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We have extended the theory of the high-frequency Stark effect in atomic spectra to treat
cases of multiple interacting upper levels and of strong electric fields and resonances, where
perturbation theory is inadequate. We have also included the effects of a static external mag-
netic field both in the perturbation theory and the more general treatment. Numerical calcula-
tions are presented for the 4922- and 4388-A lines of He 1 for several field strengths and fre-
quencies. The new theory is used to infer the frequency and strength of a microwave electric
field applied to a steady-state helium discharge with no magnetic field; excellent agreement
is obtained between the calculated and the observed spectra.

I. INTRODUCTION

In 1961 Baranger and Mozer proposed using the
high-frequency Stark effect as a diagnostic tool to
study oscillating electric fields in plasmas.! Such
electric fields induce atomic transitions involving
more than one quantum which produce “satellites”
of allowed or forbidden spectral lines. The fre-
quency (or frequency spectrum), intensity, and di-
rection of the electric fields in the plasma can be
determined from the intensities, frequencies, and
polarizations of the satellites. Theoretical treat-
ments of the high-frequency Stark effect, based on
second-order time-dependent perturbation theory,
have been given by Baranger and Mozer,! by Rein-
heimer,? and by Cooper and Ringler.® Cooper and
Ringler also demonstrated agreement with experi-
mental results for low electric field strengths.

There are, however, important disadvantages of
the perturbation calculations mentioned above.
First, it is difficult to extend them to include
higher-order satellites (higher-order multiple
quantum transitions) which are important at high
electric field strengths and near resonances. Sec-

ond, Stark shifts of the levels, which change the
spectral positions of the satellites, become in-
creasingly important as the field strength grows,
and they must be calculated separately, again using
perturbation theory. An approach which is valid

at high field strengths or near a resonance is that
of Autler and Townes,* which avoids the usual per-
turbation treatment, and which is able to calculate
Stark shifts and higher multiple quantum transi-
tions.

In the last three years, numerous authors have
applied the Stark effect to the study of high-frequen-
cy electric fields in plasmas.’> % In two of these
experiments, ®!° the electric field strengths appear
to be so high that the validity of calculations based
on perturbation theory is questionable. Recognizing
this, Kunze et al. have modified the perturbation
theory by adding a phenomenological damping con-
stant® and by extending the calculations of the in-
tensities of the lowest-order satellites to fourth
order.® Cooper and Hicks have estimated the range
of validity of perturbation calculations and have
pointed out possible pitfalls in using the high-fre-
quency Stark effect in plasma diagnostics.*
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In many laboratory plasmas in which one would
like to use this spectroscopic technique, not only
are strong high-frequency electric fields present,
but the plasma may also be permeated by a magnet-
ic field. This situation has not been treated by
any of the theories mentioned above. Cooper and
Hess® have pointed out one simplification introduced
by the magnetic field; by simply inspecting the
Zeeman pattern of the satellites it is possible to
determine the relative directions of the electric and
magnetic fields, and if the electric field is circu-
larly polarized, the sense of the polarization. This
technique has also been applied by Scott et al t®

There is a clear need for a comprehensive theo-
retical treatment of the high-frequency Stark and
Stark-Zeeman effects which is valid for strong
electric and magnetic fields, and for arbitrary
electric field frequency. We develop such a theory
in Sec. II of this paper by extending the method of
Autler and Townes to include more than two upper
levels and the interaction of a magnetic field with
the excited atom. Unfortunately, the usefulness
of the theory is somewhat restricted because the
resulting set of equations must be solved by a com-
puter. Since in many cases the perturbation theory
is adequate, in Sec. III we extend it to include the
effects of a magnetic field and illustrate its use in
calculating the high-frequency Stark-Zeeman effect
of the 4922-A line of He 1. In Sec.IV we display
numerical results of the general theory, and in Sec.
V we compare the theoretical calculations with ex-
periment for the case of no magnetic field and in a
situation in which the perturbation theory fails.

II. MULTILEVEL THEORY

A. Equivalence of Schrodinger’s Equation to
Infinite Set of Linear Equations

We start from the time-dependent Schrodinger
equation for an atom in external magnetic and elec-
tric fields, and split the Hamiltonian into three
parts:

iY=H(r, t)Y= (Hy+Hy + Hp)b. 1)

In Eq. (1) and in the rest of this paper all energies
are expressed in angular frequency units. H, is the
time-independent Hamiltonian for the unperturbed
atom (no external fields) and is assumed to have a
known orthonormal set of eigenfunctions {U,} and
corresponding eigenvalues {w ,}:

HyU;=w;U;, §=1,2,... . (2)

In general, Hj will have an infinite number of eigen-
functions, but for any single calculation only a finite
number N will be physically important (their choice
will be discussed in Sec. IV). H, represents the
interaction energy between the atom and the exter-
nally applied static magnetic field B and is time in-
dependent. It will often be possible to pick the {U,}

to be eigenfunctions not only of Hj but also of H,.
In this case

(Ho+H)U;=w3U;, wj=w;+mwy, 3)

where w; is the Larmor frequency
(-‘)LE% eB/mecls BE!EI, (4)

and m; is the magnetic quantum number of eigen-
state j. H, represents the interaction energy be-
tween the atom and the externally applied electric
field. The electric field is assumed to vary har-
monically in time with frequency w, thus allowing
separation of the time and space dependence of Hy:

Hy(F, t) = Hy(T)e ! + Hy(r)e 't . (5)
We next expand the wave function
-~ N -
W, t)= 20 T,0)U,(F), (6)
=1

where the T°s are time-dependent coefficients to
be determined. Substituting this expansion into
Eq. (1) we obtain

N R

iEUjTj=Z>(wj+H1+Hg)UjTj . (7)

i=1 i=1
We multiply on the left by U’;, integrate over all
space, and use the orthonormality of the U’s to get
(we interchange j and j/ for convenience)

. N
iT;=w T+ 23 (a0 +85;0 €'t + B35 671 Ty,
- (8)
where we have defined the following quantities:

a;;={j|H,|7)= [ @ UlH, U,
B3 =(j|H3|7") .

Using Floquet’s theorem of differential equations,15
we can expand the time-dependent coefficient T; as

9)

Ty=e™ 25 Ceiet, (10)
sz
where X and the C’s are time-independent unknowns;
the C’s are in general complex, and X is real. Sub-
stitution of this expression for T, into Eq. (8)
yields

= 0

2 (0 +5w)Cy e Mt o > w,C et drst

§==c gnecw

N = .

+20 2 Cjog [au'e"sw+B}‘j,e'“s'1"°'
j'=1 s=-

+ﬁ;j' e-i(sﬂ)wt]e-nt i (11)

Since this equation must be valid for all times, we
may equate coefficients of equal powers of e”*“f to
give

N
(w,—sw—)\)st+ Z} (a”: Cj's'*'B;j' cj',s-d
i'=1
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+Bji2Cyr,5) =0,

§=—o0

12)

This set of equations was solved by Autler and
Townes* in terms of an infinitely continued fraction
for the special case N=2, a=0 (no magnetic field),
and B"=#" (linearly polarized electric field). As
pointed out by Autler and Townes, once any single
solution has been found to the set of equations (12),
the new variables

j=1,2...,N,

yees,+O,

N =X+,
, _ (13)
cjsECj,sq»m’ .7=1a" "N7

S==—,,, ., +%0

where m is any positive or negative integer, will
also comprise a solution. We will refer to solu-
tions related by Eqs. (13) as a “set.” There are

an infinite number of solutions within each set but
every solution in a set contains the same physical
information, i.e., corresponds to the same wave
function ¥, as can be seen by noting that the expres-
sion for T; [Eq. (10)] is invariant under the sub-
stitution given by Egs. (13).

B. Discussion of Exact Solution

We have shown above that solving Schrodinger’s
equation [Eq. (1)] is equivalent to solving the infi-
nite set of equations (12) for A and the C’s. Given
a solution of Egs. (12), substitution of A and C,;,
j=1,...,N, and s=—,.,.,%  intothe expression
for ¥ gives a solution to Eq. (1). Since the Hamil-
tonian H has been defined over an N dimensional
space made up of the eigenstates of Hy, the com-
plete solution of Eq. (1) must consist of N linearly
independent ’s. We have seen above that the solu-
tions of Eq. (12) within a single set give the same
wave function ¢; thus there must be N different sets
of solutions to Eq. (12). We denote the different
sets with the index “i”:

N
-idt i -iswt .
l/)i:e i jzzcjse Uj, Z—l,-..

,N. (14)
Before discussing the interpretation of the wave
function ¥;, we will examine its mathematical prop-
erties and from them prove two relations between
the C’s which will be useful in Secs. IIC and IID.
We start from Schrodinger’s equation HY; =i 8y,;/8¢
and its Hermitian conjugate ¥},H = — i 8¢7./0¢ which

together imply

4

a4 = S 00
T, (@ |z)—dt rPi;=0. (15)
We can use Eq. (14) to evaluate ¥;:
) © N ) ,
<i'|i>=e-t(h,~-hi:)t E o tuwt jZ) E Cji,:-u c}s,
U== oo =21 §=-o
(16)

u=s-s’.

From the above expression we can get a useful re-
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lationship between the C’s by noting that condition
(15) requires that the right-hand side of Eq. (16)
be independent of time. This will be true if and

only if
Nooe
DI ClrsuCis=Xi 0;1+0,0= 8;40,0. (17)
j=1 s==c

The constants {x;} are arbitrary and we have chosen
them to be 1 (this choice determines the normaliza-
tion of the C’s).

Using (17) we can rewrite (16) as

G'|iy="5640

and thus show that at any time ¢ the {§,;} form an
orthonormal set of solutions to the time-dependent
Schradinger equation. Furthermore, the {¢;} form
a set of stationary wave functions (the probability
density ¥} ¥, is independent of time when integrated
over all space) and hence represent the stationary
states of an atom in the presence of a static mag-
netic field and an oscillating electric field; by sta-
tionary we mean that an atom in state ¢; at time
t=t, will remain in that state indefinitely.

To derive a second relation similar to (17) we
start by rewriting Eq. (14) as

(18)

Ty=e ™Mt 35 Cljeiset, (19)

N
Y= 2 Ti:Uj,

=1 S2mco
Since both sets of wave functions, {¢;}and {U,},
form an orthonormal basis for the N-dimensional
vector space at any time #, the matrix 7 must be
unitary for all £. For a unitary matrix 7 we must
have 7'7=1. Evaluating this condition in terms of
the matrix elements 7;; we have

© N = %
2etmet 25 20 O, Cli=5;,

i=] $=-

(20)
Us-co

for all £. Since the right-hand side is independent
of ¢, the left-hand side must be also. This will be
true if and only if the C’s satisfy the condition

N o
27 23 CIF  yCli=8,,.8,.

i=l S=~

(21)

As is shown by Eq. (19) above, the set of wave
functions {¢;} which solves the time-dependent
Schrodinger equation represents the rearrangement
of the eigenfunctions {U,} into a new set of functions
which span the same N-dimensional space as the
{U,}. The nature of this rearrangement changes in
time since 7 is a function of time, but at all times
the new set of functions form an orthonormal set.
We shall assume that the {¢,} have been chosen such
that in the limit Hy, H,~ 0, ;- U,;. This choice is
not necessary but will lead to simplifications in
Secs. IIC and IID. When no external fields are
present an atom can be characterized by the set of
stationary states represented by the wave functions
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{U;e7**i*}. Each suchstatehas a well-defined ener-
gy w;; an allowed dipole transition between two
such states produces a single spectral line. In the
presence of an external oscillating electric field and
a static magnetic field the stationary states of the
atom are represented by the {zl)i} or linear combina-
tions (with time-independent coefficients) of the
{#;}. As can be seen from the form of the {¢;} and
expression (19) there is no set of states whose
members are both stationary and can be character-
ized by a unique energy (i.e., have a simple expo-
nential time dependence). As a result spectra pro-
duced in the presence of an oscillating electric field
are more complicated than in the field-free case:

A single line (allowed or forbidden) which would
exist in the field-free case is replaced in the field-
present case by an infinite series of spectral lines.

C. Transition Rate of Atom in Presence of Static
Magnetic Field and Oscillating Electric Field

In the presence of a static magnetic field and an
oscillating electric field, the state of an atom, both
before and after a transition, will be described by
a wave function of the form (14). However, in many
cases we can assume that the final state % is negli-
gibly affected by the electric field. As can be seen
from the perturbation solution for X and the C’s
[Eq. (A8) in the Appendix], this condition will occur
if all states &’ coupled to the state 2 by a nonzero
electric dipole matrix element 83, also satisfy
|wh = whe| > [B5,e] and w. In addition, if we assume
that a representation of the unperturbed eigenstates
has been chosen such that both H, and H, are diago-
nal operators, then the final state & can be de-
scribed by the wave function

Y= Uke-im;’t . (22)

We define $(w,)dw,dQ to be the number of photons
emitted into solid angle dQ/sec with polarization
é, and with frequencies in the range w, to w,+dw,.
In the Appendix we calculate the photon emission
spectrum $%(w,) for transitions from an upper state
i to the lower state k of Eq. (22):

2 o
$%(w,) = {%’s 2 S(wh+wy =X —Sw)

§==o0

N,
k gh¥ i iX¥
XHZ?ijkw}'k g et cloclY,, (29)

wjy=w}—-w). The matrix element £? contains the
dependence of the transition rate on the direction
and polarization of the emitted photon and is defined
in Sec. IIL, Eq. (36). The total photon emission
spectrum § from an ensemble of N, atoms populat-
ing the N states {¢;} will be expression (23) summed
over final states, averaged over initial states, and
summed over photon polarization:

N N’ N
Swy) =2 20 K; 18}, Ky=3t. (24)
ey i=1 k=1 Na
Here N; is the number of atoms in the state i, N’ is
the number of final states, and K; represents the
probability that the state 7 is occupied by atoms in
the ensemble and has the normalization

N
EK{=1. (25)
i=1

The value given to K; in any particular problem
will be governed by physical considerations. In the
calculations presented in Secs. IIl and IV we have
assumed that

K;=1/N, i=1,...,N (26)

i.e., that each of the states ¢; is equally populated
by atoms in the ensemble. In the limit of no exter-
nal fields where ¥;~ U;, Eq. (26) is just the as-
sumption that the N eigenstates {U;} are in thermal
equilibrium at a high temperature. Such a situation
occurs in most laboratory plasmas when random
collisions (and not radiative transitions) are the
dominant mechanism inducing transitions among
states with different values of 7 and when the aver-
age kinetic energy of the colliding particles is large
compared with the interlevel energy spacing of the
N states. Then the energy levels are “degenerate”
with respect to collisional excitation and deexcita-
tion, and the effect of collisions will be to maintain
equal populations. In the presence of external
fields, energy levels of the N states are shifted rel-
ative to each other by energies of the order of w and
A; — w; (the latter quantity will be shown in Sec. III
to be of the order of w; and ¥,18%;1%/w};), but we
still expect collisional processes to maintain equal
populations if the mean kinetic energy of the collid-
ing particles is much greater than these energy
shifts. We can make the analogy of assumption (26)
and high-temperature thermal equilibrium more
explicit by considering a consequence of Eq. (26).
From Eq. (19), the probability that an atom in the
state i is also in the eigenstate U, is

|7i,|2= Zer™t T CfruCl (27)
Us==occ Sz==00
and is time dependent. Then W;, the probability
that the eigenstate j is populated by the atoms in the
ensemble, is given by Eq. (27) averaged over the
states i:
© N © 3 1
W,= 23 et K, 2 CH ., Cli= (28)

iss- v
Uz=c0 i=1 S== ! N

the latter equality follows from Egs. (26) and (21).
Thus Eq. (26) implies that the probability that the
spatial eigenstate j is populated by atoms in the en-
tire ensemble is time independent and the same for
all j even though the probability that a single parti-
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cle in the stationary state ¢ is in the spatial eigen-
state j is time dependent.

D. Physical Model

We now construct a physical model of the time-
averaged behavior of an ensemble of atoms in the
presence of a time-varying electric field. Such a
model is useful in describing the solution to the
Schrodinger equation (14) in terms of simple phys-
ical processes between the atom and the oscillating
electric field and leads to correct theoretical pre-
dictions of atomic spectra when the variation of the
differential transition rate [Eq. (A5) in the Appen-
dix] over times of the order of w™! can be ignored.
We first note that from Eq. (16) (setting i’ =3),

Gliy=2 B |cilr=1,

§=1 S=-e

(29)

where we have used Eq. (17) to simplify the result.
We can also calculate the energy of a particle in
state ¥;:

<i|H[i>Efd°vzpj‘i =

N « ©
B> (R,[C}s|2+sw > e-wtc;ts_,,c;;.

j=1 $=- Uz=c0

(30)
The particle energy oscillates in time due to the
interaction of the atom and the external electric
field. If we average Eq. (30) over the period of the
electric field, T=2r/w, we get

1 T N © .
—f AGH =2 3 |CL|20+sw).  (31)
0 j=1 s=-x

T

We could equally well obtain the above equation
by using the following model. We consider an en-
semble of atoms populating the state i. We assume
that each atom in the ensemble has “eigenstates”
characterized by the “quantum numbers” (i, 4, s);
such a state has a spatial dependence U; and an en-
ergy \;+sw. The probability that the state (i, 4, s)
is populated by atoms in the ensemble is assumed
to be |C} 1% In this model Eq. (29) represents the
normalization for the probability and Eq. (31) rep-
resents the ensemble-averaged energy. If we ex-
tend our ensemble to include atoms in the states
{¢;,i=1,...,N}, then the probability of the state
(i,7,s) in the enlarged ensemble will be |C} |2
multiplied by the probability that the state 7 is pop-
ulated, i.e., K;, and the average energy of an
atom in the enlarged ensemble will be

N N
Eav= Z) Z; E K,lc;s‘2(7u+sw).

i=1 j=1 s=-w

(32)

Atoms in the ensemble undergo transitions be-
tween the states {(, 4,s), i=1,...,N, j=1,...,N,

AND COOPER 5

and s=-,,.., +} owing to interactions with
quanta of the external electric field. An interaction
consists of the emission (absorption) of a quantum;
the new state (¢/, j/, s’) after the interaction will have
i'=1 (each state 7 is stationary) and s’=s -1 (s’
=s+1), i.e., its energy after the interaction will
have been decreased (increased) by the quantum
energy. Since the field quanta carry angular mo-
mentum of 1 (in units of #), the state after an inter-
action will differ in the index j from the state before
the interaction (Al=1'-1=%1, I=orbital angular
momentum of the spatial eigenstate U;).

In this model the energy of the state (i, 4, s), \;
+sw, has the following interpretation: The energy
difference between w; (the energy of state ¢ in the
limit H;, H,—~0) and X; +Sw is the result of the
Stark shift of the energy levels, the Zeeman split-
ting, and the exchange of quanta with the electric
field. We assume that a representation of the {U,}
can be found such that both Hy and H, are diagonal;
then the Zeeman shift of state ¢ is m;w;. We must
now decide which member of each set of solutions
to choose for each ;. From Eqgs. (13) it is clear
that each member of the set will have a different
value of A;. I we choose that solution in each set
for which AE=X; -m;w - w; goes to zero when the
electric field goes to zero, then we can interpret
AE as the Stark shift, and s as the net number of
electric field quanta absorbed or emitted by the
atom in the state (,j, s). Under this assumption as
the electric field goes to zero, we have

Cls=0i;0, Ni=w;+mwy . (33)

We can now see the significance of this particular
choice. Another member of the set would have the
property that a different coefficient C}u (o#0) would
remain finite in the weak-field limit. Such a situa-
tion would not change the physics, since \;+ow is
invariant for all members of a set, but would not
yield such a simple interpretation; s - ¢ would be
the net number of quanta absorbed or emitted in
state (¢, 4, s).

Finally, we note that an atom in the state (4, j, s)
can undergo a spontaneous radiative transition to
a state with lower energy with which it has a non-
zero dipole moment. In such a transition, the en-
ergy of the resultant photon will be \; + sw minus the
energy of the final state; hence, the optical spectra
of atoms in an oscillating electric field will consist
of “satellites, ” a given satellite being determined
by fixed values of 7, j, and s. The intensity of such
a satellite would be given by K, |C} |2 times the
transition rate from U; to the lower state. How-
ever, as can be seen from the correct expression
for the total photon emission spectrum (24), this
simplified model only works in the special case that
we can ignore cross terms (those with j'#3j) in
Eq. (23). Circumstances under which cross terms
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can be ignored often occur and are discussed in the
Appendix.

III. EXTENSION OF PERTURBATION THEORY TO
INCLUDE STARK SHIFTS AND MAGNETIC FIELD

EFFECTS

A. Transition Rate for Two-Quantum Transitions
in Nonhydrogenic Atoms

If we consider the weak-electric-field limit of the
wave function of Eq. (14), then we can derive an
expression for the transition rate which is valid for
weak electric fields and which is the generalization
of Eq. (1) of Cooper and Ringler?® to include a static
magnetic field and Stark shifts. We assume that
the magnetic field B lies in the Z direction. We
consider three atomic states: 4, j, and k; an elec-
tric dipole transition from ¢ directly to % is assumed
to be forbidden. In the presence of an oscillating
electric field ﬁ, an atom in the state ¢ may be pic-
tured as decaying to the state & by a two-quantum
transition in which it exchanges a quantum of energy
7w with the electric field, exists transiently in the
intermediate state j, and undergoes a dipole transi-
tion to the state k with the emission of a photon of
energy %w,. The photon emission spectrum $%(w,)
for the photon emitted in a two-quantum transition
as described above is

8%(w,) = s B(w, - wh — Wi Fw)

r2
X? ﬁf&‘)‘z |87:]2]&5]%. (39)
This equation is the weak-electric-field limit of
Eq. (23); its derivation and a discussion of the as-
sumptions made in deriving it are given in the Ap-
pendix. In the above expression the upper sign
corresponds to absorption of a quantum from the
electric field, the lower sign to emission of a quan-
tum to the electric field; w; is the second-order
correction to the energy of atomic state ¢ due to the
Stark shift (the Stark shift of state k is assumed
negligible),

wszz l: IB;'ilz
' (

14
70 Lwie+w)

+ 2
1By ] , (35)

(wijr —w)
and the summation is over all intermediate states
j.

The matrix elements {3,*,- are proportional to the
electric field strength; they are defined in Sec. II,
Eq. (9) and expressions for them are given by Eqgs.
(57) and (58) for linearly and circularly polarized
electric fields. The matrix element &% is defined by

= [a*v U, &}-F Uy, (36)

where T is the position vector of the electron, &, is
a unit vector in the direction of polarization of the

emitted photon, and U; is the spatial part of the
eigenfunction of the state j.

B. Special Cases

We will restrict our discussion to transitions be-
tween states with quantum numbers:

i~ n,l,m)), m=—=1,...,1

j" (ny l - 1, m”)’

k=W, 1-2,m'),

m''==1+1,...,1-1 (37
m'=—1+2...,01-2.

This includes most transitions of interest in plasma
diagonostics. Now consider two special cases:
First, a linearly polarized electric field whose
azimuthal angle with respect to B is random in time
and, second, an electric field which is circularly
polarized and perpendicular to B. In either case,
due to the time-averaged azimuthal symmetry of
the electric field, we can average over the azimuth-
al angle in evaluating |£%|2. If the photon is emitted
at an angle 6 with respect to ﬁ, then for photon po-
larization parallel to B (“7” polarization) we have

| £%12=4 (| %52+ |9%| ) cos?0 + | 24| sin®0 ,  (38)

and for polarization perpendicular to B (“¢” polar-
ization) we have

|&512=% (| 5] 2+ | v5]®; (39)

«5, v%, and 2% are the matrix elements of the cor-
responding coordinates.

1. Lineavly Polavized Electvic Field

We first consider a linearly polarized electric
field

E(t)=Eycosw(t-ty), |Eo|=VZ Eppg. (40)

If ¢ is the angle between the electric field and the
magnetic field, then after averaging over the corre-
sponding azimuthal angle, we have

|83 1%= [ 81 ®

22
= Qﬁ-"ﬁ (% (|%}| 2+ |9%|® sin®E + | 21| 2cos?E].

pi7)
(41)

To obtain $ 7;*%(w,), the total photon emission spec-
trum for two-quantum transitions from the states
{n,1,m), m=~1,...,1} to the states {(n’, 1 - 2, m’),
m'=-1+2,...,0—2}, we must average Eq. (34)
over the initial states ¢ which, for simplicity, are
assumed to be equally populated, sum over the final
states £, and sum over both polarizations. After
evaluating all matrix elements and performing the

. s . -
summations, we can write 8/,""%w,) as
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- 1 e* 1 0W=1) .- " cos% .
sMt2(y,) “T807 B 7, fms(m =) |R™-1| 2| R 12| 2 I:—————z-(w“ ) (18€, o 5in% +6¢,,; cos? +6¢€, 4 cos®d)
) s a2 )
sin“g . sing :
+m (66_1’_1 cos®6 + €11 cos?0 + 6e.1 0 sin®p) +m (6€1,1 cos? + €,1 cos? + 661’051n29):LF
S5 (ge 1 Beg )t (6ey yren)t S (gey  te )] (42)
- .. . \2 1, - 7 . 2 - .
+ (w,-jiw)z 0,-1 +0€g 1 (03w - wyp) 1,-1 1,1 (W w+wg) 1,171 1 oF

We have evaluated the necessary matrix elements
by using expressions from Bethe and Salpeter. 16

ot

R}," is an integral over the radial eigenfunctions,
RI = [ 7%dr Ryeys 0)Rps () (43)
and g; is the statistical weight of the state ;. The
coefficients €, ., are defined as
€mij.m]-k =w :kw;'sé(w'r - w;k - wf :F(.U) ’ (44)

where m 3 =m ; —m,, etc. As can be seen from Eq.
(44) a term in Eq. (42) proportional to €myg,mjp PTO-
duces a component of the Stark-Zeeman pattern with
frequency

(45)

Spectral lines described by terms within [+« + ],z in
Eq. (42) are polarized parallel to B; those from
terms within [-- -], are polarized perpendicular to
B. The “F” in the subscripts indicates that a dipole
transition from i - % is forbidden. Equation (42) is
the generalization of Eq. (7) of Ref. 3; it implies
the usual two “satellites” of the forbidden line, each
Stark shifted and split into a Zeeman pattern. If
w;>w;, +w gives the “far satellite” and — w gives
the “near satellite, ” each named according to its
proximity to the allowed line (j - Z).

Two conclusions about the Stark-Zeeman pattern
can be drawn from Eq. (42). First, for a given di-
rection of observation 6, as the angle between the
electric and the magnetic fields is varied from 0 to
3T, some components will appear and others will
disappear. It is therefore possible, as has already
been pointed out, ® to tell the angle beiween the
electric field and the magnetic field by simple in-
spection of the Zeeman pattern of the satellites.
Second, the total intensity of a satellite (the sum of
the intensities of all Zeeman components) will de-
pend on w; and therefore on B. For components
with m,;;=0, the magnetic field dependence is very
weak since wy, w;, and wj, =w,, (the angular fre-
quency separation between the states i, j and the
state % is approximately 4X10 rad/sec—in the
optical frequency range—which is the value of the
Larmor frequency for B= 10® G). For components
with m;;#0, the magnetic field dependence will be
significant if w; is of the same order of magnitude

_ s
Wy = Wi +WT £ w+ My +m oy, .

f

as the other terms in the resonant denominators in
Eq. (42).

2. Circularly Polavized Electric Field

We now consider an electric field whi_gh is cir-
cularly polarized and perpendicular to B=Bz:

(46)

The upper sign corresponds to right-hand circular
polarization (electric field rotation in the same
sense as a free electron in the magnetic field) and
will be denoted by RHC; the lower sign corresponds
to left-hand circular polarization (electric field
rotation in the same sense as a free positive ion)
and will be denoted by LHC. A calculation similar
to that given above for the linearly polarized elec-
tric field will give the transition rate. However,

it is simpler to note that the matrix elements given
by Eq. (58) produce the following selection rules
for transitions from state i to state j via absorption
or emission of a quantum of the electric field: If
the electric field is RHC and a field quantum is
emitted, or if E is LHC and a field quantum is ab-
sorbed, m;=+1; if E is RHC and a field quantum
is absorbed, or if E is LHC and a field quantum is
emitted, m;;=-1. In either case, mj is unaffected
and may be 0 or +1. With these selection rules the
photon emission spectrum for circularly polarized
electric fields can be easily found from Eq. (42) by
the following prescription: (a) Set ¢ =3 7. (b) Multi-
ply the right-hand side by 2. (c) Retain only those
terms which fit the selection rules given above.

For instance, if the electric field is RHC, then
select only those terms with +w in the resonant
denominator and m;;= -1 in the coefficient ¢ for the
far satellite (absorption of a quantum from the
field), and only those terms with —w and m;;=+1
for the near satellite (emission of a quantum to the
field). As in Sec I B1 above, “far” and “near”
refer to the special choice w;>w;. (d)The resulting
expression will be S7;'-2 and can be written in a

ni

form similar to (42).

E() = E,po( & coswi £ 3 sinwi) .

C. Ratio of Intensity of Satellite to Intensity of Allowed Line

It is convenient to calculate and useful to know
not only the absolute intensity of a satellite but also
the ratio of the intensity of a nearby allowed transi-



5 COMBINED ZEEMAN AND HIGH-FREQUENCY... 497

tion. We can write the photon emission spectrum
of the allowed dipole transition (j- %) in a fashion
similar to (42):

1
Trﬁ c’g;

Snlz

mhiw,) = -1)|Ro12|

x{[n, cos?6 +1_; cos?0 + 2n, sin%0],4
+[771+TI-1 ]UA} s (47)

where 7,,,, = w30(w, ~ W} —w}). A term in Eq. (47)
proportional to Tz, Produces a Zeeman component
of the allowed transition with frequency w, = wy,

+ WS, +1m pwy.
tion of the emitted photon applies; the subscript A
signifies “allowed.”

We define S,(6, ¢) to be the ratio of the number of
photons emitted per second in “forbidden” transi-
tions (i~ k) into the solid angle d% to the number
emitted per second in “allowed” transitions (j— k)
into the solid angle dQ:

N;dQ[dw, $i(w,) (a8)
N;dQ[dw,8%(w,) ’

N; represents the population of state i, etc., and
the upper (lower) sign corresponds to the upper
(lower) sign in expression (42). If we assume that
the states ¢, j are in thermal equilibrium in the
high-temperature limit (¢7 > |wj;|) then N, /N;
=g:/g;, and S,(0, ¢) reduces to

S.(6, &)=

eErs

1-1]2
2407 ® (21 !R \

5.0, &) = 5=

fd“’w{ rF+ ‘ uF}
X ol T - 49

The square brackets are the same as in Eqs. (42)
[or the equation equivalent to (42) in the case of a
circularly polarized electric field] and (47). By
using only selected terms within these brackets, one
can use Eq. (49) to compare the intensity of any
forbidden component with any allowed component.

As an example of the use of Eq. (49) we show in
Fig. 1 the results of calculating the ratio of the in-
tensities of components of the Zeeman pattern of the
satellites of the forbidden line (4'F— 2'P) to the
intensity of the central “m component (m £=0) of
the 4922-A allowed line of Her (4'D- 2'P) for vari-
ous configurations of electric and magnetic fields
with =47, w;;=5.63 cm™ (4D — 4'F separation
in He 1), w=2.35 cm™ (electric field frequency
=170.5 GHz), w;=0.33 cm™ (1B |=7kG), and E,,
=1kV/cm.

We now discuss each part of Fig. 1 in turn.

(a) We have E I B; £=0. The remaining nonzero
terms in Eq. (42) are only very weakly dependent
on |B| through wi, and w. The pattern resembles
a normal Zeeman triplet, with the ¢ components of

The same convention for the polariza-

each satellite § of the intensity of the component

(b) E LB and is random in azimuth; ¢=37. The
intensities of all forbidden components depend on
Bl through resonant denominators; the net effect
is to increase the total intensity of a satellite (the
sum of the intensities of all Zeeman components)
by a factor of

1 wytw VP wtw  \?
miloan Gas)] -
Wi W +wy Wi tw =Wy
- T T T T T
Field frequenc!l
|
Larmor frequency! (a)
- ’ - -
ENB
- |
| _
TT M
- L]
I T
| ELB;
- | I Random
11 |
T T T
- L |
|
I e
I El B}
- ‘ LHCP
i ]
| 4 |
o I
I
|
: (d)
| EJ.§;
I RHCP
7' |
| I
" } T
i [
I
: (e)
| E Random
T
o |
| l! | | |
-20 -1.0 (e}
AN (R)

FIG. 1. Normal Zeeman patterns of the satellites of
the forbidden transition 4 'F— 2 P of He1, calculated from
perturbation theory and showing both ¢ and = polarization
for various configurations of the electric field, all for
direction of observation perpendicular to B, field fre-
quency of 2.35 cm™!, and magnetic field strength of 7 kG.
AA=0 corresponds to the allowed line 41D —2 1P; the
vertical dashed line denotes the position of the forbidden
4 lp—~2lp transition. Shown are (a) E parallel to ] B, (b
E perpendlcular to B and random in azimuth, (c) E per-
pendicular to B and 1eft—hand circularly polarized, (d)

E perpendlcular to B and right-hand circularly polarized,
and (e) £ random in direction.
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over its intensity in the absence of a magnetic field.
In the limit B~ 0, the stronger ¢ components of a
satellite become equal in intensity to the = compo-
nents, and the weakest (central) ¢ component ap-
proaches % the intensity of either of the other two

o components.

(c) and (d) E 1 B and is circularly polarized. The
intensities of all forbidden components again depend
on B through resonant denominators. In the limit
B-0, the intensities of the 7 component and the
stronger o component become equal; the weaker o
component approaches 'lg of the intensity of the
stronger ¢ component.

(e) Finally, if E is entirely random in direction
we must replace cos% and sin® in Eqs. (42) and
(47) by their average values

(sin%),,= (1/4n) fsinzg a=%,
(cos% )u=(1/47) [cos*dan=1% .

With these substitutions, Eq. (49) reduces in the
limit B—~0 to the expression for random fields (S,)
given by Baranger and Mozer [Ref. 1, Eq. (1)]:

o _¢al 1 E,IRpE
S @ISD) (w2 0)? (51)

If w— 0, the Zeeman patterns of the two satellites
merge; the resulting pattern consisting of three =
components and five o components is the Zeeman
pattern of the “forbidden line” produced by the
quasistatic fields of the ions in a plasma.

Several authors have treated the dc Stark-Zeeman
effect, among them Brochard and Jacquinot, " who
derived the same selection rules as given above and
calculated the Zeeman pattern of the forbidden line,
and Deutsch ef al., '® who have performed extensive
machine calculations on the dc Stark-Zeeman effect
in Her.

IV. NUMERICAL CALCULATIONS

In this section we present results of numerical
calculations using the theory given in Sec. II.

We do not have an analytical solution to the infi-
nite set of equations (12). Instead, we use a nu-
merical method of solution suggested by the physical
interpretation.

For weak electric fields, the multiple absorption
of s photons becomes less likely as |s| increases
(negative values of s correspond to emission) since
the larger values of |s| correspond to higher-order
terms in the perturbation series. The probability
of the absorption of one photon is given by second-
order perturbation theory, two photons by third-
order theory, etc. As the strength of the electric
field increases, the probability of multiple absorp-
tion also increases, and higher-order satellites
will become observable. However, it is reasonable

AND COOPER 5

to assume that even for strong fields the probability
of absorbing s photons becomes negligible for |s|
sufficiently large. Since this probability is propor-
tional to | C | %2 we assume that

C;=0 for |s|>S, j=1,2,...,N. (52)

Then the infinite set of equations (12) is reduced to
a finite set:

N
+ -
jlz_;l (a/jl C,}'S+ Bjjl le's+1+ 3’!' CI',S-I)

+(w;—sw=-21)Cy=0,

j=1,2,...,N,

, +S. (53)

s==S,...
Equations (53) can be viewed as an eigenvalue equa-
tion:

-

X D=2D, (54)
where D is an N(2S+ 1)-dimensional column vector
whose elements are in a one-to-one correspondence
with the coefficients C;, j=1, 2,...,N and
s==S,,.., +S; X is an N(2S +1)xX N(2S + 1) matrix
whose elements are chosen so that the set of equa-
tions represented by (54) is the same set given in
(53). One can easily show that X is Hermitian when
H is Hermitian. Let Z represent the unitary matrix
which diagonalizes X; we have

z1xXz-x', (55)
where X' is the diagonal matrix whose nonzero
elements are the eigenvalues of X and also the solu-
tions for X. The columns of Z are the eigenvectors
of X; they are solutions for D and hence for the
C’s. We can construct a solution for Eq. (1) from
each of the N(2S +1) eigenvalues and eigenvectors
of X. As discussed above, only N of these solu-
tions are to be used in the complete wave function
and, as before, the solutions may be divided into N
sets, each set now containing 2S +1 members. For
the infinite set of equations (12), all of the solutions
within a set can be found from any one member of
the set by using the transformation (13); this will
only be approximately true in the case of the finite
set of equations (53) because of the approximation
made in truncating the matrices. We must be care-
ful in selecting which eigenvalues and eigenvectors
to use. As one method we could choose the solution
in each set most accurately fulfilling condition (52)
above, or we could choose the solution described in
the previous section where s has the physical mean-
ing of the net number of photons absorbed or emitted
and A; - wym; —w; is the Stark shift. For low elec-
tric fields these two choices will be the same.

In order to identify which eigenstates of H, need
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to be included in the expansion of the wave function
P, it is helpful to consider the perturbation solution,
Eq. (34). Because of the resonant denominators,
for a given initial state ¢, the most important in-
termediate states j to consider are those for which
|wj;l = w is smallest and B;; is nonzero. However,
for strong electric fields, all nearly intermediate
states should be included even if B;; is zero, since
multiple quantum transitions may be important and
two states ¢ and j can be coupled through other in-
termediate states. For instance, for the 4388-A4
He 1 (5'D~ 2'P) line the 5G level must also be in-
cluded, since it introduces satellites and strongly
affects the position and intensities of the satellites
originating from the 5D and 5F levels. If there are
intermediate states for which | w;,|<w and B;; is
nonzero, then states for which |wj,;|> w can be
neglected unless very strong fields are present or
great accuracy is desired. The best method to de-
termine whether a particular state need be included
is to perform the calculations with and without the
state and compare results. Similarly the appropri-
ate value for S [the limit of the summation in ex-
pansion (12)] can be found by increasing its value
and noting the effect on the results.

In order to calculate the matrices « and 8, and
the unperturbed energy levels w;, we need to know
the unperturbed wave functions {U;}. Since, except
for hydrogen, these wave functions are not known
exactly, an approximation must be made. In many
cases hydrogenic wave functions may be used to
calculate the dipole matrix elements « and 8*, and
measured values may be used for the unperturbed
energy levels.

For hydrogenic wave functions the H; term is
diagonal if the external magnetic field is chosen
along the z axis. If the total electron spin of the
atom is zero, then Hy=w L,, where L, is the z
component of the orbital angular momentum of the
excited electron. H,, the interaction energy of the
high-frequency electric field, is

Hy= (i -E/m)=+|e|(F-E/n), (56)

where [[ is the electric dipole moment. For linear
polarization of the electric field, E(¢) = E,coswt and

Biy=B3p=(le|/2m)G|T Eoli") . (57)

For circular polarization perpendicular to the mag-
netic field, E(f)=E, (% coswt+y sinwt) and

ﬁ;f’ =(|3|Erms/2ﬁ)<.7. |x;iy I],> s
(58)
Bisr = el Bene/20) GGl 22y ") .
The upper sign corresponds to right-hand circular
polarization and the lower sign corresponds to left-
hand circular polarization relative to the magnetic
field.
We have confined our calculations to helium, but

the theory can be used for any element, as long as
the unperturbed energy levels are known to suffi-
cient accuracy and the necessary matrix elements
can be computed.

We have used our theory to investigate extensively
two optical transitions of parahelium, the 4922-A
(4'D~2'P) and 4388-A (5'D~ 2!P) He1 lines.

For the upper levels in these two cases, the only
states which need be included in calculations for
electric fields E,, <20 kV/cm and frequencies

w, wg <75 GHz are the 4P, D, and F, and the 5P,
D, F, and G, respectively. The lower states (n=2)
are negligibly affected by the electric field because
the 2P, m =0, +1 states are not coupled by the g*
matrix elements and the 2P levels are widely sepa-
rated from any other levels. However, the 2P lev-
els are split by the magnetic field.

For our calculations, we have used Martin’s
values'®'® for the eigenvalues of H,, and hydrogen-
like eigenfunctions for the {U;}.

In the calculations which are presented below, we
have not included a magnetic field. This is because
a thorough treatment of the effects of a magnetic
field was given in Sec. III and the new phenomena
which arise when the perturbation treatment is not
valid are similar to those which are shown below
for the case of electric field alone. That is, higher-
order satellites and Stark shifts become important.

Figures 2 and 3 show calculated Stark profiles of
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FIG. 2. Calculated Stark profiles in the vicinity of the
4922-3 spectral line of He 1 for the case of no magnetic
field and a linearly polarized electric field of frequency
1.17 cm™! and for various electric field strengths, all for
direction of observation perpendicular to E. Each profile
is the result of folding the theoretical line spectrum with
an instrument function of FWHM of 0.2 & and is shown
plotted logarithmically; a single decade is shown in the
figure by a double-ended arrow. AA=0 is the unperturbed
position of the allowed line 4 !D— 2'P; a denotes tiie unper-
turbed position of the forbidden transition 4 'F—21p,
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FIG. 3. Calculated Stark profiles in the vicinity of the

4388-A spectral line of He 1 for the case of no magnetic
field and a linearly polarized electric field of frequency
1.17 em™! and for various electric field strengths, all

for direction of observation perpendicular to E. Each
profile is the result of folding the theoretical line spectrum
with an instrument function of FWHM of 0.2 A and is shown
plotted logarithmically; a single decade is shown in the
figure by a double-ended arrow. AX=0 is the unperturbed
position of the allowed line 5D —21P; oy and a; denote

the unperturbed positions of the forbidden transitions,
51F—21pand 516 —2 1p, respectively.

He 4922 A and He 4388 A for an electric field fre-
quency of 35.1 GHz (1.17 cm™) for various field
strengths. This frequency was used because it is
the one used in the experiment described in Sec. V.
In the calculations we have set S=10 for E,,

<6 kV/cm and S=15 for stronger fields. The re-
sulting matrix X has then been numerically diago-
nalized using a CDC 6600 computer. Since for
strong electric fields there are a great many satel-
lites which contribute significantly to the spectrum,
the main features of the spectrum are more easily
seen if the multitude of theoretical lines predicted
by our calculations are “smoothed” by folding with
an “instrument” function. To obtain the profiles
shown in the figures we have used the function

2/(x2,42
—10-4x</( )
I=10 ¥/(x%a N

where x is the distance in angstroms from a line
center and @ has been set to give a full width at
half-maximum of 0.2 A. This instrument function
produces a line shape which is often observed ex-
perimentally for nonhydrogenic lines: Gaussian at
the center and Lorentzian in the wings, with a weak
continuum background. The half-width and back-
ground chosen are approximately those of the ex-
periment described in Sec. V. In each figure the
profiles are plotted lined up behind each other and
the intensity of each profile is plotted logarithmical-
ly. The first profile in each figure is the instru-
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ment function, the profile for no electric field.

For low field strengths the profiles calculated by
using the multilevel theory of Sec. II agree with the
perturbation theory: The pattern consists of a strong
allowed line and “far” and “near” satellites sepa-
rated by twice the field frequency. For higher elec-
tric field strengths other satellites appear and grow
until they dominate the spectral pattern. The addi-
tional satellites are due to multiple photon transi-
tions from the upper set of states to the 2P level.

In Fig. 2 the allowed line (4'D~ 2'P) has satellites
associated with it which are due to an even number
of photons being absorbed or emitted from the ex-
ternal field, while the forbidden transition

(4'F~ 2'P) has associated with it satellites due to
an odd number of photons being emitted or absorbed;
these additional satellites are separated from the
positions of the corresponding transitions by even
and odd multiples of the field frequency, respective-
ly. Figure 2 also shows the effect of the Stark shift
of the 4D and 4F levels: The satellites of the forbid-
den line and the satellites of the allowed line (as
well as the allowed line itself) appear to “repel”
each other as the field strength is increased. The
allowed line and its satellites are shifted towards
longer wavelengths and the satellites of the forbidden
line are shifted towards shorter wavelengths.

The spectra shown in Fig. 3 for the 4388-4 line
are more complex than those of Fig. 2 due to coupling
of the 5D and 5F levels to the nearby 5'G level.
This coupling not only modifies the positions and
intensities of satellites arising from the 5D and
51F levels but also produces an additional group of
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FIG. 4. Calculated intensity ratio S, of the far satellite
of the forbidden transition 4 !F— 2P to the allowed line
4!p—2'P in He 1 as a function of rms electric field strength
for several electric field frequencies, for a linearly polar-
ized electric field E, and fordirection of observation per-
pendicular to E.
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FIG. 5. Calculated intensity ratio S_ of the far satellite
of the forbidden transition 4'F— 2!P to the allowed line
4'D—2'P in He 1 as a function of rms electric field strength
for several electric field frequencies, for a linearly polar-
ized electric field E, and for direction of observation
perpendicular to E.

satellites associated with the forbidden transition
(5'G~ 2'P) and separated from it by even multiples
of the field frequency. The Stark shift of the 5'G
level and its associated satellites is in the same
sense as that of the 5'F level, i.e., toward shorter
wavelengths and “away” from the red-shifted al-
lowed line.

In the limit of very strong electric fields, where
the Stark shift is much greater than the unperturbed
energy level separation, we expect the Stark pat-
terns to approximate the symmetric patterns pre-
dicted by Blochinzew? for degenerate levels. Such
a tendency can be seen in Fig. 2 where the spectrum
becomes more symmetric as the 4!D and 4 F levels
become increasingly “degenerate.”

Figures 4 and 5 show the results of further cal-
culations on the 4922-A He 1 line, again with a lin-
early polarized electric field and no magnetic field.
Because we have chosen the electric field polarized
parallel to the z axis, each satellite and the allowed
line have three uncoupled components whose ampli-
tudes and Stark shifts depend upon the absolute value
of m, the azimuthal quantum number. In calculating
the data for these graphs we summed the amplitudes
of the three components of the appropriate line.

In Figs. 4 and 5 the rms electric field is plotted
against S, (S_), the ratio of the far (near) satellite
to the allowed line, for various frequencies (labeled
in inverse centimeters). Perturbation theory pre-
dicts straight lines on a log-log plot (S, and S_ are
each proportional to EZ ) which are tangent to the
curves of Figs. 4 and 5 at low electric fields. For
stronger fields there are increasing deviations from
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the results of perturbation theory. Figures 4 and
5, and also Fig. 2, show that the intensity of the
far satellite is growing faster than the intensity of
the near satellite, until at about 12 kV/cm the far
satellite is actually stronger. As is noted in Ref.
11, and is clear from Figs. 4 and 5, the near sat-
ellite deviates much more than the far satellite
from the predictions of perturbation theory, and
the effects of the higher-order terms are to de-
crease the amplitude of the near satellite relative
to the perturbation theory results.

From Figs. 4 and 5 it is in principle possible to
determine the frequency and amplitude of an elec-
tric field from an experimentally measured spec-
trum. However, the appearance of additional satel-
lites may confuse the spectral pattern even for
relatively low field strengths.

For instance, consider Fig. 6, which shows a
set of profiles of the 4922-A line of He 1 for a fre-
quency of 4.0 cm™. It is not clear from the figure
which are the far and the near satellites even for
weak electric fields. The line marked with an ar-
row is actually a satellite of the allowed line.
Another situation where confusion could result is
at very low frequencies, since the two satellites
will then merge into a single line at the position of
the forbidden line. Furthermore, in a plasma the
forbidden line is always present due to the quasi-
static Coulomb fields of the ions and it may be con-
fused with the satellites if its intensity is compar-
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FIG. 6. Calculated (instrument-broadened) Stark pro-
files in the vicinity of the 4922-4 spectral line of He1 for
the case of no magnetic field and a linearly polarized
electric field of frequency 4.0 cm™! and for various elec-
tric field strengths, all for direction of observation per-
pendicular to £. Each profile is plotted logarithmically;
a single decade is shown by thedouble-ended arrow.
AA=0 is the unperturbed position of the allowed line 4D
—21p and the single-ended arrow denotes one of iis
satellites.
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able to satellite intensities. One might also see
only a single satellite if the field frequency is close
to the energy separation of the 4D and 4F levels;
then the near satellite will be buried in the “wings”
of the allowed line. For these reasons we empha-
size that unless the features of the spectrum are
clearly identifiable, extreme caution must be ob-
served in using the perturbation calculations or
Figs. 4 and 5.

The amplitude of the electric field can also be
determined by measuring the Stark shift of the
lines.! It is usually most convenient to measure
the total Stark shift, which we define as the change
in the separation of the forbidden and allowed lines
(compared with their separation with no external
fields). The Stark shift of the allowed line can also
be used if one can determine its unshifted position.
For low fields Eq. (35) can be used to find the Stark
shifts; for high fields the theory of Sec. II must be
used. From Eq. (35) we can see that for linear po-
larization the Stark shift is proportional to

/(i -o?),
and therefore for w < | wj,| it is a rather weak func-
tion of the frequency. Thus in this case a precise
knowledge of the frequency is unnecessary; for

other polarizations, however, the dependence of
the Stark shift on the frequency is stronger.

V. EXPERIMENT

We have experimentally studied the effect of a
linearly polarized high-frequency electric field on
eigenstates of He 1 by observing optical transitions
in the vicinity of two allowed lines, which we will
refer to as

case I 4922 A (4D, etc. ~2'P),
case II: 4388 A (51D, etc. -21P),

and by comparing the observed spectrum with the
spectrum calculated by using the methods of Secs.
II and IV. In both cases there is no magnetic field.
Figures 2 and 3 of Sec. IV show the theoretical pro-
files predicted by the multilevel theory of Sec. II
for cases I and II for the experimentally measured
electric field frequency and for various field
strengths.

A. Apparatus

Figure 7 shows the apparatus used in the experi-
ment. We generate the high-frequency electric
field in a cylindrical microwave cavity and apply
it to a helium plasma produced by a dc discharge
in a quartz capillary which threads the axis of the
cavity. The cavity (0.609 cm in diameter and 0. 865
cm in length) oscillates in the TMy;, mode with the
electric field parallel to the axis of symmetry and
electric field strength maximum along the axis of

‘mental arrangement are given in Ref. 3.

[on

the cavity. Mode identification was verified by
calculating the resonant frequency of cavity plus
quartz capillary, which agreed to within 1% of the
measured frequency, 35.2 GHz, and also by mea-
suring the relative electric field intensity as a func-
tion of position along the axis of the cavity. This
latter measurement was done by measuring the
change in resonant frequency of the cavity -quartz-
capillary system as a small quartz plug was pushed
into the cavity down the inside of the quartz capillary.
The calculated electric field intensity variation
over the inside cross section of the capillary (o.d.,
0.85 mm; i.d., 0.40 mm) is <5% of the value on
the axis. In operation with a plasma, helium flow
is maintained continuously through the capillary:
typically, the pressure at the high-pressure end

of the capillary is 3 Torr, and pressure at the low-
pressure end is 1 Torr. Other typical discharge
parameters are current 3. 5 mA; current density,

4 A/cm? average dc electric field strength, 300
V/cm; and electron density, 1x10' cm™. The
electron density is determined by measuring the
change of resonant frequency of the microwave
cavity due to the presence of the plasma. The

field frequency is much greater than either the
plasma frequency or the electron collision frequen-
cy, so that the microwave field has no noticeable
effect on the plasma. Further details of the experi-
Two
changes should be noted, however. The cavity is
now excited by a 10-W cw klystron. With the higher
power and electric field the satellites are no longer
buried in the wings of the allowed line; this permits
the experiment to be run cw and obviates the need
for phase-sensitive detection. The light intensity
at a given wavelength is now measured by use of
standard photon-counting techniques. Peak inten-
sities in Figs. 8 and 9 represent > 10* counts/sec.
For a single experimental point, counts were taken
for 10 sec.

B. Comparison of Theory and Experiment

For a direct comparison of the theoretical cal-
culations with our measured line profiles, we have
folded the theoretical results, which consist of a
discrete line spectrum, with a realistic “instrument
function” obtained from measurements taken on
the same apparatus but with the microwave power
turned off. Most of the observed broadening was
instrumental. Figures 8 and 9 show comparisons
of experimental results with various theories, all
calculated for observation at right angles to the
direction of the electric field and for a peak field
strength of 5.0 kV/cm (3.54 kV/cm rms). In all
cases AX=0 is the position of the allowed line in
the absence of the perturbing electric field. All
“bumps” on the theoretical profiles are produced
by one or more satellites and not by irregularities
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in the instrument function. All satellites stronger
than 107 of the total intensity of the pattern were
retained in the calculations (the number of satel-
lites so kept is noted in the discussion of each fig-
ure).

Figure 8 shows a comparison between experi-
mental and theoretical results for case I. The
multilevel theory outlined above, the Autler-Townes
theory, and the perturbation theory of Baranger
and Mozer all give nearly the same results for the
predicted spectrum; the major discrepancy between
them comes from the neglect of the Stark shift in
the perturbation calculation. The slight difference
between the Autler-Townes and the multilevel
theories is due to the retention of the 4P energy
level in the latter. In both cases we have included
18 satellites. Agreement of the multilevel theory
with experiment is excellent, and even the other
two theories agree quite well with experiment for
this field strength. The close agreement of the
perturbation calculations and the multilevel calcu-
lations, which we expect to be much more accurate,
indicate that the perturbation calculations can still
be trusted for this line at this frequency and field
strength. The value so obtained was 5 kV/cm peak
field with an estimated error of less than 500 V/cm.

Case II, shown in Fig. 9, is a much more severe
test of the various theories owing to the following:
(a) The matrix elements 8* increase with #, hence
the effect of a given electric field is greater on the
4388-A line than on the 4922-A line. (b) The energy
levels of n=75 are closer together, so that more
satellites (i.e., higher-order transitions) become
important. (c) For n=5 there is a G energy level
very near the F energy level, and the two interact
strongly.

In Fig. 9 we compare the measured line profile

for the 4388-A line with theoretical ones calculated
from our multilevel theory and from the Autler-
Townes theory, using the field strength derived
from the measurements on the 4922-A line. Agree-
ment between the multilevel calculations and the
measured data is very good, whereas experiment
and the Autler-Townes calculations sharply dis-
agree, not only in satellite positions and intensities
but also in the Stark shift of the allowed line. This
disagreement graphically illustrates the need to
include additional upper levels, since this is the
only significant difference in the two theories.

! T
4922 Hel '
——Multi-level
—-——Autler-Townes
eee Experiment
v Perturbation
theory
> O.l ]
B
[ =4
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o
2
5
& .0l g
.00l B
L 1 L 1
-2.0 -1.0 (0] 1.0 20
Ax(A)
FIG. 8. Comparison of experiment and various theories

for case I (41D, etc.— 2'P), 4922-A He 1 for the case of
no magnetic field and a linearly polarized electric field

of frequency 1.17 cm™! and rms electric field strength of
3.54 kV/cm, and for direction of observation perpendicu-
lar to the electric field.
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FIG. 9. Comparison of experiment and various theories
for case II (56'D, etc. —21P), 4388-3 He 1 for the case of
no magnetic field and a linearly polarized electric field of
frequency 1.17 cm™! and rms electric field strength of
3.54 kV/cm, and for direction of observation perpendicu-
lar to the electric field. The sets of vertical lines labeled
5D, 5'F, and 5'G indicate the positions and relative in-
tensities of spectral components originating from those
levels.

Perturbation calculations, not shown, disagree even
more strongly with measurements. In the Autler-
Townes calculations we include 42 satellites; 58
were used in the multilevel calculations.

In Fig. 9 we have also indicated the major satel-
lites originating from the three upper levels, 5 ID,
5'F, and 5'G. Each vertical line in the figure de-
notes the average position and relative intensity of
the narrowly separated satellites which result from
transitions from upper levels with differing mag-
netic quantum numbers.
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APPENDIX

A. Calculation of Transition Rate for Atom in Static Magnetic
Field and Oscillating Electric Field

In order to .calculate the theoretical radiation

pattern emitted by an atom in an oscillating elec-
tric field we solve the equation

i22 _(H@)+H®,

of (A1)

where H(t) is as defined in Eq. (1) and H’ is the
particle-radiation field interaction operator

- (o e -
K- (p+< K=,
(52 &),

p is the momentum of the optical electron, K is the
vetor potential of the radiation field, and A* is
the vector potential of the external magnetic field.
At any time ¢, the solutions of the equation i (8¢/
9t)= H(t)¢ form a complete orthnormal set. Hence
we may expand ®(f) as ®(¢)=3,T 4(¢) ¢ ,(t), where
the sum is over the complete "set of the ¢’s. The
¢’s explicitly contain both atomic and radiation
field quantum numbers and hence differ from the
solutions of Eq. (1) (¢’s). Substitution for ®(¢)

in Eq. (Al)yields

;e
nmc

N dr o
iDL 0= DT, H' g, (a2)
d d

Multiplication of Eq. (A2) on the left-hand side by
<p:‘ and integration over all space yields an equation
governing the time development of the coefficient
r,.

.dT’,

i—2 =2, (k|H'|d)T,;
d

i (A3)

the matrix element (| H' |) involves integration
over both atomic and radiation field variables.

We assume that at /= 7 the system (atom + radi-
ation field) is in a state ®= ¢; [ Ty(7)=6, |; then
| T',(t)12 is the probability that the system,. initially
in state 7 at £= 7, will by time ¢ have undergone a
transition to state 2 by emitting or absorbing pho-
tons from the radiation field. I we consider a
time interval, /- 7, small compared with the life-
time of state i, then we can solve Eq. (A3) by
iteration:

L=TP+TP+..., TO =5,
(A4)

V=i [tdt(k|H i), etc.

We now specialize to the problem of spontaneous
emission of a single photon ¥ in the atomic transi-
tion ¥; -3,, where ; and §, are given by Eq. (14)
and Eq. (22). Then we have

_ pmilwy, + 0yt >
P =€ ORI UL(T) Ay,

N
(2] =g tM! Z; Z; st eiswt UJ(;)ACH

j=1 s=a-w

where A is the radiation field state function; A,
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denotes the presence of photon y; A, denotes that
no such photon is present. By substituting ¢, and

RS

S==0 §'=z=x

Z) G L D chcite

@; into Eq. (A4) and performing the time integra-
tion we have

-1/2)il(s=s)w(t+1)]

x dsinz(@, 4 @) -\ -s0) (1= 7)] sinz[(wprwp= ~s'w)(t=1)]

(Wy+ Wh= Ny = SW)

where the matrix element (|H’|) now denotes inte-
gration only over atomic variables,

As a function of w,, IT{|? consists of a series
of “peaks” with centers w,=)\;+sw- w, and widths
=1/(t- 7). For w(t- 7)>1 the peaks are narrow
relative to the interpeak spacing w and we can
approximate |T{! (2 by

TP |2~ [ dw, 2_, 8 (w,+wp =N —sw)Iis
§a-
where Ii® is the number of photons emitted in transi-

tions from state i to state £ into solid angle d§2
with w, ~ ), + sw~ w}, during the time interval (7, ¢):

I = [ dw, [T ?p(w,)de

N N
=27 2’1 ; G'|H k) (R |H' IJ>Z) ci,cir,
-

) — st - —g
e iw(s=s’)T e iw(s —s’)t

x " T-e p(@,)de ;
i(s-s")w

p(w,) is the density of photon states per radian solid
angle and w,=\; + sw - wj + A, where A is chosen

to satisfy 1/(¢- 7)< A<w, In performing the inte-
grations above we have used the sharply peaked
nature of the integrands by evaluating p(w,) and

the matrix elements at the peak center and then
letting A—, Of more physical interest than

IT{P 12 is its time derivative, the differential transi-
tion rates:

N N
% TP [2=2n [ dw, 5 25 ('|H'|k) (R|H'|j)
j=1 j’=1

o

X2 L CiCily p(w,)de

§==0 g§'zac

x [e-i(s—s' Ywt 6(0)7 + w,'z_ N -sw)].
(a5)

The differential transition rate given by Eq. (A5)
is a rapidly varying function of time for frequencies
for which the approximations above hold [w> (¢ - 1)
> (lifetime of state z)“] , and hence of more
experimental interest is the time-averaged differen-
tial transition rate dAf. Evaluation of the matrix
elements in Eq. (A5) (using the dipole approxima-

(Wy+ Wy = Xy = s'w) ’

T
tion) and p (w,) yields

(|H'|j)=i (2me?/Mow,}/? W), £
p(w,)=vwi/8rc?

where v is the system volume, the magnetic field
has been assumed to lie in the +z direction, and
where we have defined the following quantities:

Wi, = Wj— Wy, W] = fdsVUj* (Ho +Hy)Uy, etc.
th= [d Ufer-Tu,.

Then we have

dA’:—fdw

y 27,;1»03 E 0,8(W, + W, = X, - sw)

Xf} 2 Wi Wiy, 5k‘5 Cis C

j=1 j'=1

(A6)

The integrand of expression (A6) gives the photon
emission spectrum $(w,):

2
e
S (w,):m ? (l.),,ﬁ((.l.),le + W, = A= sw)

& ker ¥ i*
XZijkwjk‘g 5 C §'s
j=1 §'=1

A7)

-

B. Weak-Field Limit

If the electric field is weak, then we can get an
explicit expression for the solution of Eq. (53).
We set S=1 (higher values correspond to multiple
quantum transitions which we expect to be rare
for weak electric fields) and diagonalize the matrix
X . The resulting expression for A and the C’s are
power series in the small parameters B*“:

7*i=w:+wis+0(|ﬁ’3),

5 1511 5s'-1ﬁj1

C "5306““'( ], + ) w” +O(“‘3I2);
Jﬁjil Jﬁﬂ!
Ak eren A ey (A8)

w; is the Stark shift of level i due to the electric
field and is quadratic in the electric field amplitude.
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In deriving the above expressions we had to as-
sume | B3] < |wi,l,
these assumptions will be discussed in Sec. C of
the Appendix.

The resulting expressions for the s(w ) will con-
tain cross terms of the form 5151, 85:B%%,. In many
cases of physical mterest (dlscussed in Sec. C
of the Appendix) &% g,, [3“3].1 acd,, . In this case
Eq. (A7) reduces to

2

e
81 (W)=5 >3 [“)3 B(w, - wi, — w7) |52
k 2 -2,
+w,0(wy — Wiy — w3 w)JZ (w“+w)2
W, - R ]
+ w,6(w, — Wy 2 (w” ;Y
+0(|g]y. A9

The spectrum given by expression (A9) consists
of three spectral lines: a line resulting from a
dipole transmon from i to 2 with resulting photon
energy w, =W, + W ), and two weaker “satellites”
with energies w, =w;, +w’ + w which result from
two-quantum transmons (one quantum absorbed
from or emitted to the electric field). If a dipole
transition from i to % is forbidden (¢%=0), but the
dipole matrix elements g;; and &'j are nonzero,
then the spectrum is composed of just the two
satellites and we have Eq. (34). If &} #0 then,

to lowest order, §(w,) is just the usual spectrum
for an “allowed” dipole transition from i to %.

C. Validity of Perturbation Theory

We now discuss the assumption made in deriving
Eq. (A9).

(i) The form of Eq. (A9) depends on the assump-
tion that the cross terms of the form

o BLBREREL .
Wip Wyep (@} )@,z w) ’ J#)
can be ignored in the final expression for the spec-
trum 8. Before discussing situations in which this
assumption holds, we note that due to the form

of the denominators in Eq. (A9), the leading con-
tribution to the satellite intensities and positions
will come from terms in the sums involving inter-
mediate states whose energies lie close to the
energy of state i. More distant states will have
less effect and states for which the energy separa-
tion w;, is much greater than the energy separation
of the nearest states can be ignored in computing
the satellite intensities and positions. Similarly,
cross terms for which j and j’ do not both repre-
sent states near to the state { can be ignored, since
they will not significantly modify the result given
in Eq. (A9) for the frequency spectrum.

HESS,

and also that | wj;+ wl > O(I 8l );

AND COOPER 5

We can identify two cases in which the assump-
tion that the cross terms are negligible is valid.

(a) First, if for a given initial state 7 and final
state & there exists only a single intermediate state
j which is “near” to the state 7 and for which the
matrix elements £% and gj; are both nonzero, then
the assumption is valid. This situation occurs
for the singlet helium lines 4388 A (5D~ 2!P) and
4922 A (4'D ~2!P) for a linearly polarized electric
field with either no magnetic field or polarized
along the magnetic field, or an electric field circ-
ularly polarized perpendicular to the magnetic
field. In the above cases, for a proper choice of
coordinate system, each initial state (n, I=3,
m=-3, -+, 3) is coupled to only a single one of
the nearby intermediate states (z,1=2, m=-2,...,
2) by the matrix element 8.

(b) Second, cross terms can be ignored when
the time-averaged electric field is axially sym-
metric with respect to the magnetic field. Then,
in a coordinate system with z axis along the mag-
netic field, the cross terms vanish when an average
is taken over the aximuthal angles of the electric
field and of the emitted photon.

i) 181« Iw;jl, i.e., the weak-electric-field
approximation. If the electric field is not weak then
the problem must be solved numerically by the
methods of Sec. II. The validity of the perturba-
tion theory as the electric field increases is further
discussed in Sec. IV.

(iii) | w}; £+ wl > | Bj;1 . If this condition is violated
then the perturbation expansion (A8) is no longer
valid, since one of the “small” terms (« 8*) be-
comes comparable to the leading term. Since
resonant denominators of the form w;-,, + w also
appear in the perturbation expressions for higher-
order terms (js|>1), we can no longer be sure
that the higher-order terms which were ignored
in calculating Eq. (A8) will be weaker than the
terms kept.

As noted by Autler and Townes, * perturbation
theory also breaks down if a higher-order reson-
ance condition is satisfied. If we consider the case
most often used in plasma diagnostics where a
dipole transition from ¢ -k is forbidden and a di-
pole transition from j—k is allowed, then in the
weak-electric-field limit for which perturbation
theory is valid the condition for an nth-order
resonance can be written as

1
a0 - wSane] < (L) wer,
tJ

—
Wyl
n=3, 5,

As can be seen from the above resonance condi-
tion, an nth-order resonance occurs when the
Stark-shifted position of the nth satellite of the
forbidden transition i~ % (the forbidden transi-

tion has only odd-numbered satellites) is separated
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from the Stark-shifted position of the allowed
line j -~ k& by a distance of the order of Iw;,IG".
Then the intensity of this satellite (which would
normally be much less than the intensity of the
allowed line) can be comparable to the intensity
of the allowed line. Numerical calculations
show that when a resonance occurs two spectral
lines separated by a distance of the order of
Iw: ;€™ appear at approximately the position of
the allowed line predicted by the perturbation
theory. A similar situation occurs at the pre-
dicted positions of the far and near satellites,
where a higher-order satellite of the allowed
line (which has only even-numbered satellites)
can be comparable in intensity to the generally

much more intense first-order satellites. For
weak electric fields the separation between the
two lines in each pair is very small and will not
be seen in a real experiment with finite resolving
power and broadened spectral lines. For stronger
electric fields, the separation will be observable
only for the lowest-order resonances. If the sep-
aration cannot be resolved, then each pair will be
observed as a single “satellite” with an intensity
equal to the sum of the individual intensities and
an average position given by an average of the po-
sition of each component weighted by its intensity;
numerical calculations with the theory of Sec. II
indicate that the sum intensity and average posi-
tion are given correctly by Eq. (A9).

*Work performed under the auspices of the U. S. Atomic
Energy Commission.
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