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The 23S, — 2°P, and 23S — 23Pq transition frequencies (v, and vo, respectively) in positronium have
been measured for the first time and an improved measurement of the 23S;— 23P, transition frequency
(v2) has been made. The results vo=18504.1 £10.0%* 1.7 MHz, v;=13001.3+3.9+0.9 MHz, and
v2=8619.6 + 2.7+ 0.9 MHz are in reasonable agreement with the predictions of quantum electro-
dynamics which are, to order a*#® (R is the frequency equivalent of the rydberg); vo(a®) =18496.1
MHz, vi(a?)=13010.9 MHz, and v,(a3) =8625.2 MHz. More precise measurements are planned to

test the, as yet uncalculated, order a*% corrections.

PACS numbers: 36.10.Dr, 32.30.Bv, 12.20.Fv

We report the first measurement in the e ¥-e ~ atom
positronium! (Ps) of the 23S, to 23P, and 23S, to 23P,
frequency intervals v, and v and an improved measure-
ment of the previously measured? 23S, to 23P, interval
vy. These measurements constitute a definitive test of
quantum electrodynamics (QED) and of the Bethe-
Salpeter equation since Ps is composed of equal-mass
relativistic particles. Ps is a bound lepton-antilepton sys-

tem and thus exhibits direct annihilation channels not
present in the other systems used to test QED (hydrogen,
muonium, electron or muon g—2, etc.). In addition,
measurements in Ps have implications for nonleptonic
systems since the relativistic bound-state formalism used
in calculating the n=2 Ps fine structure has analogies in
QCD calculations of quark-antiquark bound states.

To date QED calculations have been carried out to or-
der a7 for the n=2 energy levels?:

+ £ a?+ (3/2n)a’lna 7' —0.8995a%+ A,a*In(a " ") + Ba*+. .},

EQ3S) =% Ri-1

EQ3Py)) =% R{i—1— 55 a*+0+0.0057a*+ 4,a*In(a ")+ Bra*+. . },
EQP)=§ R{—1— #a?+0—-0.0315a°+ 4,a*In(a ") +Ba*+. . },
EQ3Py) =% R{—1— &5 a?+0—0.0978a>+ Aga’*In(a ") +Boa*+.. .},

where the coefficients 4 and B are, as yet, uncalculated. The a?R terms arise from spin-spin and spin-orbit interac-
tions while the terms in a*(Ina ~') #/8 (786.3 MHz), a3%/8 (159.8 MHz), a*(Ina ') R/8 (5.7 MHz), and a*R/8
(1.2 MHz) are due to radiative corrections (vertex, loop, self-energy, and annihilation). The predicted transition fre-

quencies are thus

vy =8625.2+ (4, — A4,)5.7+ (B, —B,)1.2+. .. MHz,

vo=18496.1+ (4, — A40)5.7+(B; —Bo)1.2+. .. MHz

Experimental Technique and Apparatus.—The v;
transition frequency is measured as the center frequency
of an rf-stimulated resonance transition from the 23S,
initial state to the 23P, state (J=0,1,2). The 23P;, state
is detected by its emission of a Lyman-a photon [7, =3.2
ns, A(La) =243 nml] leaving the Ps in the 13§, state
which subsequently annihilates to three y’s with a life-
time 1, =142 ns. A schematic representation of the ex-
perimental apparatus is shown in Fig. 1. An electrostati-
cally focused beam of positrons (detailed by Van House
and Zitzewitz* and Gidley, Kéymen, and Capehart?)
with kinetic energy 65 eV and typical rate of 2x10°
e*/s enters a section of waveguide (type WR-90,
2.3x1.0 cm?) through a copper-mesh-covered opening,
traverses the short dimension (z) of the waveguide
(WG), and strikes a polycrystalline molybdenum target
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vi=13010.9+ (4, —A4,)5.7+(B; —B)1.2+. .. MHz,

! (Mo) attached to the opposite inner wall of the
waveguide. A fraction (3x10 %) of the incident posi-
trons is emitted from the target as n =2 Ps. If we as-
sume equal distribution in all of the n=2 magnetic sub-
states, a fraction f; = of them will be in the 235,
state and f, = 7 will be in the 2°P;(J =0,1,2) states.
The rf power is produced by a microwave generator (G),
amplified in a 10-W traveling-wave tube (TWT), and
subsequently switched (SW) into the waveguide in the
TE ;o mode or alternatively into a dummy load (DL).
10% of the rf power from the generator is split off by a
directional coupler (DC) into an HP-5245L frequency
counter (FC). The instantaneous frequency is stable to
within 1 MHz. The rf traveling-wave intensity is mea-
sured by an HP-8478B power meter (P) and continuous-
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FIG. 1. Experimental apparatus. (a) Beam interaction re-

gion and detectors. (b) rf and signal electronics.

ly recorded. Instantaneous power variations are less
than 10% and the average power (typically 15 mW to |
W) is measured to 1%. Lyman-a photons pass through a
copper-mesh-covered opening in the waveguide and are
detected in a Hamamatsu R821 solar-blind photomulti-
plier (La) with an overall detection efficiency
(geometric X quantum) of 0.06x0.15=0.01. One or
more of the y rays from the annihilation of the 135,
states are detected in two 10 X 10-cm-diam Pilot-B plas-
tic scintillators (y) with a combined detection efficiency
of 0.15.

Data and Data Analysis.—The Lyman-a signal (y-
scintillator signal) suitably discriminated provides a start
(stop) signal to a combination of time-to-amplitude con-
verter (TAC) and multichannel analyzer (MCA) which
produces a time spectrum as displayed in Fig. 2. The
23P, states appear as an exponential feature with a life-
time characteristic of the decay of 135, Ps (the observed
decay lifetime of 100 ns is shorter than the 135, vacuum
lifetime because of annihilation during wall collisions).

|

_e—yT/2
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FIG. 2. A typical time spectrum with La start and y stop in
the absence of rf. The signal R is obtained from the number
of counts /V; in the signal time window of width Stg, the num-
ber of counts /V, in the background window of width &t,, and
the total data aquisition time Tk, corresponding to R
=(/V, —N,,&ts/é'tb)/TR.

The peak feature in Fig. 2 is predominantly due to two
annihilation y rays, one of which triggers the Lyman-a
detector by scintillating in the front window of the detec-
tor (the probability is 10 ™% per y ray) while the second
simultaneously triggers the y detector. The flat back-
ground is due to uncorrelated Lyman-a and y-detector
signals. The background is measured as the counting
rate in the time interval 87, from 550 to 1750 ns and
after division by five is subtracted from the counting rate
in the interval 6t; from 20 to 260 ns to yield the raw
data rate Ron (Rog) where on (off) indicates the pres-
ence (absence) of rf power in the waveguide.

The rate Rqy (typically 0.05 cps) is produced entirely
by the 23P, states that were originally formed. The
difference Ron — Rofr reflects those 23S states that have
been converted to 23P; states via the stimulated rf tran-
sition. If we assume equal detection probability for
Lyman-a photons resulting from 23P;, states formed by
either mechanism, the ratio r; can be defined as

Ron— Rog fv 1 !
rp=—t O =S P
J Roﬁ fp 3m=2_1 Jm
1 1
=3 Z PJm7 (1)
m=—1

where Py, is the 23S,,-to-23P,,, transition probability
during transit of the waveguide. The ratio r; has the vir-
tue of being insensitive to fluctuations in the n =2 Ps for-
mation rate.

In the rotating-wave approximation for a damped
two-state system the transition probability for rf of fre-
quency v, intensity /, and polarization in the Z direction
(see Fig. 1) is®
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The 3y decay (r=1.1 us) of the initial state has been
neglected. Here y is the width of the 23P, state,
a+ib=I[(5;,—iy/2)*+K},1"? is the complex Rabi fre-
quency, and T=z/v. is the transit time for the 23S Ps
to cross the waveguide when v, is the z component of the
Ps velocity. In the expression for a+ib and in Eq. (2)
we have suppressed the indices Jm on the symbols @ and
b and we have defined the quantities §; =2x(v—v,) and
K7y =288raadlCy,/h, where the Cj,, are the squares of
Clebsch-Gordan coefficients (Cy+;=C;+,=%, Ca
=13,Coo=1%,and Cy+,=C9=0).

Since at most one of the transitions is driven appreci-
ably for any value of v used, we can fit all of the data by
a single function r(v,I;vo,vy,v2,¥/2,T), which from Eq.
(1) is given by

2 J
rEr0+r|+r2=—1—Z Z P/m. (3)
9 JSom==y

The ratio r was measured as a function of frequency
and rf power, and the results are displayed in Fig. 3.
The function r in Eq. (3) was fitted to the data with
the resulting parameters vo=18504.1+10.0 MHz,
vi=13001.3£3.9 MHz, v,=8619.6+2.7 MHz, T
=17.3%1.2 ns, and y/2=27%x(22.6+2.7) MHz with
X%2=49 for 54 degrees of freedom.

In principle, the value of r obtained from Eq. (3)
should be averaged over the ensemble of Ps velocities,
which would result in a corresponding ensemble of tran-
sit times 7 across the waveguide. Fits were made with
Gaussian and boxcar T ensembles with widths as large
as 10 ns. The resulting v, were not significantly
different from the v, obtained by fitting by a single value
of T. This is to be expected since each r; is an even
function of &,. In addition, the rf intensity seen by a
given Ps atom varies with its position in the waveguide
(predominantly TE;y) with higher intensities near the
center where the Ps atoms are more concentrated. Fits
were made to the data with the rf intensities scaled up by
a maximum factor of 2 (corresponding to all the Ps at
the center of the waveguide) with no significant shift in
the resulting values of v;.

The fitted transit time T yields a value v/=z/T
=5.9x107 cm/s. Since the actual velocity ensemble is
unknown v, is not necessarily the average of v, but it is a
reasonable first-order estimate. The half-width y/2 ob-
tained from the fit is consistent with the theoretical value
y/2=271%24.9 MHz. The systematic error in y/2 (in-
cluding Dopper broadening and the dependence of the
fitted value of y/2 on the unknown T ensemble) is es-
timated to be 5 MHz giving the result y/2=2n
x(22.6 2.7+ 5) MHz

Systematic Errors.— The average rf frequency is mea-
sured to a 0.5-MHz accuracy. Since the rf is a traveling
wave the power monitored at the rf detector is a direct
measure of the square of the rf electric field in the in-
teraction region. The presence of standing waves due to

reflections from the power meter and waveguide adapter
were measured by use of a slotted line, and corrections to
the average rf electric field used in the fit were made at
each frequency. The uncertainty in this correction yields
contributions of 0.9, 0.5, and 0.1 MHz to the errors of
vo, Vi1, and vy, respectively. The average rf power can be
kept constant as a function of frequency to within the rf
power-meter calibration precision which is conservatively
estimated at 3%. If, as a worst case, the rf intensity of
all data points at frequency greater than the center fre-
quency is artificially increased by 3% over their actual
values, the net shift in the fitted center frequency is 0.5
MHz which we take as the uncertainty due to impre-
cision of the power calibration.

The magnetic field in the interaction region was mea-
sured to be 0.5 G which would cause a maximum com-
bined Zeeman and motional Stark frequency shift’ of
0.01 MHz. Static electric fields in the waveguide (less
than 10 V/cm) result in Stark shifts of less than 0.001
MHz.’

A net first-order Doppler shift due to a possible
misalignment of the average Ps velocity from perpendic-
ular to the direction of the rf propagation can be es-
timated from two separate measurements of each fre-
quency for rf propagating in the +y and —y directions
in the waveguide. Such measurements for vg, vi, and v,
combine to yield a limit on the average velocity in the y
direction of &, =(—3%6)x10° cm/s. The limits on the
net Doppler shifts (§v, =v;60,/c) from these direction
measurements are dvg=23.7 MHz, 6vi=2.6 MHz, and
6v,=1.7 MHz. Since roughly half the data in Fig. 3
were taken with the rf in the forward direction and half
in the reverse direction, any shift in one will be canceled
by the opposite shift in the other to the degree that data
taken in the two directions is paired in the combined
data. This consideration places the best upper limits on
the maximum net Doppler shifts which are Svo=1.3
MHz, v, =0.2 MHz, and 6v,=0.5 MHz.

Results.— We have measure the n=2 fine-structure
transition frequencies to be vop=18504.1 £10.0*x1.7
MHz, v;=13001.3+39+0.9 MHz, and v,=8619.6
+2.7%0.9 MHz where the first set of errors is statisti-
cal and the second is systematic. In each case there is
nominal agreement with the QED predictions and limits
are placed on the uncalculated a*(na~')R and a*R
coeflicients:

4.92(4; — Ag) +B; —Bo=6.9 £ 8.7,
492(4;,— A)+B;,— B, =—8.7%3.5;
4.92(A4;,— Ay)+B;,—B,=—48+24

If we assume that the A, term is dominant then the mea-
surements of vy, v), and v, yield values for A; of
1418, —1.8%x0.7, and —1.0+0.5, respectively,
with a combined value 4, =—1.2 +0.4.

Future Research.— We will next conduct a search us-
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FIG. 3. The ratio r vs rf frequency for several rf intensities, where r is the ratio of the number of rf-induced 23P, (J=0,1,2)
states to the number directly formed. The frequency scale is broken to display the data taken near the three measured transition
frequencies vo, vi, and va. Two vertically separated graphs are used for clarity of display for data at different rf intensities. A single

function r(v,/1) fitted to all the data is displayed as a solid line.

ing a modified apparatus for the C-forbidden transition
238,— 2'P, as a test of CP conservation in the leptonic
sector.®® The measurements of v, can be improved by
an order of magnitude over those described above, by
employment of certain modifications to the detection ap-
paratus. The major improvement is that the positron
beam would be “tagged”* so that a signal timing the ar-
rival of a positron at the target is available. This signal
would be used to distinguish the initially formed 2°P,
states, which disappear with a 3.2-ns lifetime, from the
delayed, rf-induced 23P; states. We expect that this im-
provement coupled with several minor modifications will
allow us to reduce the errors in vg, v, and v, to 600,
300, and 200 kHz, respectively, thereby allowing terms
of order a*(Ina ') & and a*%R to be tested.
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