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Interaction of high-power laser pulses with atomic media. I.Spontaneous fields
in multiphoton ionization

Kenzo Miyazaki

Ibaraki 305, Japan
(Received 30 January 1980)

A theoretical study of static electromagnetic field generation due to laser radiation force in multiphoton ionization
of atomic media is presented. The static fields are spontaneously induced in atomic media and have electri'c field
components in the radial and axial directions of the incident laser beam and an azimuthal magnetic field component.
Multiphoton ionization process, which is inevitably apt to occur in the interaction, significantly enhances the
spontaneous fields. Numerical calculations of the fields generated in atomic sodium vapor and helium gas have been
made, assuming an incident picosecond Nd-doped yttrium aluminum garnet laser pulse. The results show the
characteristic natures and magnitude of the spontaneous fields.

I. INTRODUCTION

With the recent development of high power
lasers, multiphoton ionization process in atomic
media' has received increasing attention, be-
cause this process is inevitably apt to occur when-
ever strong radiation interacts with matter. Also,
multiphoton ionization process plays an impor-
tant role, directly or indirectly, in applications of
high power lasers such as laser-induced fusion,
gas breakdown and isotope separation. Although
the laser-induced multiphoton ionization has been
extensively studied in recent years, the subjects
have been concerned mainly with probabilities
for the ionization of atoms and molecules and with
the related problem. ' On the other hand, a few
experimental studies' ' have been reported so far
in which high-energy electrons were found to be
produced in laser-induced multiphoton ionization
of atomic media. A simple theory of laser ra-
diation force which describes field-gradient force
or "ponderomotive force" has been employed to
explain the fast electrons observed. ~ ' However,
in order to express the radiation force acting on
a multiphoton-ionized medium, it may be often
crucial to take into account spatial and temporal
natures peculiar to the laser-induced multiphoton
ionization process.

In this paper, we wish to study static electro-
magnetic fields spontaneously generated by laser
radiation force in multiphoton ionization process
in atomic media. The spontaneous fields may
exert some influences on atoms and ions in the
medium during the interaction. Section II is con-
cerned with the laser radiation force working on
a dispersive atomi. c medium, where the plane-
wave approximation for the incident laser beam
is employed, and multiphoton ionization process
is incorporated in the dielectric constant for the
medium. Propagation of a laser pulse in the dis-

persive medium is also considered to see the
nonsteady characteristics and anisotropy of the
radiation force. In Sec. III, we derive the form
for the spontaneous fields. Calculations of the
fields have been made on atomic sodium vapor and
on helium gas, assuming an incident pulse of
Nd-doped yttrium aluminum garnet (Nd: YAG)
laser. The results are presented in Sec. IV.

II. RADIATION FORCE

A. Basic equation

Consider an isotropic and nonabsorptive atomic
vapor or gas with dielectric constant e(&u). The
atomic medium is irradiated with a short (-psec}
laser pulse with certain spatial and temporal
intensity distributions. The laser frequency &

is assumed to be far from any kind of resonances
of the atomic transitions.

We start with the momentum conservation equa-
tion per unit volume of the system which con-
sists of the radiation field and the medium. This
equation leads to the force f working on a unit
volume of the medium. In a continuous. medium,
which we assume here, the force density f may
be given by"

1=v o sg/st,

where 0 is the Maxwell stress tensor associated
with the high-frequency electromagnetic fields
R and g which involves radiation pressure acting
on the medium, and g =I x 5)/4vc is the field
momentum density. The stress tensor V in a
nonmagnetic medium has the form"

g2 B'
~ = p, ———&- p ~

—— I+ (&EE+SB},0 8g ep jy, 8m 4m

where p, ~p, (p, T) is the medium pressure which

1981 The American Physical Society



INTERACTION OF HIG H-POSER LASER PU I.SKS KITH. . . . I.

is a function of density p and temperature T in
the absence of the incident field, and I is the unit
tensor. The stress tensor given by Eq. (2) con-
tains pressure contribution from the high-fre-
quency motion of bound and free electrons os-
cillating with the incident field, which can be
characterized by the dielectric constant t for the
medium. For atomic media, we have a relation'

It is clear that, in a steady state, the force
f averaged over an oscillation period of the inci-
dent field must be zero, if no spatial field gradient
exists. However, in general, the field distri-
bution of a laser pulse is a function of position
and time, so that the medium receives certain
time-averaged force from the radiation field.
Obviously, we have to consider two time scales
for the quantities of interest ' One is a fast
time scale determined by the laser frequency,
and the other is a slow time scale on which the
temporal history of a laser pulse changes. Since
we are interested in the radiation force on the
slow time scale, it is convenient to take an aver-
age of the quantities over a cycle of field oscQ-
lation. Taking into account Eq. (3), the cycle-
averaged form of Eq. (1) which gives the radiation
force ls

(f) = V
~

— -(S'+a') T+ (~EE+55)~—
( 1»- 1 — ) sjp

sw sf

(4)

where the brackets () represent "cycle averaged".
In Eq. (4), we have neglected the pressure term
p„since we are concerned with phenomena of
short duration in an initially uniform atomic
medium.

8. Plane-wave approximation

Figure 1 illustrates the definition of polariza-
tion (z) and propagation (z) directions of an inci-
dent laser pulse. %e assume that the laser beam
has a spatial intensity distribution depending on

z
FIG. 1. The coordinates used for the incident laser

beam.

only the radial position r and can be approximated
by a plane wave. For example, this is the case
for an ordinary laser pulse with lowest-order
(TEM,O) Gaussian intensity distribution of field
(see Appendix). Although a focused Gaussian
beam differs appreciably from a plane wave, this
approximation is still valid in the propagating
region ~z ~

«5 of the focused beam, where 5 is
the confocal parameter of the laser beam focused
at z = 0. In this limit„we have B'=&E' and the
laser intensity I=nc(E')/4v, where n =Mais the
refractive index of the medium. Using these re-
lations and (g) =I/e', Eq. (4) reduces to

( Ii — — -1 eI(f) = v. '
~

~[( z—1}f—2@kk]—k ——, (5)(2nc] Bt '

where k is a unit vector along the propagation (z)
direction. The same form for radiation pressure
or force as Eq. (5) has been discussed in detail
by Stamper' in his study of magnetic field gen-
eration in laser-produced plasma. It should be
noted, however, that Eqs. (4) and/or (5) give a
general form for the laser radiation force working
on a dielectric medium such as neutral atomic
vapors and fully ionized plasmas.

C. Multiphoton ionization and dielectric constant

The dielectric constant for an atomic medium
in which multiphoton ionization proceeds" may
be a function of position and time, depending on
the spatial and temporal distributions of field
intensity and particle density. Let us consider
a laser pulse passing through a monatomic gas
with local number density N at time t. The
multiphoton ionization proceeds at a rate given
by

dt
' = N¹

Here S' is the multiphoton ionization probability
defined by

W= I'Iz(ar),

where I' denotes the ionization cross section for
a specific kind of atoms at the laser frequency
ur, and K is the minimum number of laser photons
required to ionize a single neutral atom. During
the short interaction time concerned, we can
ignore the secondary processes subsequent to the
multiphoton ionization, such as avalanche ion-
ization due to electron collisions and recom-
bination of electrons and ions. The field depletion
owing to the multiphoton absorption is negligibly
small. Then, from Eq. (6), we have

N =N, exp(-E),

where
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(9)

and N, is the initial density of neutral atoms.
Since the electron number density N, created
is given by

N, =No- N, (10)

the function F denotes a measure of the ionization
rate N, /N„ i-.e.,

N, /N, =1 —exp(-E) .

. &&)= 8, ( z «')+&&')). (i4)

Substitution of Eq. (12) and B'=cE' into Eq. (14)
leads to

v =(S)/(U),

where (S) and (U) are the cycle-averaged Poynting
vector and electromagnetic energy density in the
medium, respectively. " For the nonmagnetic
medium concerned, a general form for (U)may
be given by'

The atomic medium in which multiphoton ioniza-
tion proceeds can be modeled as a mixture of
neutral atoms and a cold electron gas to derive
the dielectric constant e(&u). From the usual
frequency-dependent susceptibilities for an atomic
gas" and for a plasma, "the dielectric constant

for the mixture. may be expressed as

(E2
(U) = [1+y((u)],

4v

where

4me' f ~2
r(~) =

Nl i

(i5a)

(15b)

&((u) =1+5((u),

where

( )
4ve' p f, 4we'

pn mm

(12a)

(12b)

Comparing Eq. (15) with the pure field energy
(E }/4v in vacuum, Eq. (15) contains the additional
energy that is stored in atoms by virtue of their
high-frequency polarization. Since (S)=I'=nc(E')/
4v and n =vs, we have the final form of v:

In Eq. (12), m and e are the mass and charge of
an el'ectron, respectively, and f, is the oscil-
lator strength for the atomic transition i with
excitation frequency ~, The first and second
terms on the right-hand side of Eq. (12b) represent
dispersions due to atomic bound electrons and
free electrons, respectively. " Equation (12) indi-
cates that the dielectric constant of the medium
is a function of position and time through the par-
ticle densities N and N, .

The dispersion term 5(ar) given by Eq. (12b) is
usually much smaller than unity, i.e., 6«1,
under the conditions of interest, but this term is
essentially responsible for the radiation force,
as expected from Eq. (5). In some cases, de-
pending on the atomic species and the laser fre-
quency ~ employed, an additional dispersion term
due to the ionic bound electrons should be in-
corporated in 6(&u). The ionic dispersion is
usually much smaller compared with the atomic
one. In the following treatment, therefore, we
will disregard the ionic 'term for simplicity.

D. Nonsteady force and anisotropy

In order to study the nonsteady contribution and

resulting anisotropy of the radiation force, the
propagation of a laser pulse in the dielectric
medium will be considered here. We start with
the derivation of propagation velocity v of a laser
pulse, which is the velocity of field momentum or
energy transported through the medium. The
propagation velocity is generally defined by'"

cv'e(~)
1+y((o)

(16)

8 =-vt. (17)

Using Eqs. (16) and (17), we rewrite Eq. (5) and

get

(18)

where we have neglected the higher-order terms
for 5 and y such as 6', y', and 5y since 6, y«1.
The anisotropy of radiation force (f) and its origin
are clearly shown in Eq. (18). The anisotropy
arises from only the atomic dispersion or the
energy stored in atoms. As will be described in
Sec. III, the anisotropy makes a solenoidal con-
tribution to the spontaneous electric field and
accounts for the magnetic field generation.

It is instructive to check on the energy conser-
vation of the system concerned. The time de-
rivative of the energy (U), given by Eq. (15),
leads to

s(U) 4

et
(19)

with the help of Eqs. (16) and (17). Equation (19)
represents the energy conservation in the medium,
which can be shown as follows: When-we consider

In the fixed laboratory coordinates, the temporal
history of a propagating laser pulse may be equi-
valently expressed as a function of the position
z by making use of the relation
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III. SPONTANEOUS FIEI.DS

A static electric field due to the cycle-averaged
radiation force may be derived as follows. " The
radiation force comes from the high-frequency
motion of atomic and free electrons in an incident
inhomogeneous field. Therefore, it may be pos-
sible to consider that the force acts initially on
the electrons in the medium concerned. Due to
their small mass of electrons, the cycle-averaged
force makes a static displacement of electrons
with respect to the relatively immovable ions. The
force is transmitted to the ions by a self-con-
sistent static electric field (R, ) which may be
given by the relation""'"

(f) - esca, g, ) = O, (21)

where N, is the effective number density of the
static dipoles induced, i.e., N0=N, +¹The static
force density on the ion species is approximately
given by Woe(R, ), and then, the force density
working on the entire medium concerned is (f).
Note that in this situation the quasineutrality of
charge in the medium is maintained.

From Eqs. (18) and (21), we have the form for
the each component of (5,) in the cylindrical co-
ordinates,

(E,)„= —, (~ i)s,1 8

2eN e &r

(E.), =o,

&E.&. = „„,—„(.-I-2r)s1 8

0

(22a)

(22b)

.1 8, —„(1-~+2y)s.2eN0c' at
(22c)

Here Eqs. (16) and (1V) have been used to obtain
(E,), in the time derivative. From V x(E,), we
have components of the spontaneous magnetic field
(5,) of the form

(B,)„=(E,), =0, (23a)

a small volume V of the system, the conser-
vation of energy flow may be given by"

j (S) 'ds+ (dissipation)dV=- dV. (20)
e(v)

F Bt

The terms on the left of Eq. (20) are the rates of
energy loss in the volume V by transfer through
its surface s and by dissipation, while the term
on the right gives the total rate of loss of the
energy stored within V. For the nondissipative
medium of interest, Eq. (20) reduces to Eq. (19).

taking into account I=O at t=-~. As suggested
in Sec. H; only the energy stored in atoms or the
anisotropic part in the radiation force is related
to the magnetic field generation.

To obtain the explicit forms for (E,) and (5, ),
we may separate the spatial and temporal dis-
tribution functions of the incident laser intensity
I and assume the form of

s(~) =I,(~)y(~)y(t), (24)

where I, is the maximum field intensity, and P and

P are the dimensionless shape functions nor-
malized with respect to I,. With the help of Eqs.
(V), (8), (9), (12), and (15b), substitutions of
Eq. (24) into Eqs. (22) and (23) give the explicit
forms for the nonzero components of (E ) and

&~,):

&E.)„=, ~,
(I-EF)e~(-F) g„.'„.

-[1-(1 —SCZ) exp(-F)]

(25a)

(E 2ve (~ f, & ss

i i

27le (~ f&((d& (0 +) 8I"'-- l~(- )

4ve ( f, sP, Ss
&8 —,

~ g( 2 2)a

(26a)

(26b)

(26c)

For I', S'- ~, we have the forms for the fields in
a fully ionized plasma:

+
~
[1—e~(-F)] + me~(-F)&l

BI

(25b)

2

(25c)

It is easy to see from Eq. (25) that the spontaneous
fields are independent of the particle density, and
that (E,)„and (I3,},vanish at the beam center for
a Gaussian beam since 8I/&~ =0 at r = 0. By setting
E = W=0 in Eq. (25), we have the forms for (X,)
and (5,) in a pure atomic medium without charged
species:

0
(2Va)
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(27b)

(27c)

Equations (26) and (27) are equivalent to the forms
derived from ponderomotive force in a pure
atomic medium" "and in a fully ionized plas-
ma '"", respectively.

IV. CALCULATIONS AND DISCUSSION
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To have insight into the characteri. stic natures
and magnitude of the spontaneous fields, num-
erical calculations have been made for a Nd: YAG
laser pulse irradiating atomic sodium (Na) vapor
and helium (He) gas. The incident laser pulse is
assumed to have the Gaussian spatial and temporal
distributions of the field intensity (see Appendix)
and the pulse duration 7' =28 psec.

A. Sodium vapor

For Na vapor, we take into account only the
resonance 3s-3p transition in the atomic dis-
persion, since the contributions from the other
atomic transitions are negligibly small at the
Nd: YAG laser frequency (&o = 1.77 && 10"sec ').
If N and N, are comparable in the ionized Na
vapor, the atomic and plasma dispersion terms
in Eq. (12b) are in the same order of magnitude
and have the opposite sign each other. In the cal-
culations, the conditions and constants employed
are as follows: The multiphoton ionization prob-
ability W=6.8&& 10 P sec ', which has been given
experimentally by the present authors, "where
I is in W/cm' and K = 5; the spot size r, = 152 pm;
the incident peak intensity I, = 8 x fo" and. 3 x 10"
W/cm'.

In Fig. 2, we show the temporal changes in the
ionization rate N, /N, . At the high input intensity
[Fig. 2(b)j, the Na vapor in the central region of
the laser beam is fully ionized in the early stage
of the incident pulse, and a steep gradient of N, /
Ko is created in the radial distribution. Figure 3
represents the radial electric field (E,)„generated
in the interaction region under the same conditions
as in Fig. 2, and demonstrates the following. In
the region in which N, /N, is small, (E,)„arises
principally from the atomic dispersion and is
negative since ~, & ~ and vI&0 in Eq. (26a). With
the increasing value of N, /N„(E, )„changes the
sign and has the positive value. The maximum of
(E,)„in the radial distribution appears in the re-
gion where N, /No has the steepest gradient. This
implies that a large radial electric field can be
produced by a high-order multiphoton ionization
process or by a tight focus of the incident beam
which will generate a steep gradient of N, /No.

L
,,c)

, (p'

0~. . . V. . „
0 1.0

rr r„

FIG. 2. Temporal changes in the radial dependence of
multiphoton ionization rate in atomic Na vapor. The
incident Nd: YAG laser pulse is assumed to have the
duration 7 = 28 psec. (a) Laser intensity IO= 8 & 10
W/CM2' (b) Io- 3 X $0~2 W/CM

Figures 4 and 5 display the axial electric
field (E,), and the azimuthal magnetic field (B,)~,
respectively, under the same conditions as in
Figs. 2 and 3. Although (E,), is very weak com-
pared with (E,)„, it is noted that (E,), can have
the maximum value at the beam center (r =0)
where (E,)„always vanishes. The magnitude of
(B,)~ is also very small in the present case, but
it may be possible to enhance (B,)~ under certain
resonance conditions that increase the energy
stored in atoms.
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FIG. 3, Temporal changes in the radial distribution of
radial electric field generated in atomic Na vapor. The
incident Nd: YAG laser pulse is assumed to have the
duration 7 = 28 psec and the spot size ro= 152 pm. (a)
ID= 8 && 10 W/cm2; (b) Io= 3 x 10 W/cm .
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following constants are used in the calculations:
The multiphoton ionization probability S"= 1.2
x10 "'I~ sec ', which is taken from Lompre
et al. ,

a2 where I is in W/cm' and %=22; the spot
size ~, =15 pm; the incident peak intensity Io
=1.5 x 10"W/cm'.

The results are shown in Fig. 6. As predicted

1.0
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FIG. 4. Temporal changes in the radial distribution of
axial electric field generated under the same conditions
as in Fig. 3. (a) Io 8x 10i W/-cm2; (b) ID 3x 10&2-
W/cm2
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B. Helium gas

Multiphoton ionization of He atoms is a twenty-
two photon process at the Nd: YAG laser fre-
quency. The excitation frequency ~, of He atoms
is much larger than the laser frequency w, i.e.,

Hence we neglect the atomic dispersion.
No magnetic field is generated in this case. The

(a)
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0 0.2
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0.4
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IJIQ

FIG. 5. Temporal changes in the radial distribution of
magnetic field generated under the same conditions as
in Fig. 3. (a) I0=8x10 ~ W/cmm; (b) ID=3 x10~2 W/cm2.

FIG. 6. Radial dependences of {a) multiphoton ioniza-
tion rate, {b) radial electric field, and {c)axial electric
field in He gas at the time t = {3.) -5.5, (2) -3.8, {3)0,
and {4)9.5 psec. The incident Nd: YAG laser pulse is
assumed to have the duration 7'= 28 psec, the spot size
Q 0=15 pm, and the intensity I0 —-1.5x10'5 W/cm2. The
dashed line indicated in {a) represents the intensity
distribution of the incident laser beam.
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above, because of the high-order process of
multiphoton ionization, the small gradient of the
laser intensity distribution is found to produce
a steep gradient of N, /N, in Fig. 6(a), and the
strong fields (E,)„and (E,), are demonstrated
in Figs. 6(b) and (c), respectively.

One can easily predict some phenomena induced
by the intense dc electric field in atomic media.
The intense field will induce the dc Stark effect
in the atoms and ions, which may be the Stark
shift and mixing of atomic and ionic energy levels,
the lowering of ionization potential, and so forth.

"16

).0-

(ps

0
0

FIG. 7. Temporal change in the radial intensity dis-
tribution of the Gaussian laser beam used in the calcu-
lations. The peak intensity is normalized to unity at
x=t= 0.

V. CONCLUSION

We have investigated the static electromagnetic
fields which are spontaneously generated in the
laser-induced multiphoton ionization process in
atomic media. A theory is presented which gives
the expressions for the nonvanishing radial and
axial electric fields (E,)„and (E,)„respectively.
and the azimuthal magnetic field (B,)e. The char-
acteristic natures and magnitude of the spontan-
eous fields have been demonstrated by calculations
on atomic Na vapor and He gas, assuming an
incident mode-locked Nd: YAG laser pulse.

The spontaneous fields, as well as multiphoton
ionization, are inevitably induced in the inter-
action of an intense laser pulse with atomic media.
Various effects of the fields on the interaction
may be expected. We have recently observed
optical second-harmonic generation induced by
the spontaneous electric field in atomic Na vapor. "
The second-harmonic generation observed is an
experimental evidence for the spontaneous field
generation predicted in this paper. The experi-
ment will be described in detail in the following
paper. '4
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APPENDIX

The explicit forms for the functions g and Q
used in the calculations in Sec. Df' are

g(r) = exp (-2r'/r, ')

and

y(t) =exp( 4t'/r'-).

(A1)

(A2)

The temporal change in the intensity distribution
given by Eq. (24) is illustrated in Fig. 'I, where
the peak intensity I, is normalized to unity at
x=t=o.

The general form for the spatial distribution of
lowest-order Gaussian beam focused at the center
(z =0) of a medium may be given by2'

(A3)

where b =2vro/X is the confocal parameter, k
=2nv/X is the wave number, and $ =2z/b is the
normalized z coodinate. Equation (A1) which is
the formula for g at z =0 can be regarded as an
approximated form for the focused Gaussian beam
in the near field region ized (b. In addition, the
refractive index n =1 is assumed in Eq. (A1), since
the inclusion of the appropriate form of n, which
can be easily derived from Eq. (12), makes only
small high-order contribution of 6 and y to (X,)
and (5,) under the conditions concerned.
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