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2S hyperfine structure of atomic deuterium
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We have measured the frequency splitting betweeri2Be==1/2) and(2S,F=3/2) hyperfine sublevels in
atomic deuterium by an optical differential method based on two-photon Doppler-free spectroscopy on a cold
atomic beam. The resu [::)S(ZS)=4O 924 4547) Hz is the most precise value for this interval to date. In
comparison to previous radio-frequency measurements we have improved the accuracy by a factor of 3. The
specific combinatio,;= BfEDQS(ZS)—ff*DF)S(ls) of metastable and ground state hyperfine frequency intervals in
deuterium derived from our measurement agrees well with the valudjgrcalculated from quantum
electrodynamics.
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I. INTRODUCTION cisely [e.g., in hydrogenfe4(1S) is known to less than 1

High-precision measurements in light atomic systems o/MHz [4]], the absolute accuracy éfirs(2S) determinations

is orders of magnitude worse and is typically about tens of
low accurate tests .Of quantum electrodynantfQ&D). QED hertz. For improving the accuracy of QED tests base®gn
calculations enter into a number of fundamental values re

lated f icl d simol > ““calculations, it is therefore necessary to reduce the uncer-
ated to free particles and simple atoms. In convention ainty of frd(2S).

atomic systems the accuracy of QED tests is restricted by Experimental values fob,; were obtained for hydrogen,
insufficient knowledge of the nuclear structure, which is thedeuterium, and théHe" ion, based on & and 2 hyperfine
main obstacle on the way to improve theoretical predictiongnieryal measuremenfé—11. Up to now, the highest rela-
for the Lamb shift and the hyperfine structure in hydrogenijye accuracy for theD,, difference (0.01 ppm has been
(see, e.g.[1,2)). achieved in théHe" ion due to the relatively big HFS inter-
The leading nuclear size corrections for energy levels argal in this system as well as the possibility to trap it. The
proportional to the squared value of the electron’s nonrelastudy of neutral atoms requires different experimental tech-

tivistic wave function at the position of the nucle(rs=0): niques. Traditionally, 8 HFS intervals in hydrogen and deu-
) terium have been measured by microwave spectroscopy on a
AE = Angr =0)[?, () hot atomic beam in a homogeneous magnetic fj&l&,9.

Since the traditional microwave methods have likely reached
IIé‘leir limits, we have been working on an optical determina-
tion of the hyperfine interval in the metastablg &ate of
hydrogen and deuterium.

Applying an optical techniqugr], we have recently mea-

where the coefficienfy is determined by parameters of the
nucleus and does not depend on atomic quantum numbe
For Slevels in hydrogenlike systems, the probability density
at the origin scales with the principal quantum numbexs

18 oI = . ; .
|p(r=0)*~1/n° T,hsus, /'f one considers the difference of g, o4 the hyperfine splitting of thesatate of the hydrogen
two energy levels\"“E(n’S)-n“E(nS, the leading contribu-  5iom. It is based on two-photon spectroscopy on a cold

tion of nuclear effects cancels out. atomic beam shielded from magnetic fields. Th® KFS
Recently, significant progress in calculations of the interval has been determined from the frequency difference
of two stable light fields exciting the singl&t=0) and trip-
D21= 8f1rs(29) ~ frrs(19) 2 let (F=1) comp?onents of the&gs transigoérlf. Th)e differtleon-
difference of the 3 and 1S hyperfine structur¢HFS) inter-  tial method cancels a number of systematic effects intrinsic
val frequencies in light hydrogenlike atoms has beerf0 two-photon spectroscopy and provides a significant in-
achieved[3]. Additional state-dependent QED terms in the Crease of absolute accuracy in comparison with optical fre-
HFS interval frequency,e<(NS up to the order ofa* and ~ duéncy measuremengs2-14. L
a®m/m, as well as the next-to-leading nuclear structure ef-_ Ve have improved this technique and applied it to the
fects, have been calculated. The accuracy of the theoreticSPECLrOSCOPY of atomic deuterium. Since the hyperfine struc-
prediction forD.; now exceeds the experimental accuracy by ure in deuterium is approximately four times smaller than in

more than an order of maanitude. Whereas around state H drogen, it is more difficult to achieve a comparable rela-
9 ’ 9 tive accuracy for thd®,, in deuterium. However, the smaller

intervals in such atomic systems are measured extremely P'eIES interval opens a possibility to apply a different mea-

surement technique, which allows the reduction of statistical
uncertainty, as well as a more thorough study of systematic

*Also at P. N. Lebedev Physics Institute, Moscow, Russia. effects. The experiment, the results, and the systematic ef-
TAlso at D. I. Mendeleev Institute for Metrology, St. Petersburg, fects are presented in the two following sections while a

Russia. comparison of theory and experiment is summarized in the
*Also at Ludwig-Maximilians-University, Munich, Germany. concluding part of the paper.
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reducing the atomic flow escaping from the nozzle.

FIG. 1. Laser system for@2S deuterium spectroscopy.
coupled into a linear enhancement cavity inside the vacuum
Il. MEASUREMENT OF THE 2 S HYPERFINE SPLITTING chamber where the two-photon excitation takes place.
Atomic deuterium, produced in a 15 W, 2.5 GHz rf gas
The 25 HFS interval in deuterium has previously been discharge, flows through Teflon tubes to a copper nozzle,
measured by Reich, Heberle, and Kugeh The value of  which is cooled by a flow-through cryostéfig. 2). Atoms
thermalize with the nozzle walls and then enter the high-
fiis(2S) = 40 924 43920) Hz (3)  vacuum(HV) region of the chamber parallel to the enhance-

_ ) ment cavity axis. The HV volume is pumped by a turbomo-
has been obtained by a radio-frequendy method and has  |ecylar pump to 5 1075 mbar. After about 5 mm the atoms
not yet been remeasured with comparable accuracy Up tnter an ultrahigh-vacuuiUHV) region which is separated
now. They used the same method as for an earlier measurgym the HV volume by a 1.5 mm diaphragm. Most of the
ment in hydrogeri5]. However, in comparison to the hydro- interaction region(95% is in this UHV region, which is
gen measurement, they could improve the absolute accuragy mped by a 10l/s cryopump. Without the atomic beam,
in the determination of, (29 by a factor of 3[9]. In spite  the background gas pressure in the UHV region equals 3
of the fact that the HFS intervals in deuterium are morex 1078 mbar. The background gas pressure increases with
strongly affected by a magnetic field than those in hydrogenghe deuterium flow through the nozzle to a maximum of 2
the average of the two rf transition frequencies in the metax 1077 mbar. A fraction of the atoms traveling along the la-
stable deuterium atoniF=1/2,mg=-1/2)«(F'=3/2,mz  ser mode is excited to theS2state and then reaches the
=1/2) and (F=1/2,me=1/2)—(F'=3/2,m{=-1/2) con-  detection zone where a weak electrical quenching field is
tains only quadratic and higher order field-dependent termapplied. The field mixes theQand 2P states of the atoms
and thus is rather insensitive to the field. Still, the most im-causing them to decay rapidly to the ground state thereby
portant systematic effects contributing to the 20 Hz unceremitting 121 nm Lymanx photons. In a time-of-flight mea-
tainty of this rf technique were the uncertainty in the deter-surement scheme, these photons are counted by a solar-blind
mination of the magnetic field and the rf Stark effect. photomultiplier connected to a photon counter. The excita-

Our result is obtained by a completely different approachtion radiation is periodically blocked in front of the cavity by
namely, two-photon spectroscopy. To measure t8eHES  a chopper wheel, and 121 nm photons are detected only
interval, we use the hydrogen spectrometer setup describagithin a 3 msdark time interval. Introducing a delay be-
in detail elsewhergl5]. A dye laser operating near 486 nm is tween shutting off the light beam and starting the detection,
locked to a definite TEN} mode of an ultrastable cavity, we can thus select different velocity groups contributing to
which is made of an ultralow expansi@dLE) glass and has the signal. The delay- sets an upper limit to the atomic
a drift of less than 0.5 Hz/¢Fig. 1). To change the laser velocity to v,,,=I/7, wherel is the distance between the
frequency with respect to the cavity mode, we use a broadaozzle and detector. Using a multichannel scaler, we sort the
band double-pass acousto-optic modulatdOM) placed counts in adjacent time bingr=10, 210, 410us....) and
between the laser and the cavity. The rf synthesizer drivingimultaneously record up to 12 spectra containing informa-
the AOM is continuously referenced to the 10 MHz signal oftion about velocity-dependent effects, such as the second-
a HP5071A cesium frequency standard which has a freerder Doppler effect.
guency uncertainty that is negligible for the current experi- To optimize the spectrometer configuration, which has
ment. After the double-pass AOM, the laser light is spatiallybeen used for the recent measurements in atomic hydrogen
filtered by means of a single-mode fiber, while the intensity[7,14], for the current deuterium measurement some impor-
of the light coupled into the cavity is actively stabilized. By tant changes have been introduced.
keeping these important coupling conditions constant, we (1) In order to maximize the count rate for slow atoms
avoid an undesirable frequency shift of the cavity mode(with velocitiesv ~200 m/9 one has to find a compromise
which could result from a change in the intensity or the po-between thermalization and recombination processes at the
sition of the beam caused by a detuning of the AQN]. cold walls of the nozzle by adjusting the nozzle geometry

The frequency of the dye laser is doubled in a bariumand temperature. The best rates are observed with a larger
B-borate crystal, and the resulting 243 nm radiation isnozzle diametef2-2.5 mm compared to 1.2 mm for hydro-
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gen and at slightly higher temperaturés-6.5 K compared 7 20
to 5 K). Typically, the count rate with the deuterium beam is 2
higher than for hydrogetby a factor 2-5 depending of). g s quadruplet

(2) As another improvement, we have installed a bypass o, 10
valve on the way between the gas discharge and the nozzle, 2
which can be opened to a high-vacuum part of the vacuum T 05
chambei(Fig. 2). By opening the valve we reduce the atomic 3 0
flow through the nozzle by a factor of 4. Even at the lowest a doublet
pressure in the gas discharg@®7 mbay and with the valve ' ' '

. .. . 1] 90 180 270

opened, the count rate is sufficient to detect a sogignal time [s]
for atoms withv ~200 m/s.

(3) For better magnetic shielding we have redesigned the 4391425 — :
inner u-metal shield. The outer shield together with the com- s301420] © * e ., Cuadmplet
pensation magnetic field reduces residual fields over the en- T 4391415 tt ..
tire interaction region to 10-20 mG, while the inner shield £ '
covering over 90% of the excitation region has the calculated z T.. T
shielding factor of 20 on the axig]. < 4033345 | ey,

(4) The last and most important difference between this 4033340  doublet e L
and the previous measurement in hydrogéhis an adjust-
ment to the electronic laser lock. In the present experiment 4033335 ) 7 > .
we are able to alternatingly switch between the #48,F time [10° s]

=1/2)—(2S,F=1/2) (double} and (1S,F=3/2)— (2S,F
=3/2) (quadruplet transitions in less than 0.2 s by simply FIG. 3. Simultaneous recording of the two transition liieg).
changing the AOM frequenaisee Fig. 4 beloy This allows AOM frequenciesf ooy corresponding to the centers of the doublet
us to record the two spectra almost simultaneously. Hencednd quadruplet tran_wsition lines fitte_d by Lorentzian functions. The
forth, this method of simultaneous recording is referred to ad€duency change is due to the drift of the reference ULE cavity
the simultaneous method. (bottom).

To measure the frequency difference between the two
two-photon transitions, we have applied the following proce-using the simultaneous method, the influence of the reference
dure. We tuned the frequency of the double-pass AOMcavity’s frequency fluctuations on theSHFS measurement
placed between the reference ULE cavity and the laser to orgiatistics is significantly reduced. Moreover, it suppresses the
of the atomic transitions and measured one data point of thifluence coming from all drifts in the experimental setup
spectrum with a photon accumulation time of 0.5 s. After the(e.g., drift of the laser lock electronics’ zero point or drift of
measurement, the AOM frequenéygy, is swept over a big the 243 nm radiation power in the enhancement cavifyh
fixed frequency interval (approximately [fLDF)S(ls) a time scal_e exc_eeding 200 s. This is the requi_red time to
_nggS(ZS)]/8z36 MH?2) to drive the other two-photon tran- record a pair of Ilngs. Eyen though suqh quctgatlons do not
sition. During the sweep, the laser is continuously kept inlntroduce systematic shifts, a long time is required to average

lock. The factor of 8 arises from the double-pass scheme fo'€M- The simultaneous approach is less sensitive to system-
the AOM, the second-harmonic generation stage, and thatic effects: one mdependent pointis obtained after 3 min. of
two-photon process. Then we introduce a 0.5 s break as rgoeasurement, _Wh'le for the previous met”‘i@ the corre-
covery time for multiple feedback loops, and repeat the meaSPoNding time interval was about 20 min.

surement of one point of the other two-photon transition.
After the measurement, in order to scan the frequency of the
laser, we add a small frequency step to the frequency of the D) . . .
synthesizer and sweep it back to the first transition. The re- e have measuret{_‘Fs(ZS)' during 7 days using the si-
sult of such a procedure is presented in Figtd). Both ~ Multaneous method and during 6 days applying the method
simultaneously recorded doublet and quadruplet transitio§€Scribed iff7]. To test for systematic effects we have varied
lines are fitted with a Lorentzian function. To determine theth® deuterium flowwithin each dayand the magnetic field.
position of the line in the frequency domain a similar fitting W& have recorded over 1000 deuterium time-resolved spec-
procedure is applied with the AOM frequency taken as thdf@- The averaged amplitude ratio between quadruplet and
x variable. Thus, each recorded transition line can be predoublet transitions equals 2@, which agrees well with
sented as one point on a time f4g,, plane as shown in Fig. the theoretical expectation. _

3 (bottom). The coordinates of this point are the correspond- N the absence of magnetic field, th& BFS interval fre-

ing centers of the Lorentzian profiles obtained from the fit-dueéncy is given by the following combination of optical fre-
ting procedure. quencies and the ground state HFS interval:

A typical time interval between the centers of such a £D) (99 = D) (19) + f —f 4
doublet/quadruplet line pair is less than 5 s. This corresponds Hrsl29) = Thrs(19) + frzgre~ freurz @
to a small correction on a level of a few hertz, which shouldwherefg_,,, andfr_5,, are the frequencies of the doublet and
be introduced to correct for the reference cavity drift. Bythe quadruplet transitions at 121 nfsee Fig. 4. The fre-

IIl. RESULTS AND SYSTEMATIC EFFECTS

062503-3



KOLACHEVSKY et al. PHYSICAL REVIEW A 70, 062503(2004)

?g the measured value of magnetic field around the nozzle and
a2 the detector is about 200 mG. The compensation field re-
28, F=32 duces the total magnetic field by at least a factor of 10, which
— me means that the residual shift should be less than one hertz.
7'y F e 1\ We conservatively estimate the shift as(Q.b) Hz.
32 A dc electrical fieldE mixes the &,,, and 2y, levels
quadruplet -112 causing a 3 level shift. According to[17], this energy shift
Y 12 of the 2S level is inversely proportional to the Lamb shift.
doublet I} 312 Thus, the differential shift scales a@8yrg/Losop, Where
172 L,s,p is the Lamb shift of the 8 level. The calculated shift
1S F=3/2 -2 of the 2S5 HFS interval in deuterium is about four times
1/2 smaller than in hydrogen and equals —B&®iz cn?/ V2.
< The excitation region is shielded from stray fields by coating
ap all surrounding parts of the interaction region with graphite.
F=1/2 §< AR The residual stray field in the setup is estimated to be less
1”2 than 30 mV/cm[18], which corresponds to aSHFS inter-
—pg val frequency shift of less than —-0.3 Hz. We add an uncer-

tainty of 0.5 Hz to the budget of uncertainties taking into
account the slightly worse geometrical properties of our
shielding compared to the Faraday cage used &)

Another source for level shift is a pressure shift caused by
collisions with the background gas and within the beam it-
- self. The ground state hyperfine splitting in hydrogen and
quency of the ground  state splitting has been measlgred BYeuterium is rather insensitive to collisions. Typically, this
Wineland and Ramsefg] with an uncertainty of X107%  ghift js approximately 1 Hz/mbar depending on the buffer

f;—lDF)S(ls) = 327 384 352.52247) Hz. (5) gas[19,20 and thus leads to an extre'mely small shift for_our
pressure range. Unfortunately, there is no reliable experimen-
The contribution to the resulting error budget tﬁ)F)S(ZS) tal data for the pressure shift of the&s HFS interval fre-
introduced by this uncertainty is negligible. quency|[6,7]. The upper limit for the 3 HFS interval fre-

For this differential measurement, the most significantquency shift can be taken as the frequency shift of the
systematic effects of two-photon beam spectroscopy cancdlS(F=1,me=+1)—2S(F'=1,m.=mg) transition, which
out. As shown in[7], the differential dynamic Stark shift equals —82) MHz/mbar[21,23. However, considering the-
cancels to the level of 18 relative to the shift of the 3  oretical work presented if23,24, there is no reason to ex-
-2Stransition(about 500 Hy. Because of some residual fluc- pect the shift of the 8 HFS interval frequency to be orders
tuations of the 243 nm radiation intensity, the doublet ancof magnitude higher than for the ground state.
quadruplet lines acquire slightly different shifts. We correct We have experimentally investigated the influence of col-
this difference for each line by monitoring the power leakinglisions on thef{;2((2S) frequency. Most of the collisions take
out of the cavity(Fig. 2. The resulting correction for the place within the atomic beam where the pressure can be
simultaneous method equals 0.5 Hz, which is a factor of %uch h|gher than the background gas pressure. Using the
lower than for the measurement in hydrogef). For the  method of simultaneous detection, we have varied the atomic
simultaneous reCOfding teChnique, |Ong'term intenSity ﬂUCﬂOW over a wide range by Changing the pressure in the gas
tuations in the enhancement cavity contribute less to the regischarggbetween 0.8 mbar and 8 mband by opening the
sult than in the case g7]. In addition to the correction, we bypass valve(Fig. 2). The background gas pressure scales
add a 0.5 Hz uncertainty. linearly with the flow and has a small offset of 3

The contribution of the linear Zeeman effect cancels for>< 108 mbar. Experimenta| data are presented in F|g 5. Each
allowed two-photon transitions between levels witk=0.  point represents the result of statistical averaging of multiple
The HFS frequency shift in a magnetic fieBl scales as data points detected on different days. About 1/4 of all the
B?/fyes Which is unfavorable for deuterium in comparison data were taken at the lowest pressure in the gas discharge
to hydrogen. But due to a small magnetic field and the aband with an opened valvéhe left black point At high
sence of linear terms, our measurement is rather insensitiigows, the slow atoms are accelerated and pushed away from
to magnetic field inhomogeneity, which was crucial for the rfthe beam by collisiongZacharias effegt[18]. This causes a
methods. In our case, the magnetic fi@dshifts the fre-  |oss in statistics and a corresponding increase of uncertainty.
quencyfi(2S) approximately as 3 kHz/G2. Moreover, a fast growth of a film of molecular deuterium on

A residual magnetic field splits the magnetic sublevelsthe nozzle restricts the measurement time. For the previous
and shifts the measured hyperfine splitting to higher valuesmethod[7], a flow range of more than 2 unit&ig. 5 was
The shift mostly originates from imperfectly shielded partspractically unreachable. On our level of accuracy we have
of the excitation region lying in the HV regiofFig. 2). To  not observed any indication for &SHFS interval pressure
check for this effect, we conducted one set of measurementshift.
without a compensation field and observed a change of The observed transition lines are shifted by the second-
ngF)S(ZS) equal to 2022) Hz. Without a compensation field, order Doppler effect in a range between 0.1 and 1 kHz de-

FIG. 4. Two-photon transitions between hyperfine component
of the 1ISand 2 levels in atomic deuterium. The spliting of mag-
netic sublevels in a magnetic field is also presertext to scalg

062503-4



2S HYPERFINE STRUCTURE OF ATOMIC DEUTERIUM PHYSICAL REVIEW A0, 062503(2004

E sso{ T~ 1 T T T TABLE I. 2S HFS frequency and statistical uncertainty of ex-
N i trapolation for different delays. The velocityv,,y represents the
g i maximal velocity of atoms contributing to the signal. The coeffi-
§ d i ] cientk is the slope of the linear fitFig. 5).
N } l
(<] .
Q 4501 ‘T'j. } i T(US)  Umax(M/9 f(HDF)S(ZS) (Hz) k (Hz/arb. units
| |
) } I 10 40 924 45¢7) 4(4)
sg *°] ! o . 210 1000 40 924 458) 0.62.0
= 0 2 4 6 8 410 510 40 924 458) -0.43.0
deuterium flow [arb. units] 610 340 40 924 4480) 0.36.0)
810 260 40 924 4485) -5(9)

FIG. 5. The & HFS frequency vs deuterium flow. One unit
corresponds to 3.8 107 particles coming to the nozzle per second.
The data are obtained using the simultaneous recording method a
correspond to the delay time =410 us. To extrapolate to zero
flow (gray poin) we fitted the data with a linear functiofsolid
line).

?co)lr this result is small(ii) the line profile is practically
indistinguishable from a Lorentzian, arii) the fast non-
thermalized atoms do not contribute to the signal. We add an
additional uncertainty of 0.3 Hz corresponding to the conser-
pending on the velocity distribution of the atoms contribut-vatively estimated shift coming from the collisions with the
ing to the signal[13]. The lines are not symmetric and residual background gas. _
significantly differ from Lorentzian profiles at shoitr The data obtained during 6 days of measurement applying
<410 us) delays(Fig. 6. However, the two-photon transi- the method presented if7] give the result off{y’(2S)
tions are excited in the same thermal beam and the signal 540 924 46215) Hz, which is perfectly consistent with the
detected with some precisely defined delay timequalfor one obtained by the simultaneous method. The data are taken
both doublet and quadruplet transitions. Therefore, the shifenly from measurements with low deuterium floy@s2-1.5
and the influence of the asymmetry, which is spin indepenunits) (see Fig. $ and are simply averaged over the entire
dent, substantially cancel out. To prove this and to check foensemble. We have increased the uncertainty due to a pos-
possible signal-intensity-dependent or velocity-dependent efible pressure shiftl Hz) and an ac Stark shif2 Hz).
fects, we evaluated thE{HDF)S(ZS) frequency for various de- Combining these two statistically independent results and
lays. After the data for each delay were corrected for the a@dding all known systematic uncertainties linearly, we arrive
Stark shift, the extrapolation to zero flow was ma8a. 5). at the_flnal value for the & hyperfine interval in atomic
The results of this extrapolation are presented in Table I. Aldeuterium:
veIocity-dependent. systematic eﬁectg, if they exist, ;hould ff—IDF)S(ZS) = 40 924 4547) Hz. (6)
reveal themselves in such an evaluation procedure. Since all
results are consistent within the error bars, we believe thaThis result is in good agreement with the one obtained by a
the error caused by using a Lorentzian fit instead of a comr method[9], but is three times more accurate. The results as
plicated seven-parameter line form mog2b] is negligible.  well as the budget of uncertainties are collected in Table .
For higher delays, the uncertainty grows due to the lack
of statistics. The final result of.?’(2S)=40 924 4586) Hz
is obtained by choosingto be 410us. This choice ofr was
made for the following reason§) the statistical uncertainty

TABLE Il. Summary of systematic uncertainties and the final
result for the & hyperfine interval. The independent results ob-
tained by the simultaneous recording method and the one frdm
are presented.

g _dela);;ps Contribution(Hz)  Uncertainty(Hz)
€ e 210ps ]
3 27 s 410ps ] Simultaneous method 40 924 453 6
o v 610us ;
s e B810ps ac Stark shift 0.5
= dc Stark shift -0.3 0.5
g Magnetic field 0.5 1.0
g Pressure shift 0.3
N
0 Method of[7] 40 924 462 15
439140 439141 439142 ac Stark shift 2
Saom [kHZ] dc Stark shift -0.3 0.5
o ) Magnetic field 0.5 1.0
FIG. 6. Quadruplet transition lines and corresponding Lorentz-Pressure Shift 1
ian fits for the different delays. Although the lines detected for
=10 and 21Qus are visibly asymmetrical, the line asymmetry de- Regyit 40 924 454 7

creases at higher delays.
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IV. D,; DIFFERENCE

To derive theD,, difference we need to combine our re-

sult with the known value of theSHFS interval[8]
D,y = 8fD(29) - fDy(19) = 11 28G56) Hz.  (7)
This result agrees well with the theoretical predict[@h
DIe'=11 312.%5) Hz. (8)

PHYSICAL REVIEW A 70, 062503(2004)

dependent QED contributions at the level of 0.2 ppm, which
can be compared to similar tests in hydrod@h and the
3He" ion [11]. We point out that the absolute accuracy of our
measurement exceeds both cited results, while the relative
accuracy suffers from the relatively small HFS interval in
deuterium.

After a successful measurement of the Lamb dhi#, 26§
and the & HFS interval in the hydrogen atofif] we have
now presented a result for th&HFS interval in deuterium
with an accuracy exceeding that of rf methods.

The accuracy of the optical measurement can be improved

Qy further reducing the atomic velocity. The current results

indicate that the pressure shift, which limits the accuracy of
absolute frequency measurements in ultracold hydr¢22in
may not play such a crucial role for the differential tech-
nique.
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