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Determination of the dipole polarizabilities of H,*(0,0) and D,*(0,0) by microwave
spectroscopy of hight. Rydberg states of H and D,
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The fine-structure intervals separating=9 and 10,L=5-8 Rydberg levels of Hand D,, bound to the
v=0,R=0 ground states of 51 and D,", are measured with microwave spectroscopy and used to determine
the isotropic dipole polarizabilities of both ion ground states. The resmlt$d,")=3.1659(8)3 and
a(D,")=3.0667(8}3 are more precise than existing theoretical predictions, and their explanation will pose
a substantial challenge to the theory of this fundamental[8h050-294{@7)51212-1

PACS numbd(s): 33.15.Kr, 33.15.Pw, 33.20.Bx

The one-electron molecule,H provides a unique oppor- effects are confined to certain parameters in the effective
tunity for precise calculations of molecular properties, in-potential,Vq[7,8]. The Rydberg fine structure can be found
cluding relativistic and radiative correctiond]. Unfortu-  as a perturbation series Wy:
nately, it is difficult in practice to calculate most of its
properties with accuracy exceeding 0.1%, the level at which ~ E(v,R,n,L,N)=E%(v,R,n)+EH(v,R,n,L,N)
the Born-Oppenheimer and adiabatic approximations begin 2
to fail [2,3]. The development of new theoretical techniques, TEF W RALN)+ @
necessary for increased accuracy, is presently hindered kWhere
the lack of precise experimental measurements of ptop-
ert!es._One method that can be used _to determine such prop- El(u, RN, L,N) = (O Ver| 4°) 2)
erties is precise spectroscopy of the fine structure of nonpen-
etrating Rydberg states of ,H In essence, the distant gypg
Rydberg electron acts as a sensitive probe of thé idn’s
long-range electric and magnetic properties. Spectroscopy @[2](0 R,n,L,N)
this type has already been carried out for a number of H
Rydberg states bound t@w €0, R=1) states of H" [4-6).

We report here further measurements for highrydberg =

levels of both H and D, bound to the =0, R=0) ground v'R 0L

states of the respective molecular ions. These measurements 0 0/ 1 o>t 1 s 2
determine the is%tropic dipole polarizabilities of both ions ><|<¢ (v, RN.LN)[Ver (0" R0, L 7. N))| )
with a precision of about 0.03%, sufficient to challenge the E%v,R,n)—E°%v’,R",n")

best available theory.

High-L Rydberg states of for D,) can be characterized Generally, this perturbation series and the multipole series
by the quantum numbers describing the free ion cor], implicit in Vg both converge rapidly for high- Rydberg
the hydrogenic Rydberg electrom,l), and by the vector levels, and increasingly so asincreases. Because of this, it
sum of the two angular moment®+L=N. Thus, in gen- IS possible to account for the fine structure with just a few

eral, the fine structure of such Rydberg states consists ¢8rms ofVes and onlyE!) and EL2).
2R+1 eigenstates for each value ofL. We denote such ~ The spin fine structure of high-H, (or D,) Rydberg
vector coupled eigenstates as,R)nLy. In the case of states is due to the magnetic interactions between the Ryd-
(0,0)nL, levels reported here, the fine structure is veryberg electron and the core electrdtyrs) and the hyperfine
simple, with only a single eigenstate corresponding to eacHiteractions between the nuclear spins and the core electron
value ofn,L. This structure is analogous to the fine structuresPin (Hyrg) [4]. For R=0 Rydberg states, such as those
of high_+ Rydberg states oftomic heliumsince theR=0 considered here, the only nonzero contribution to hyperfine
molecular ion cores appear Spherica”y Symmetric to the nonStrUCtUre is the scalar term, and since a strict selection rule
penetrating Rydberg electron. (AF-=0) prevents transitions between states with different
The electric fine structure of high-Rydberg states of 1  values of the core spinlf(c= I+ §C), Hues makes no direct
and D, can be calculated from an effective potential modelcontribution to transition energies. The spin-orbit and spin-
that eliminates the core electron’s degrees of freedom, leawspin energies i ys result in 2(F.+1) spin components
ing a single-electron problem in which the core electron’sspanning a frequency range of a few MHz for the transitions
under study here. For F(0,0), which had =0, these are
the same four spin components seen in HigliRydberg
*Permanent address: Deptartment of Physics, Youngstown Stagtates of atomic helium. For,(0,0),which can havé=0
University, Youngstown, OH 44555, or 2, this results in 24 spin components spanning approxi-
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mately the same range of frequencies. Exchange energies
were determined to be negligib{ez0.01 MH2 for the high-
L levels studied here.

The intervals measured here were determined using the
same general technique used for previous microwave fine-
structure studies in §[4]. A fast beam of H (or D,) Ryd-
berg states was formed by neutralizing an 11-keV beam of
H,* (or D,") ions. The population of specifis=9 or 10
Rydberg levels, e.g., (0,09, was monitored using the
resonant excitation Stark ionization spectroscdRESIS
technique, in which a Doppler-tuned G@ser excites a par-
ticular n=9 or 10 level to a high-lying discrete level that is —t b b L
subsequently ionized, leading to an excitation-induced ion
current proportional to the population of a specific Rydberg Frequency (MHz)
level. Three aspects of the experimental technique differed
from previous studie$4]. First, the ion beam was neutral-
ized in a Cs-vapor charge-exchange cell, rather than a gas T T T T T T T
cell, leading to more efficient population of the=9 and 10 -
Rydberg levels. Second, the preionizer, after neutralization,
used two repeated regions of strong field, separated by a
region of zero field. This reduced the background signal
from highly excited Rydberg levels, including those regener-
ated after the first ionization field by conversion of vibra-
tional and rotational energy to electronic enefg§} Last, an H
improved Rydberg detector was used that increases the col- B ‘ “ }M“ tw ' “F 7
lection efficiency for the RESIS signal and reduces the back- L _
ground [10]. Taken together, these three refinements im- ‘ . L .
proved the signal-to-noise ratio over previous experiments 866 868 870 872 874 876 878
[4] by a factor of about 15. A report of the RESIS excitation
spectra of H, D,, and HD made with this apparatus is in

preparatior{ 11]. FIG. 1. Resonance line shapes for the (0]@)©0,0)9K tran-

Microwave transitions between adjacent fine-structuregion, in (a) H, and(b) D,. The smooth curves are fits incorporating
levels were induced in a section of @Otransmission line 6 calculated spin structure, which is shown in the separate stick

that preceded the laser-excitation region. For example, whegjagram.
the laser is tuned to excite and detect the (Ok0) ®vel, the
microwaves might induce transitions to the (0,0)9evel  with respect to the molecular beam. Both first- and second-
which lies about 870 MHz below it, changing the populationgrder Doppler shifts are removed by taking the geometric
of the (0,0)K7 level and, therefore, the detected ion flux. In mean of these two results to determine the transition fre-
order to insure a population difference between the coupleguency for stationary molecules. The only significant sys-
levels, an initial CQ laser interaction regioftuned to the  tematic correction is due to the possible presence of stray
same excitation as the secomurecedes the microwave re- electric fields within the microwave region, which could
gion and depletes the population of the detected level bgtark shift the resonances. For this study, these fields were
about a factor of 2. Similar sequences of transitions wergneasured by periodic observation of the®g-10°H tran-
used to observe theK andK-L transitions inn=9 and 10  sjtion in atomic helium using the same apparatus. Since this
and the 161-1 transition. transition frequency, in zero field, has been measured previ-
A typical measured resonance line shape for theK9 ously [12], its known Stark shift rate determines the rms
transition is shown in Fig. 1 for both isotopes studied herestray field and the appropriate small Stark shift corrections
The resonance linewidth, controlled by the transit time(<0.03 MH2) to each measured resonance position. The first
through the 1-m-long microwave-interaction region, is abouicolumn of Table | shows the final results for the ten fine-
0.8 MHz for D, and 1.1 MHz for H. As Fig. 1 illustrates, structure intervals after this correction.
this partially resolves the spin structure of the transition. The |n order to determine the ionic polarizabilities from these
smooth curves in Fig. 1 are fits of the measured signals teesults, we take each fine-structure interval to be given by
superpositions of the proper number of spin components
whose positions, relative to the spinless interval, are calcu- AErq=AEM+AERI+AE,,. (4)
lated, and whose relative intensities are taken to be propor-
tional to the statistical weight of the lowdrlevel. The indi-  The last two terms, the spin-independent relativistic correc-
vidual spin components are illustrated by the stick diagram#on [4] and the second-order polarization energy, can be
in Fig. 1. These fits determine the spinless line centers with galculated and subtracted from the observed fine-structure
precision of 0.1 MHz or less. intervals. Evaluating\E!?! involves computing the energy
For each transition and isotope, measurements were madaift of each level of the transition due to coupling to all
for both directions of propagation of the microwave field other Rydberg states throughy. This is computed by the
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TABLE I. Measured fine-structure intervals and inferred first-
order polarization energies for,tand D, (all results in MH3. 150
H, 1
- 10HI
Interval AE®S AEq AEf? AEM T
91-9K 864.5635)  4.93 4.1422)  855.4922) 152 oK =" D
9K-9L 370.69616) 3.77 3.814) 363.124) ok, - = 10K 2
10H-10l  1659.1805) 4.90 —33.1(14)  1687.414) = LKL
10I-10K 630.79%15 3.59 —12.1Q18) 639.3119) e
10K-10L 274.072200 2.75 —-2.51(3) 273.834)
D2 - -1.54

S
Interval AE®Ps AEq AE!?] AEMM] =
91-9K 873.275) 4.93 37.8221) 830.5222) "51“
9K-9L 359.587) 3.77 3.994) 351.828) % A
10H-101  1687.679) 4.90 44%13 1638313 < 156 - -~ 10HI
101-10K 638.014) 3.59 14.7217) 619.7q17) 7
10K-10L 273.077) 2.75 4.843) 265.488) 9”";;// H2

-7 10IK
9KL _.
methods described in Ref8], including all terms withs 1584 - 10KL
=<8. The quoted error bar is derived from the convergence of -
the multipole expansion. The resulting valuesA&!!! are
shown in Table [13].
In order to determine the dipole polarizabilities from the

first-order polarization energy intervalAE!Y), we use the -1.60 | » T T
prediction thaf4] 0.000  0.001 0.002  0.003 0004  0.005

Ar%Art (aw)
EML0,0nL ]=By(r )i+ Be(r ) +B7(r ")nc,
(5) FIG. 2. Scaled transition energies in Bind D,. As described in
the text, they intercepts of the fitted curve@ashed linesdeter-
mine the ion polarizabilities. The unfilled point was not used in the

fit.

where

These values are then used to scale the infetriel! (from
Table ) in order to form a quantity that is approximately
constant:

a
By=—(1+e)’>—,
2

with
AEM]

_ Ar=%) . Alr=7)
A

A A

Me B4 (7)
g=———, Bg=

_ g _Co 35s
2my+mg

10 2

(6)

Figure 2 shows a plot of these scaled intervals vs the coeffi-

The scalar dipole polarizabilitys is the property of the ion cient of Bg in Eg. (10). If B; were zero, this should result in
core that we wish to determine. The nuclear-mass-dependeatlinear plot, whose intercept is simply related to the polar-
coefficient inB, is a kinematic correction that is discussed inizability . There are clearly two lines in Fig. 2, indicating
Ref. [4]. The scalar quadrupole polarizabili§, and the that the polarizabilities are significantly different fos Hand
scalar nonadiabatic dipole polarizabiliBs, have both been D,*. The slopes of the two lines appear to be similar. As
calculated[14]. Appropriate averages over vibrational wave discussed above, they are expected to be in the ratio 0.927,
functions lead to the predicted coefficierfig,="7.82 a.u. for  the ratio of theBg's for the two isotopes. Similarly, the cur-
H," and Bg=7.25 a.u. for Q". Some, but not all of the vature of the two lines, which is represented by the coeffi-
coefficients contributing t®8, have been calculatdd]. Ina  cientB;, is expected to be very similar for the two ions. The
previous study of Rydberg states bound tg"KD,1), both  previous experimental estimate &; for H,"(0,1), B,=
coefficients were estimated by a fit of data fronK, H-I, —21(6) a.u., is more precise than can be obtained from the
and G-H intervals inn=10 Rydberg levels with the results data reported here, since the curvature is much more signifi-
Bg=28.4(8) andB,=—21(6). This confirms the theoretical cant for the 1G-H interval reported in Refl4]. We there-
estimates oBg to a precision of 10% and gives an experi- fore adopt that estimate fd-, fix the ratio of the coeffi-
mental estimate oB-. cients Bg for the two ions to be 0.927 as estimated

In order to determine the best valuesaaffor both ions, theoretically, and fit the data of Fig. 2 for one slope and the
we compute the radial expectation valjds] and the dif- two intercepts. This fit is illustrated by the dashed curve in
ference of the expectation values for adjacent valuek.of Fig. 2. One point, the one derived from thg ®-K interval,
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TABLE Il. Measured and calculated polarizabilities foy'Hand ~ sents very good agreement, given the approximations inher-

D," (results inaj). ent in the calculation, but it also clearly points to the need for
- better theoretical methods. A more precise calculation will
lon Experiment  Theory E-T)/E  (E-T)/lo  require both a more accurate expression for the polarizability
H,"(0,1) 3.177@4% 3.1809 —0.1A11)% ~11 [19] and the consiste_nt inclusion of nonadiabatic corrections
H,"(0,0) 3.16588) 3.1713 —0.17124% ~71 to the ™ wave functior{3]. Finally, we note that of the two
D,7(0,0) 3.06678) 3.073f —0.20927)% —78 ions, D," shows the larger discrepancy with theory, contrary
to what one might expect, because of its larger nuclear mass.
“Referencd4]. Further improvements in experimental precision will be
bReferencd 17] ; g ; ;
. : important for testing improved calculations. Some improve-
Reference 18]. ment may be anticipated by extending the pattern of experi-

mental data to include a wider rangeloflevels and similar

differs significantly(by 5¢) from the fit, and so we choose to fine-structure intervals im=11. It should be noted, how-
exclude it[16]. The fit to the remaining nine points is good, ever, that even the present result is not solely limited by
with a x? of 3.6 for 6 degrees of freedom. The fitted value of experimental precision. Derivation of the polarizabilities
Bg for H, is 7.85), in agreement with the theoretical esti- from the measured intervals depends critically on the calcu-
mate. lation of the second-order polarization energie!?!, and

The fitted intercept®, determine the polarizabilities ac- any improvements in those calculations could increase the
cording to Eq.(6). The results, shown in Table II, represent yrecision of the conclusions. In addition, improved estimates
the first determination of a D polarizability and only the 4 the higher-order k™ polarization terms, especially the
second determination for 1. Table Il compares the mea- | ncalculated nonadiabatic terms\y; proportional tor 7,
sured r_e_s_ults for these three molecular ions to calculated pQyould increase confidence in the analysis. Finally, it may
larizabilities [17,18, based on the standard “clamped eyentually be possible to find alternative approaches to cal-
nucleus™ approximation. In this approach, the polarizabil-cyating the fine structure of high-H, Rydberg levels that
ities are calculated as a function of internuclear separation ig,oid the perturbative expansion Vi, and provide a more

a body-fixed coordinate system, and then averaged over thgecise connection between the measured fine-structure inter-
internuclear separation distribution in a rovibrational wave,,5s and the core polarizabilities.

function calculated for an adiabatic internuclear potential.
All three comparisons show the experimental value to be This work was supported by the National Science Foun-
smaller than the calculated value by about 0.2%. This repredation through Grant No. PHY95-07533.
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