm™3 and a 10 nsec pulse from
Q-switched ruby laser focused into a volume of 108
cm?®). The number of ionizations increases very rapidly
as N, Nth-order photoionization rates are, in fact,
proportional to F¥, where F is the instantaneous value
of the photon flux. For an optical maser operating in a
single mode, we expect the flux (or the occupation
number, #=cF) to be a well-defined number and that*

(FN)=(F)WY (44)

where the brackets denote the expectation value. How-
ever, for radiation containing more than a single mode,
instantaneous fluctuations will cause a different result
for (F¥). For example, if we consider a large number of
modes so that the fluctuations become similar to a
thermal source (Gaussian light) we have?.4

(F¥y=NYF). 5)

In this extreme, the transition rate is increased by N'!
over that produced by a single-mode laser with the same
“ L. Mandel and E. Wolf, Rev. Mod. Phys. 37, 231 (1965).

(1;16:2) Ducuing and N. Bloembergen, Phys. Rev. 133, A1493
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average power. The average flux required to produce a
given transition rate is reduced by (V!)=1/¥,

The radiation from a typical optical-maser source
falls somewhere between these two extremes, into the
difficult intermediate regime where little is known.
Hodara*? has investigated the distribution for a small
number of sinusoidal waves superimposed on Gaussian
noise. He found that the deviation from a pure Gaussian
distribution decreased rapidly as the number of sinu-
soidal waves was increased, with the distribution for
only five sinusoidal waves plus Gaussian noise approach-
ing very closely a pure Gaussian. In an ordinary ruby
laser (as well as a neodymium-glass laser) many differ-
ent frequencies and spatial modes are observed to be
present.*® It would thus seem that in the absence of de-
tailed information we might reasonably associate a
Gaussian distribution with multimode laser light (at
least in preference to assuming single-mode operation).
In comparing the theory of N-photon ionization with
relevant experiments, we must keep in mind that the
“effective value” of the flux may be greater than the
average measured value by as much as (N!)/¥, The
theoretical initiation fluxes quoted are, therefore,
probably larger than those required in most cases. In
fact, it would be of considerable interest to repeat the
experiments on gas breakdown utilizing a single-mode
laser to determine the effects of fluctuations on higher
order processes.

Recently reported experimental techniques can meas-
ure higher order multiple-photon ionization transition
rates directly. While gas breakdown provides some evi-
dence for NV-photon ionization, other effects obscure the
process. However, at very low pressures, /N-photon
ionization dominates. Voronov and Delone?? have
measured the ionization threshold for Xe. They find a
“cross section” w/F7, of ~5X 1072 in good agreement
with the value 410720 predicted from theory.
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APPENDIX A: SELECTION RULES

We consider simple methods for evaluating the angu-
lar part of the matrix element,

(' Vs’ |2 | nd,m)y=Cm(U | D¢V 7|yl , - (A1)

where

Cm(l' |D)=(Yy™|cos| V™). (A2)

4 H. Hodara, Western Electronic Show and Convention, Paper
17.4, 1964 (unpubhshed) See also Ref. 40 for a summary of
Hodara s paper and additional relevant discussion.

S. L. Ridgway, G. L. Clark, and C. M. York, J. Opt. Soc. Am.
53 700 (1963).
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The selection rule »’=m is an immediate consequence
of our choice of coordinates. Since cosf is proportional
to Y% we can write

cos’ 0V (0,0)=>1 Cm(V' | DY v m(0,6). (A3)

The expansion coefficients C,”(I”’|1) are defined by Eq.
(A2). The problem of evaluating the angular part of
(A1) is just that of determining the expansion coeffici-
ents in (A3). For v=1, Eq. (A3) reduces to the ordinary
recursion relation for the spherical harmonics,

cosf Vi r=Cy"(I4+1| D)V 1+ Crm(— 1| )V i, (Ada)
where
Cy(I+111)

=L0+m+1)(—m+1)/21+1)(21+3)]/* (Adb)
and
Cim(I—1[)=[(+m)(I—m)/(21—1)(2I4+-1)]'*.  (Adc)

The coefficients (A2) can also be immediately re-
corded for an s state. Using the well known expansion*4
for cos’d (in terms of the Legendre polynomials) and the
relation ¥;9(8)=[(214-1)/4x ]'/2P;(cosh) we have,

(a) for even powers of cosf, v=2u, I'=2s,

C2,9(25|0)

—p12e(4s4 1)/ (u—9)! TI(2ut-2641),  (AS2)
t=0
(b) and for odd powers of cosf, v=2u4+1, I'=2s+1,
Caut1*(25+1]0).
0254532 (u—s)! TT(2u+214+3), (AS)
t=0

with the additional condition that C,°(Z’|0)=0 for
I’>y. These formulas evaluate

CO1'|0)= (Y| cos6| ¥ ").

It is now a straightforward matter to evaluate (A2)
for an arbitrary pair of spherical harmonics. Using (A3)
we have

cosi=(4m)12 3 CON|0)T Y, (A6)
A=0

with the coefficients being given by Egs. (A5). Forming
the matrix element (A2) we get

Com(l'|)=(Yp™|cos’8| ¥ y™)

P>

A=0

GO\ 0OV ™| Yy | vimy. (A7)
The integral (¥V,m™|V\°|Y,™) arises in calculating
Clebsch-Gordan coefficients and related vector-coupling

44 P, M. Morse and H. Feshbach, Methods of Theoretical Physics

(McGraw-Hill Book Company, Inc., New York, 1953), Vol. II,
p. 1326.
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problems. It is given (in terms of the “35” symbols) by*®
(47(')1/2/171»'”1/')\01/1’”619

= (=D r+1)n+1)20+1)]12
UV N IN/U NI
o 0 ol o0 ) @
0 0 0/\m 0 m
The selection rules can be inferred from (A7) using
the definitions of C,°(A|0) and the 37 symbols.*¢
For » even

V=1,142,144, -, Id+v (A9a)

and for » odd

V=141, 1£3, - -+, Idv (A9b)

together with I’ > 0. Formal evaluation of the nonvanish-
ing angular integrals (A2), however, is unnecessarily
complicated.

A simple diagrammatic technique is based on suc-
cessive applications of the recursion relation (A4a).
In Fig. 22, the order » is plotted along the ordinate and
the angular-momentum quantum number / is indicated
on the abscissa. Let ! denote the initial angular state,
|I,m). The “allowed” final states in order » are deter-
mined by the “intersections” occurring along a line
drawn through the desired value of » parallel to the
abscissa. The value of the angular integral C,»(I'|/)
is given by a sum of products of Cy™(I+=1]7) determined
by the possible “‘paths” between ! and /. Referring still
to Fig. 22, a “path” between / and /' is any line along
the diagonal lines shown starting at / and proceeding to
I/ always in the direction of increasing order, »; a
“path” must not include any negative values of 1.

To illustrate the use of the diagram, we calculate
Cy™(I4-1(1). Start at I and follow “path 1”” (indicated in
Fig. 22) going through the “steps” »v=1, ’=[+1, and
v=2,1'=142, and finally to »=3, I’=]+1. We associate
one of the coefficients (A4) with each “step,” Cy»(I+1]1),
Cy»(I4-2|1+1), and finally Cy™(I+1|7+42). Multiplying
these three coefficients and adding the appropriate pro-
ducts associated with “path 2” and then “path 3,” we
obtain the desired result. The bookkeeping is conveni-
ently tabulated below:

Path
v 1 2 3

1 cr(+1])  Cm@+1|) Cm(—1]D)
2 Cym(+-2|1+1) Cr(|i+1) Cm(li—1)
3 Crm(+1[14+2) Cim(+1]0) Cim(+1]0)

4 See Ref. 26, Vol. IT, p. 1057.
4 H. B. Bebb, thesis, University of Rochester, 1965 (unpub-
lished).

IONIZATION OF

H AND RARE-GAS ATOMS 23

(
1
|
[}
1
'
|
'
!
|
1
H
|
I
'
|
1
1
'
|

+

1 i
-4 1-3  1-2 1-1 1 1+1 142 1+3  L+4

F16. 22. Diagram for obtaining selection rules and
values of (¥;™'|cos*8| V™).

To obtain Cy™(I+1|7) we multiply vertically (from bot-
tom to top) and sum over the products,
Csm(I+111)
=Cy"(I4-1|142)Cym(4-2 |1+ 1)Cim(1+1]1)
+Cy(I+1|)Cy (| I+ 1)Cim(1+1]1)
+Cm(IH1)Cm (| 1—1)Cm(—1]0).
Note that if /=0, “path 3” is not allowed, i.e.,
Cy(l—1|1)=0. The validity of the diagrammatic

method for evaluating C,”(!’|]) is readily established by
successive applications of the recursion formula (A4a).

APPENDIX B

Using the concept of an average frequency, @,, the
pth order bound-bound matrix element can be written,

p—1
(n,l|T“lno,la>=(ﬂ,l]Z“lna,lg>/g(év—Xw)~ (B1)

The central problem in the evaluation of (B1) is the
computation of the average frequency &, defined by
Egs. (31) and (32). Writing out these definitions ex-
plicitly, we have

(b V)1 |2 | g, 0)

n’, U

(wn:,na—)\w)
—\ ’ AN
vx [ 2 B 200
v J T (wr+#k2/ 2m— o)
<”;llz"|”a,la>

@GN )

(B2)
with &, defined by

T 60— )= T @) =) (B3)
A=l A=1
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TaBLE II. Average energies computed using Egs. (B4) and
(B7). The initial state is taken as |1,0). The first two energies in
the last row are missing because of computational difficulties.

Average energies (eV) hew
ho(2) ho) ho(d) ho(5) kw(6) (eV)

State
(n,) Order hw(1)

8.44

4.6

2,0 2 852 5.0
8.63 6.0

3,0 2 10.38 5.0
32 2 819 5.0
8.49 11.98 3.5

2,1 3 856 11.48 40
8.63 11.00 45

43 3 674 1027 4.0
2,0 4 737 10.55 10.10 2.8
40 4 98 330 4.63 2.8
42 4 730 1072 10.63 2.8
41 7 9.23 10.55 11.05 12.59 1.785

In (B2), w; is the frequency associated with the ioniza-
tion energy, er=#wr=13.595 eV. The factor 2k%/x is
the density of states appropriate to the continuum
eigenstates, |kJm) [as contrasted to the density of
states, (2r)~3, appropriate to |k)]. Denoting the left-
hand side of (B2) by A, #(A), we can solve for @,()\)
obtaining

@u(N) =Nw+(n,l I Z# | ngsle)/ An (N .

Thus, the evaluation of the average frequency hinges on
a realistic computation of 4,,*(\).

The general procedure for calculating 4,,:*(\) is to
sum over a reasonable range #’ (say to #»’=18), and all
allowed 7, perform the integral over the continuum
states directly, and then add a correction term for the
states not included (n'=19 to «). We define

(B4)

18
B=Y > (nl|z* M u U V|2 ng,lg)

n/=1 I’
2
4y f Zhedbin 1| N B | gl (BS)
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To account for the states not included in B, we define a
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correction term,
C={nl|z*|ns,l,)—B. (B6)

Using these definitions, we can write a computational
formula for

18l 2w V) |2 g lg)

AduN=32 X
n'=1 U (w,,:,,,,— )\w)
s Ek 2dk<n’l| 2BV )R |22 [ mg,ly)
v S (wr+#k2/ 2m—Aw)
+C/(wor—Aw). (B7)

The only approximation contained in (B7) is the re-
placement of wy,», (%' > 18) by wy in the correction term.
Since %(w;—wn~19,n,—1)~10~* €V, the numerical error
is insignificant.

Several typical values of the average energies #a(v)
are given in Table II. The word “order” in column two
refers to the order u of the bound-bound matrix ele-
ment defined in (B1). The numbers tabulated were
selected to illustrate the possible range in #o(v),
rather than to substantiate #w,=10.2 as a ‘“‘uni-
versal” average energy (for hydrogen). For example, the
average energies for (4,0/7%|1,0) fall well below the
first excitation energy of hydrogen (10.2 eV) with
#@(2)=3.30 eV. This is due to strong coupling to the
ground state. Nevertheless, replacing these small ener-
gies by 7w, =10.2 eV causes little error in the transition
rate as the contribution from (4,2|7¢|1,0) dominates.
The average energies appropriate to the eighth-order
photo-ionization of hydrogen with ruby laser light are
given in the last row (order=7). The first two energies
are missing due to computational difficulties in evalu-
ating certain high order bound-free matrix elements.

A FORTRAN computer program was written for the
IBM 7074 to evaluate (B4). The initial and final states,
the order, and the photon energy are supplied as input.
Several subprograms calculate the matrix elements
with the main program supplying the selection rules
and performing the integrals over .. On the grounds of
practicality, we choose to approximate the true average
energy with 10.2 eV in our calculations.



