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Perturbative analysis of simultaneous Stark and Zeeman effects
on n = 1= =n =2 radiative transitions in positronium
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Perturbative corrections to the wave functions of the 16 n =2 positronium states are used to
derive the n = l~n =2 radiative transition rates of a positronium atom moving in arbitrarily
oriented electric and magnetic fields. Excess annihilation radiation resulting from laser excitation
and magnetic mixing in n =2 positronium is calculated and found to be in. accord with a recent ex-

periment.

I. INTRODUCTION

Experimental investigations of positronium (Ps) are of
fundamental significance in testing quantum electro-
dynamics. ' Studies of Ps are difficult because of its low
mass and short ground-state lifetime (see Fig. 1 for life-
times and energies of n = 1 and n =2 Ps). Measurements
of the 1 'So —1 S, fine-structure energy interval in
ground-state Ps have employed magnetic quenching and
microwave techniques. Measurements in n =2 Ps in-1

elude the 1 S
&

—2 S
&

transition, observed using
Doppler-free two-photon spectroscopy, and the
2 S, —2 Po, z transitions in orthopositronium (ortho-
Ps), which were observed by monitoring coincidences
between Ly-a photons and annihilation radiation upon
application of a resonant microwave field. Observation of
the 1 S—2 P transitions in ortho-Ps with an incoherent
light source has also been reported, although the statisti-
cal significance of this study is low. To date, no measure-
ments involving n )2 Ps states have been reported.

The accuracy of fine-structure measurements is limited
by the Doppler effect: Ps atoms, when formed by
thermal desorption methods, have random velocities
v =/3c —(1—2) X 10 cm/s, corresponding to tempera-
tures —1000 K. Production of cold Ps, such as through
laser cooling, will reduce this source of uncertainty.
This technique requires that the 1 S—2 P transition of
Ps be excited by broadband laser light (covering half the
Ps Doppler profile) tuned to frequencies to the red of the
1 S—2 P transition frequency, using laser intensities
near or above the optical saturation intensity. Optically
saturated resonant excitation of the 1 S—2 P transition
of Ps has recently been reported. Excess annihilation ra-
diation produced through magnetic mixing of ortho-Ps to
parapositronium (para-Ps) in the n =2 state was used to
demonstrate the optical saturation.

In the kinds of experiments described above, small
electric and/or magnetic fields are often present. Previ-
ous theoretical work on n =2 Ps gives exact diagonaliza-
tions of the 16X16 secular determinant for the energy
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FIG. 1. Fine-structure energy levels and annihilation life-

times of n = 1 and n =2 Ps in the absence of external fields (see

Ref. 1). Numbers in parentheses give relative energy of levels,

including radiative corrections, in units of gigahertz. The spon-
taneous radiative lifetimes of the 2P and 2S levels are 3.2 ns and

0.24 s, respectively.

levels of motional Ps in a magnetic field. These studies
did not, however, include the effects of external electric
fields, or consider radiative transitions between the n = 1

and n =2 levels.
In this paper, we present a perturbative analysis of

Zeeman and Stark effects from arbitrarily oriented elec-
tric and magnetic fields on radiative transitions between
the n = 1 and n =2 states of Ps. A rate equation ap-
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proach involving transitions between unperturbed
ground-state wave functions and first-order perturbed
excited-state (n =2) wave functions is used to calculate
level populations and annihilation rates. The perturba-
tive nature of the analysis limits magnetic fields to 300
G, electric fields to ~800 V/cm, and Ps velocities to
510 cm/s ($50.003).

II. ANALYSIS

A. Fields and transformations

We study radiative transitions between the ground
(n =1) and lowest (n =2) excited states of Ps moving in
arbitrarily oriented electric and magnetic fields. The
geometry is shown in Fig. 2(a). The z axis is along the
direction of the magnetic field B, and the vector P=v/c
is chosen to be in the x-z plane. The polar and azimuthal
angles of the electric field 8 and photon wave vector k
are denoted by 8@ and P@, and 8& and Pi„respectively.
Because the typical Ps P-3 X 10,we can neglect terms
of order P in the field transformations to the Ps rest
frame. We also neglect the change in photon polariza-
tion, energy, and direction resulting from the boost, since
the Ps atoms are moving at nonrelativistic velocities. For
a characteristic electric field 8 —50 V/cm, the motional
magnetic field —50 pG when U

—10 cm/s, and is negligi-
ble compared with typical magnetic field strengths con-
sidered here. When B =100 G, however, a motional

If we now orient the axes in the Ps rest frame so that
the transformed electric field is in the x'-z' plane, we ob-
tain the geometry shown in Fig. 2(b). This coordinate
system is simplest for calculating perturbative corrections
to the Ps wave functions. Here the component of 4'
parallel to B is denoted by 6

~~

=D„and the component of
8' perpendicular to B (aligned along the x' axis) is denot-
ed by Ai=[N„+(6' PB)—]' . Note that the polar an-

gle of k is 0'k =Ok, and that the azimuthal angle of k with
respect to the x' axis is now given by P'k =

P&
—P&., where

tang@ =(6y f3 B)/—6' (2)

The spherical polar angles (O'„,P'k ) of k can be related to
standard Euler angles of rotation. These, in turn, are
needed to calculate the electric dipole transition rates for
various polarization states of an emitted or absorbed pho-
ton.

B. Perturbation equations

Our perturbing Hamiltonian is the sum of Zeeman-
and Stark-effect terms, and is given by

H =HJi+H& = —p.B—el. r

Stark field —10 V/cm is produced in the Ps rest frame
and it cannot, in general, be neglected. The transformed
fields in the Ps rest frame are therefore given to good ap-
proximation by

B'=B=Bz, 8'=4"—P By .

(a}
piiB(o —„oi,)—e. r(@~~~cos8+—6'isin8cosg) . (3)

Y

(b}

Here, r = (r, 8, $ ) is the position of the positron relative to
the electron, a &, and o.2, are the Pauli operators for the z
component of spin angular momentum for the electron
and positron, respectively, and pz is the Bohr magneton
(piilh =1.40 MHz/G). Note that the Zeeman factor
proportional to L, which appears in the familiar expres-
sion for Hz for ordinary atoms, vanishes in the case of
Ps.

In the L-S coupling scheme, quantum numbers

I y I
=

I nSLJM I completely specify each unperturbed Ps
eigenstate. The 16 states having principal quantum num-
ber n =2 are listed in Table I, along with their decompo-
sition into products of spin functions gz~ and orbital

S

(spherical harmonic) functions Yl M . First-order
L

corrected eigenstates (denoted by a tilde) for Ps atoms in
the presence of the perturbing fields are given by the usu-
al formula,

ly' & & y'IH ly &

y(~y) Er Er
(4)

A

Ag

FICx. 2. (a) Coordinates for Ps in the laboratory frame, and
(b) in a frame in which the Ps is at rest.

where the Ez are unperturbed energy eigenvalues. Be-
cause of the relatively small separations AE~ ~

=E~ —E~
between fine-structure states of the same principal quan-
tum number, the summation in Eq. (4) can be restricted
to just those nearby states. Moreover, because the fine-
structure splitting (203 GHz) between the sublevels of
n =1 Ps is much greater than the fine-structure splitting
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'Soo

TABLE I. Perturbative corrections to the n =2 positronium wave functions.

I 3 1 1 1Spo ~S S10 ~PS ( P» P1 —1 p P lo )

1

1 Plo
1

Yl lxop
Y[prop
Y[- [Xoo

Pl 1 2 (~11 Pl 1 + ~21 Pzl )+~PS Soo
'Plp —3 '

(alp Poo+2' ezl Pzo) —cpsp 'Spp

Pl 1+2 (Cll Pl 1 Ezl Pz 1 ) CpS Soo

3

3S lp

3

Yoor»

Yooxlp

Yooxl-1

„—c3z(
' P 0+2 ' P —P )

Slp + cg Spp +2 c3z( Pz 1
—2 3 p Pzp —Pz 1 )

~31( Pl 1 + PI —1 )+3 ~30p Poo
Sl 1+632(6 Pzo 2 p Pz 1

—Pz z )

+2 ~31(p Pl —1 Plo )+3 ~30 Ppo

3
Pzz

3

3
Pzo

3Pz-1
3

Y»X»
( Yi ix]0+ Ylox1 I )

( Y»X]—1+2 Y10X[0+Y[—]X» )

( Yl —1X10+ Y1011 —1 )

Yl-lri-1

3 3
Pzz c3z S
P21+ 2 [e21 Pl 1 +~32(P Sl1 Slo)l
P211+6 [2E21 Plp + c32( Sl 1 Sl 1

+ 2p Slp ) ]
P2 —1+2 [~21 Pl 1+E32(p Sl 1+ Slo)]

3Pz z+ c3z Sl3

3

3P10
3

2 '"(Ylpxl[ —Y»xlo)
2 '

( Yl ly]1 —Yl[X] 1)
( Yl —1710 10k 1 —1 )

Pl, +2 ' [e, , 'P, , +e31(p Sll+ Sill)]
Plo+2 '

831( Sll+ Sl 1)]
'Pl, —2 ' '[E» 'P, , + e31(P 'S, ,

—'S,p)]

'Poo [»10+ 1 —»» Poo+3 [alp'Plo+Elo( Sll —
p Slo Sl 1)]

among the n =2 sublevels, corrections to the ground-
state wave functions are neglected here.

The matrix element (ys M ~o.„—o2, ~ys M ) is

nonzero only when M&=M& =0 and SWS', so the mag-
netic perturbation only connects ortho and para states
with the same values of n and z component of angular
momentum, MA. Zeeman matrix elements between ortho
and para states of Ps are given by the general expression

(r'~HB~l ) =~..&LL&MM( —1)'+ [(—1)'+' —1]PB&

J' 1 J
X v'3(2J +1)(2&+1)

S' I.' J'
J 1 S

The electric field perturbation only connects states of the
same multiplicity whose orbital angular momenta differ
by unity. The general expression for Stark matrix ele-
ments for Ps is

tain the first-order perturbation corrections to the n =2
wave functions. These are listed in Table l in terms of
the unperturbed angular momentum eigenstates, using
the notation

cy y=2p~B /AEy q, y'y =21, 11,10,S;
E~ r =3.2' eap6'3 IDES ~, y'@ =PS, 32, 31,3D;

(7a)

(7b)

(7c)

The energy differences EE& ~ can be obtained from the
values given in Fig. 1.

C. Rates of radiative transitions between n = 1

and n =2 states of positronium

The rate of decay from one perturbed Ps state to
another follows from the general theory of radiative tran-
sitions in atoms, viz. ,

dW. (l-', )-)=(X„.+1)(2k'X3e)~P. (y'~d~y) ~'dn„.

S' L' J'
() ~H, ~) )=S,.,( 1)'+'+ '. (n—L ~r~nL)

L

X V'max(L', L)(2J'+ 1)(2J+ 1)l2
J' 1 J

—M' Mq
(6)

where (n'L'~lr~nL) is the radial matrix element, and r is a
vector with spherical components r+, = + 83,

,
= —8, and ~ = —2'~

@~t.

Using the results of Eqs. (5) and (6) in Eq. (3), we ob-

Here, d=+er is the Ps dipole moment, P is a unit vec-
tor that specifies the polarization o of the photon with
energy Acu=Ack, emitted into a differential solid angle
d Ak about k, and Xk ~ is the number of ambient photons
in mode (k, cr). When no resonant radiation is present,
Eq. (8) can be integrated over emission angle and summed
over the two independent polarization states to yield the
spontaneous rate A (y', y). For dipole-allowed transi-
tions y'~y, we ignored all first-order corrections and
adopted the spontaneous rate between unperturbed
states,
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A (y', y)~A(y', y) (allowed) . (9a)

Spontaneous transition rates between the 16 substates
of n =2 Ps and the four substates of n = 1 Ps were evalu-
ated from Eqs. (9) using the wave functions of Table I. In
the analysis that follows, we found it convenient to use
the fact that each rate between these perturbed substates
is proportional to the (unperturbed) Ps term A value

A (2p, ls) =3. 14 X 10 s

The individual proportionality factors are given in Table
II. In the absence of electric and magnetic fields (i.e.,
when all E~ r~0), we recover the usual spontaneous-
emission coeScients between specific magnetic substates.
In the presence of a magnetic field, transitions between
1 S and 2 'P states and between 2 P and 1 'S states are
possible. Transitions between the 1 S and 2 S states and
between the 2 'S and 1 'S states are permitted by the
Stark e6'ect. To this order of perturbation theory, howev-
er, the Stark mixing between the 2S and 2P states results
entirely from the electric field parallel to the direction of
the magnetic field, so that motional Stark fields do not in-
duce this mixing. Also, it may be noted that only one
value of q =AM =M' —M contributes to each transition
under consideration; this is indicated by the subscript
( . )~, where q =+, 0, or —for each entry in Table II.

Radiative transitions induced by polarized light in-
cident from arbitrary angles can be calculated from Eq.

For dipole-forbidden transitions y'~y, we used

4k & y'f~ly" &(y"Id' 1y )
A(y y) y y (/ / }3' y" y

(forbidden) . (9b)

(8), once the spherical components (P+,PO, P ) of the
polarization vector are determined in the Ps rest frame.
Because only one value of q =AM contributes to each of
the radiative transitions considered here, each induced
rate is simply proportional to the appropriate P . In this
paper we consider two situations, both with the incident
photon propagation vector klB. For light polarized
linearly along B, one has P =(0, 1,0), and for right-hand
circularly polarized light, P~ = ( ,', ,', —,

'—).—

D. Saturation intensity

We define the saturation specific intensity J"' as the
value of J (J cm s ' Hz ' sr ') giving a steady-state
population of the upper level equal to one-half the popu-
lation of the lower level. If J varies slowly over the nat-
ural linewidth of a transition,

A (y', y) hv

where v is the frequency of the transition, and A (y', y)
and 8 (y', y) are the Einstein coefficients for the transi-
tion from the upper to the lower state. According to this
definition, the induced rate is one-half the spontaneous
rate at saturation intensity.

The saturation energy Aux required to irradiate a sam-
ple of atoms at saturation intensity depends on the fre-
quency bandwidth Av of the laser through the relation
F„,=4' J"'Av. For the 1 5—2 P transition of Ps,
F„,=8840 AA, J cm s ', where AA, is the bandwidth of
the laser in angstroms. Thus irradiating a sample of Ps

O

atoms at saturation intensity for 10 ns with a 1-A band-
width laser having a 1-cm spot size requires —88 pJ of
energy.

TABLE II. Perturbative corrections to electric dipole transitions rates between n =1 and n =2 lev-
els of positronium. All bank entries are zero. Subscript gives value of AM for the transition.
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III. NUMERICAL RESULTS
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FIG. 3. Time-dependent level populations N(t) of Ps irradi-
ated by a 2430-A laser with 0.65 A bandwidth (dashed curves),
and instantaneous annihilation rates (solid curves). The energy
of the laser pulse is 100 pJ, and the laser intensity time profile is

given by a 10-ns FWHM Gaussian function centered at 20 ns.

Ps energy levels, shown by the dashed curves, are denoted by
the unperturbed state labels. The magnetic field B =200 G and

the parallel electric field D~~
=50 V/cm. The radiation is linearly

polarized along the direction of the magnetic field, and the Ps
are assumed to travel at an angle of 45' with respect to the
direction of B with a velocity of 10 cm/s.

We calculated the time-dependent populations of the
20 n =1 and n =2 Ps states due to the application of an
external laser field, using the annihilation rates and life-
times given in Fig. 1, and the transition rates between the
various levels given in Table II. The transition rates from
each perturbed 2P level to the unperturbed 1S levels were
all reduced by a common factor so that their sum would
yield the term value 2 (2p, ls). The radiative transition
rates from the perturbed 2S states to the 1S states are
well approximated by the values in Table II, since the ra-
diative lifetimes for the unperturbed 2S~1S transitions
(—=0.24 s) are even longer than their annihilation life-
times. The laser time profile was characterized by a
Gaussian function with 10 ns full width at half maximum
(FWHM) intensity centered at t =20 ns.

The results of a numerical simulation of the time
dependence of the Ps level populations with 8 =200 G
and 6"~ =50 V/cm (0 =6 =0) are shown in Fig. 3. The
laser energy I and bandwidth AA. are 100 pJ and 0.65 A,
respectively. The laser was taken to be linearly polarized
along the direction of the magnetic field with klB, and
the Ps were assumed to be traveling with a velocity of 10
cm/s at an angle of 45' with respect to the direction of
the magnetic field. The initial Ps population
Np, (t =0)=1, and was divided equally among the three
1 Si states. As can be seen, the laser irradiation causes

f,.= l(2n2 /3+ l3 (12)

where g2 and g3 are the fractions of Ps that annihilate
into two and three photons in time At, respectively, and

qz, = 1 —exp( —b t /r„,„,p, ) is the ortho-Ps decay frac-
tion in the absence of laser illumination. For example, in
the 40-ns window centered about the peak of the laser
time profile at t =20 ns, an excess annihilation radiation
fraction of 12.8% is calculated for the parameters of Fig.
3. This effect is used elsewhere to demonstrate resonant
excitation and optical saturation of the 1S—2P transition
in Ps.

Figure 4 shows another simulation with @~I and I in-

creased to 500 V/cm and 500 pJ, respectively. The mag-
nitude of the excess annihilation signal in the 40-ns win-
dow centered at t =20 ns has increased to 24.3%, with a
larger fraction of the Ps remaining in the 2 S state at
long times (t & 40 ns) compared with the values plotted in

Fig. 3. The rate at which Ps atoms in the 2 S state spon-
taneously decay to the 1 S state increases as a result of
the increased Stark mixing, so that the Ps atoms do not
remain in the 2 S as long as in the case illustrated in Fig.
3. Thus one needs lower laser energies to excite a given
fraction of Ps to the long-lived 2 S, states when N~~ is

larger, but as a consequence the lifetime of that state de-
creases.

the populations of the n =2 states to increase at the ex-
pense of the 1 S& population until the laser power starts
to decrease at t =20 ns. The asymmetry of the n =2
populations about t =20 ns arises from the continual loss
of Ps from the system due to annihilation, and from the
3.2-ns radiative decay lifetime of the 2P level after the
laser light has effectively turned off. Also, a small frac-
tion of Ps reaching the'2 S, level through Stark mixing
remains trapped in this state long after the laser irradia-
tion has ceased.

The solid curves in Fig. 3 are proportional to the in-
stantaneous annihilation rates of Ps. The curve labeled
"Laser off" shows the annihilation rate in the absence of
laser excitation. The curve labeled "3y" shows the an-
nihilation rate from the 1 S& state and, to a much lesser
extent, the 2 S, states. The curve labeled "2y" shows
the annihilation rate from the 1 'So and 2'So states re-
sulting from transitions between ortho and para states in-
duced by the Zeeman effect. Annihilation from 2P states
is small and neglected. The net annihilation rate is
shown by the curve labeled "Total," in which ortho-Ps
3y annihilations are given —, times the weight as para-Ps
2y annihilations. This assumes that the detector has
equal sensitivity to 2y and 3y decay, which may not be
true in practice because of the differences in the ortho-Ps
and para-Ps annihilation spectra.

By integrating the annihilation signal over a fixed time
interval, we find that Zeeman mixing in the n =2 levels
and subsequent annihilation from the 1 'So level can lead
to an annihilation rate in excess of the rate which occurs
for the same system when the laser is off. We define the
fractional excess annihilation radiation produced by laser
illumination of an ortho-Ps sample during a time interval
of length At by the expression
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FICx. 5. Fractional excess annihilation radiation as a function
of laser pulse energy in a 40-ns window centered at the peak of
the laser time profile. All other parameters are as given in Fig.
3. Cases shown are for right-hand circularly polarized laser
light, and for linearly polarized light with the polarization vec-
tor parallel to B. The photon propagation vector klB.

The calculated fractional excess annihilation radiation
in a 40-ns window centered at the peak of the laser time
profile is shown in Fig. 5 as a function of I, again with
61=0.65 A. Results are shown for linearly and circular-
ly polarized light with kJ.B, B=200 G, and N~~

= 50
V/cm. Values of f,„are smaller in the case of circularly
polarized light than in the case of linearly polarized light,
because in the former case the electric dipole-matrix ele-
ments connect states that are not mixed through the Zee-
man effect, for example, in the transition 1 S&&~2 Pzz.
For a laser pulse energy of 100 pJ, we find that the ratio
of f,„ for circularly polarized light relative to linearly po-
larized light is 0.36, as compared with the experimental
ratio of 0.42+0.2.

As I increases, f,„approaches an asymptotic value as
the ortho-Ps mix into para states, annihilate, and thereby
deplete the total population of Ps atoms. For ht =40 ns,
f,„(I~~ )~ l. 72, from Eq. (12). One can roughly

determine the laser power at which —
—,
' the Ps atoms are

depleted through mixing by an expression of the form
(1—E ) = —,', where c. is a characteristic Zeeman mixing
coeScient and X =6t /t

y
is the average number of times

a Ps atom will cycle between the n =1 and n =2 states in
time 5t, the duration of laser illumination. In the fully
optically saturated limit, that is, when J /J"' ))1, the
cycling time t

y ~2/B2] J ~ Fol 8:200 0 AE 2. 5
GHz, and b, i, =0.65 A, depletion of —50% of the Ps in
—10 ns will occur when I—1000 pJ. This description of
excess annihilation radiation is in good accord with ex-
perimental observations.

IV. DISCUSSION

Count rates of annihilation photons can be used to
monitor excitation of Ps to the n =2 level. When Ps
atoms are produced in a pulsed fashion, as in the
Lawrence Livermore National Laboratory Linac, ' this
is accomplished by comparing the time dependence of the
annihilation count rate with no laser illuminating the Ps
sample to the count rate when the laser is on. Without
laser excitation, a prompt 2y annihilation pulse is ob-
served from Ps formed in the 1 'S state, followed by a re-
sidual 3y annihilation background from 1 S decay,
which lasts for —100 ns. The annihilation rate can either
increase or decrease due to laser excitation of the Ps
1 S~2 P transition. A decrease in the relative annihila-
tion signal will be observed for suSciently weak magnetic
fields, since excited Ps wiH spend time in the 2 P level
with an annihilation lifetime much longer than the 142-ns
ground-state annihilation lifetime. When the magnetic
field is strong enough to induce Zeeman mixing of ortho
and para states in the n =2 states, annihilation of Ps
from the 1 'So state can lead to an increase of the annihi-
lation signal relative to the signal strength in the absence
of laser excitation, as illustrated in Fig. 5.

Increased experimental sensitivity to laser excitation of
the n =2 level can be achieved by using either two-
photon coincidence detectors (Anger cameras) or high-
resolution detectors to discriminate between 2y and 3y
decay. As is well known, the ortho-Ps 3y decay spec-
trum is a continuum extending to 0.511 MeV, whereas
the photons emitted in the para-Ps 2y decay each have
discrete energies of 0.511 MeV in the Ps rest frame. Ob-
servation of 2y decay coincident with laser irradiation of
Ps tens of nanoseconds after the initial Ps production
pulse would provide additional evidence for Zeeman mix-
ing between the ortho and para states in n =2 Ps.

The effect of Zeeman mixing in n =2 Ps provides a
method for producing a narrow 0.511-MeV line using a
narrow-bandwidth 2430-A laser to velocity-select Ps.
The mixing will result in transitions to the 1 'So level
from which a very narrow 0.511-MeV annihilation line
will be emitted. This effect was overlooked in Ref. 10, in-
validating Letokhov and Minogin's method for produc-
ing nearly monoenergetic annihilation y radiation.

The ability to induce transitions from ortho-Ps to
para-Ps is also important in other applications. (i) Using
this effect to provide a source of narrow, time-variable
0.511-MeV line radiation, one can produce narrow,
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frequency-tunable y-ray line emission between 0.170 and
0.511 MeV in conjunction with a Compton-scattering y-
ray mirror. " (ii) The production of stimulated 0.511-
MeV annihilation in the laboratory depends on a method
for converting ortho-Ps to para-Ps. The application of
203-0Hz microwaves has been suggested to achieve this
conversion. Zeeman mixing to para states following
laser excitation of ortho-Ps to the n =2 states gives
another method for doing this. (iii) The Zeeman effect in
n =2 Ps also provides a method to map the velocity dis-

0

tribution of Ps. A narrow-bandwidth 2430-A laser can be
used to velocity select and excite a small fraction of Ps.
Zeeman mixing in n =2 Ps will lead to an enhancement
of 2y annihilation photons proportional to the relative
number of Ps having velocities in resonance with the ap-
plied radiation. By varying the laser frequency, different
Ps velocity intervals will be excited by the radiation, from
which a one-dimensional velocity profile can be derived.

This resonance excitation can also be used to diagnose
laser cooling of Ps, but it is then necessary to use a laser
with an intensity greatly in excess of optical saturation
intensity. This is because cooling with a broadband
2430-A laser requires intensities near or above the 1S-2P
optical saturation intensity and, at optical saturation in-
tensity, B must be less than —100 G (Ref. 12) in order
that the ortho-para conversion via the Zeeman effect not
interfere with cooling. The laser used to diagnose cooling
must therefore be at even higher intensities so that Ps
atoms cycle between the 1S and 2P states a sufficient
number of times to produce an observable annihilation
signal.

All of the above considerations presume that the elec-
tric field in the direction of B is small; otherwise, a sub-
stantial fraction of the Ps will be trapped in the long-lived
2 S state. Indeed, we can expect a reduction in the frac-
tional excess annihilation radiation observed as D1 is
made larger, due to increased Stark mixing from 2 P to
2 S. The presence of Ps in the 2 S state could be demon-
strated by photoionizing the excited Ps atoms with a laser
of wavelength k & 7290 A at long times following laser ir-
radiation. The free electrons or positrons could then be

detected with a microchannel plate.
Stark mixing of 2 P and 2 S states may be of particu-

lar interest in fine-structure measurements of n =2 Ps, as
it could provide a method for populating the 2 S states
more efficiently than can be done through radiative
recombination. Two-photon excitation can also, of
course, populate the 2 S states, but without the velocity
selectivity possible with one-photon excitation. Velocity
selection of Ps during excitation would reduce the
Doppler motions of those Ps atoms "mixed" to the 2 S
level. This would in itself represent a first sample of Ps
atoms cooled in one dimension, although with the loss of
those Ps atoms not originally formed with low velocity in
this direction. Fine-structure measurements of the
2 S, —2 Po, z intervals in a microwave cavity (taking
into account Stark shifts on energies) could be monitored
by a change in the annihilation radiation count rate as
the frequency of the microwave radiation passes through
the resonance frequency of the transition; this could
represent one of the most sensitive tests of quantum elec-
trodynamics available.

In summary, we have presented a perturbative analysis
of the resonant excitation of Ps moving in arbitrarily
oriented electric and magnetic fields. Mixing of ortho-Ps
and para-Ps by the Zeeman effect in n =2 Ps, which
changes the annihilation rate, can be used to monitor
laser excitations of Ps atoms. This effect is of interest in
connection with attempts to cool Ps and to measure the
fine-structure energies in n =2 Ps. Finally, we find good
agreement between our numerical calculations and recent
experiments to optically saturate the Ps 1 S—2 P transi-
tion.
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