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PHYSICAL REVIEW A 67, 052502 (2003

Millimeter-wave spectroscopy of cold Rb Rydberg atoms in a magneto-optical trap:
Quantum defects of thens, np, and nd series

Wenhui Li! I. Mourachko! M. W. Noel? and T. F. Gallaghér
Department of Physics, University of Virginia, Charlottesville, Virginia 22904
°Department of Physics, Bryn Mawr College, Bryn Mawr, Pennsylvania 19010
(Received 21 June 2002; revised manuscript received 25 November 2002; published 13 May 2003

By using a magneto-optical trap we have measured then&pn+1)s and nd;-(n+1)d; two-photon
millimeter-wave transitions for 32n=<237, observing 100-kHz-wide resonances, in spite of the trap’s 10 G/cm
magnetic-field gradient, in which one might expect to observe resonances 5 MHz wide. This resolution is
possible because of the similarity of tgefactors in the initial and final states. Under the same conditions, the
single-photoms-npresonances are5 MHz wide. To make useful measurements of these intervals, we turned
off the trap field and used the 300-K atoms of the background Rb vapor. Together these measurements improve
the accuracy of the, p, andd quantum defects by an order of magnitude.

DOI: 10.1103/PhysRevA.67.052502 PACS nuntder32.30.Bv, 32.10.Fn, 32.80.Pj

[. INTRODUCTION optical accuracy of 50 MHE12,13. Better quantum defects
are required for improved accuracy.

High-resolution spectroscopy of cold trapped Rydberg at- Here, we report the millimetefmm)-wave spectroscopy
oms is interesting, primarily as a probe of interatomic inter-of cold Rb Rydberg atoms in a magneto-optical ttOT).
actions, which are important in several different contextsMillimeter-wave spectroscopy of Rydberg atoms is not new
For example, a high-resolution probe offers the best hope dfl4,15, but what is surprising about these measurements is
detecting fascinating new species, such as the cold Rydbefq_?t when observing two-photon transitions we achieve 100-
“trilobite” molecules, composed of a cold Rydberg atom and KHz resolutlon in spite of. the trap’s magnetic-field inhomo-
a cold ground-state atofd,2]. In these molecules, the short- 9€n€ity of 10 G/cm, which one would expect to lead to
range interaction between the slow Rydberg electron and '[h\%"VIHZ'.WIde lines. In fact, for single-photon Frangltlons of
ground-state atom provides the potential that binds the qw@gtoms in the MOT, we do observe 5-MHz-wide lines. The
atoms together at large internuclear separations. Howeveparmow two.-p.h.oton "”e.s result from the fact that tjnefac-_.

i tors in the initial and final states of a two-photon transition
the molecules are not very tightly bound, by at most 100

. can be the same, so @lim;=0 transitions occur at the zero-
- i, ' i
MHZ. fora Rp3(bj Rb5s_, molecgle, so high spectral resqlu field frequency. The presence of several differemtstates
tion is essential for their detection. A very different applica-

. . . inf . | ioul leads unavoidably to different Rabi frequencies, so Rabi os-
tion arises In quantum-information processing. In particular;ations are not visible. Nonetheless, it is still possible to

there have been proposals for quantum-information procesgserve Ramsey fringes using separated oscillatory fields
ing based on the energy shifts from dipole-dipole interactions,nq to use them to observe dephasing.

between Rydberg atom(s3,4]. While dipole-dipole energy  Here we report the use of the two-photon technique to
shifts have not yet been observed, resonant dipole-dipole efneasure thers-(n+1)s andnd-(n+1)d intervals and de-
ergy transfer in frozen Rydberg gases has &8l In ob-  rive from them improved quantum defects of the Rband
served energy transfers, though, it was clear that severgld states. Single-photon measurementashpintervals us-
dipole-dipole interactions were important. More controlleding room temperature Rb atoms with the MOT fields turned
experiments using high-resolution spectroscopic probesff allows us to determine improved values of the quan-
would serve to clarify the physics of the observed energytum defects as well. In the following sections, we briefly
transfer processes and dipole-dipole interactions in cold Rydescribe our experimental technique, present our experimen-
dberg gases generally. Finally, a series of experiments haal results, and describe the procedure used to extract the
shown that ultracold plasmas evolve into cold Rydberg atquantum defects.

oms and vice versa, and high-resolution line broadening

spectroscopy of Rydberg atoms in these plasmas should be a Il. EXPERIMENTAL APPROACH

useful tool in understanding thefi—10]. Although the most

interesting aspect of cold Rydberg atoms is the variety of The essential idea of the experiment is shown in the level
interactions between them, Rydberg series of isolated atontiagram of Fig. 1, in which we use the 886s transition as
also offer the possibility of a convenient optical wavelengthan example2Rb atoms are held in a vapor loaded MOT,
standard[11]. While the original proposal was based on where the trap lasers produce a constant population in the
Doppler-free two-photon spectroscopy of room-temperaturéps,, state] 16]. From the 5, state the atoms are excited to
atoms, the relative simplicity of producing cold atoms shouldthe 3% Rydberg state with a pulsed dye laser. Immediately
allow the technique applied to single-photon transitions asfter the laser pulse, the atoms are exposed to a mm-wave
well, extending its usefulness into the ultraviolet region. Forpulse to drive the 36 36s transition, and the presence ofs36
Rb, the accuracies of the present quantum defects only alloatoms is detected by selective field ionization.
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FIG. 1. Energy-level diagram. Thes§,-5pa), trap transition is .
excited by a cw diode laser with wavelength 780 nm. Atoms are FIG. 2. The observed 37, 27p,;, spectrum. Instead of using
excited from the B3, state to the Rydberg state with a pulsed dye cold atoms in the trap, this spectrum is obtained with the Rb atoms

laser of wavelength-480 nm. A microwave pulse of frequency M @ 300-K vapor. We use a pulsed 780-nm dye laser to excite the
~100 GHz is sent into the system immediately after the dye lase

rground-state atoms to theg§, state. Since the dye lasers are broad-
band(~1 cm™%), both®Rb and®’Rb atoms are excited to Rydberg
states, and microwave transitions from both isotopes are visible in

The MOT is designed for use with microwaves. In par- this spectrum. The inset shows the allowed transition$ab.

ticular, the chamber, which is from Kimball Physics, has two
10-cm-diameter windows separated by 12 cm. An electrod . . .
structure located midway between the windows consists o0 ngtl:k:s set fr? as to exmumh;ﬁaie, ang v;/e r?petltllt\_/ely
four parallel stainless steel rods 0.165 inches in diametels.‘c"’_lln N syg_ est'ﬁergg\/?rld? . t_Wo-p_ 0 oln V(/T]ns' Itohn
The rods are vertical, and the centers of the rods pass througt lie recording the 3 field ionization signal. en the
the corners of a square 1.78 cm on a side. The atoms trapp Hgnal-to—nmge ratio is ade_quate we stop the scan and save
in the MOT are in an ellipsoid, of typical dimensienl mm, the data. This procedure is used to observe 100-kHz-wide
at the center of the four rods. The source of the Rb vapor fofvo-photonns-(n+1)s andnd-(n+ 1)d transitions, in spite

the MOT is a set of Rb getters. Both trap and repump Iasergf the presence of the mhomogeneous.t.rap field, which leads
are 70-mW Sanyo diode lasers. The trap laser is locked to I 5-MHz-wide one-]E)hotqu-nphtransmons.. .TO observk(‘e
85Rb saturated absorption signal and its output is divided intg!arrow resonances for singie-p oton transitions, we ave
three beams, each of which has a power of 10 mW befordurned the trap fields off and used the 300-K Rb vapor in-

being sent through the chamber and retroreflected bacgead of the trapped Rb atoms. To produce an observable

through it. The 480-nm-dye laser is pumped by the third!"|umber of Rydherg atoms, we use a pulsed 780 nm dye laser

harmonic of an Nd:YAG(yttrium aluminum garnétlaser instead of the narrow-band diode laser to excite the ground-
running at a 20-Hz repetition rate. The dye laser has a lingState atoms to thefy, state.
width of ~1 cm™?, and a pulse energy of 1Q@J.

To generate the mm waves we generate harmonics of a Ill. OBSERVATIONS
stable low-frequency source. In particular, we use a Hewlett- . . .
Packard 83620A synthesizer to generate frequencies up to 3.0 In Fl')% 2 V\ée S.?r?w g(;(e)clgrdlng of ]Ehsbgl 2'§7p1f2 transi-
GHz. The cw output of the synthesizer is formed into pulses'o™ © amt? Wi h'ah | _d \{ap:pr 0 idith anD,La&—Mogg (;m-
synchronized with the laser using an SRS DG 535 digitaFrowave pulse, which leads to inewiaths ov. z due

e imarly to Doppler broadening. As shown by Fig. 2, transi-
delay generator. After amplification to 10 mW peak power byprlmar X 87
a Miteq MNP4 amplifier, the microwave pulses drive g tlons from both hyperfine levels of boffiRb and®'Rb 2%

Narda-DBS-2648 220 active doubler, which produces states are _visible, as is the 'hyperfine structure of they,27

100-mW pulses at frequencies between 26 and 40 GHz. THyate. At highem, thf_gyperf_lne structure_ is not completely

output of the doubler passes through an isolator to a Pacifi!&esowed dug to tha scaling of thgse intervals. Hert_if .

millimeter W3WO passive tripler, which is optimized for the Is the effective quantum number. It is related to the binding

third harmonic, and generates 1-mW-mm-wave pulses at freSnergyWw and the quantum defedtby [17]

guencies up to 120 GHz. At lower, but unspecified power, it

generates harmonics up to 225 GHz. The output of the tripler W= — RRb: _ Rrb 1)

passes through WR10 waveguide to a Hughes precision at- n*? (n—98)%’

tenuator and horn, which is used to launch the mm waves

through one of the large windows of the vacuum chambermwhereRg, is the Rydberg constant for the reduced electron

The mm waves are polarized horizontally to minimize themass in Rb. In Table | we give the frequencies of the centers

effect of vertical rods on them. of gravity of thesens-np; (j = 1/2,3/2) transitions. By center
To observe the 3636s resonance, the dye laser wave- of gravity we mean the frequencies in the absence of hyper-
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TABLE I. The frequencies of the centers of gravityroé-np,, TABLE lll. p fine-structure intervals.
andns-npg, transitions are listed with experimental uncertainties.
The last column contains the differences between observed and cal- n Fine-structure intervalMHz) Residual(MHz)
culated intervals (residualobserved- calculated).
28 5332.17664) —0.002
n Observed intervalMHz) Residual(MHz) 29 4748.05668) 0.005
30 4246.2981) 0.083
ns-np(1/2) intervals 31 3812.67659) ~0.004
27 223 664.26@22) —0.010 32 3436.19659) —0.011
28 197 990.58@5) 0.015 33 3107.72158) 0.010
29 176 100.58@0) 0.023
30 157 322.10@2) —0.009 . .
31 141 121.4481) 0.005 wheren is the effective quantum number of thpestates
32 127 070.9565) _0.006 obtained f_ro_m the center of gravity of tipg,, and P32 States.
23 114 825.46@6) 0,005 In determining the constants of E@®), we have omitted the
30p fine-structure interval from Table Ill. As shown by
34 104 104'1_9@7) 0.009 Tables II and Il these expressions represent the observed
ns-np(3/2) intervals intervals within the experimental uncertainties.
28 203 322.76&0) —0.033 The two-photonns-(n+1)s and nd;-(n+1)d; transi-
29 180 848.64(38) —0.005 tions were observed using the MOT, and as an example we
30 161 568.40@29) 0.050 show in Fig. 3 the 3@s,-33ds, transition observed with a
31 144934.12017) —0.014 microwave pulse length of gs. We note that twice the line-
32 130507.15@4) —0.025 width is 0.12 MHz, the transform limit of the pulse length.
33 117 933.18[B2) 0.003 The narrow line results from the fact that there is an effective

Am;=0 selection rule(in the nd states the hyperfine struc-

_ o ture is negligiblg. As noted earlier, all théam;=0 transi-
fine structure(hfs). The ns hyperfine intervals of*Rb and  tions occur at the same frequency for all magnetic fields due
87Rb andp fine-structure intervals extracted from the single-to theg; factors’ being the same in both thedd2 and 335,
photonns-npdata are tabulated in Tables Il and Ill, respec-states 0;=4/5 for j=3/2 andg;=6/5 for j=5/2). In con-
tively. The ns hyperfine intervals of°Rb are represented in trast, theAm;==1 and Am;==*2 transitions are spread

this range ofn by over a large frequency range;5 MHz, by the~10 G/cm

field gradient and are undetectable. The obsemeg(n
vpis= 14.614) GHz* (n*) 3, (2)  +1)d;, j'#] transitions are, of course, almost 10 MHz

broad because thg; factors are different.

wheren* is the effective quantum number of teetates. In The Rbns Rydberg states differ from thed states in two

determining the constant of E(2) we have omitted the 30  ways. First, the hyperfine splitting is not completely negli-

hyperfine interval from Table II. gible and must be taken in account. Second, there is a true

Thenpfine-structurdfs) intervals of®*Rb are represented Ams=0 selection rule for the decouplets,;-(n+1)s;,
by transition, not just an effective selection rule as is the case

for the nd states[18]. In earlier mm-wave resonance mea-
V=869 3577) THz(n*) 3—2335) GHz(n*)~5, (3)  surements, Gogt al. [19] capitalized on this selection rule

TABLE II. Rb nshyperfine intervals. 0.2
n 8Rb hfs interval(MHz) Residual(MHz) 00
28 0.96779) 0.018 = 02|
29 0.84177) —0.002 5 04 [
30 0.67260) —0.080 w
31 0.75%92) 0.081 S o6k
32 0.62666) 0.019 -
33 0.54764) —0.001 0.8 |-

87Rb hfs interval(MHz) 10 i
28 2.1410) R P T S S
29 1.949) 217.7010 217.7015 217.7020
30 1.568) Frequency Interval (GHz)
31 1.6113
32 1.4110 FIG. 3. Two-photon 3&s/,-33d5, resonance. The linewidth is
33 1.268) 121 kHz, which is about the transform limit of @s-long micro-
wave pulse.
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TABLE V. nd;-(n+1)d; two-photon transition intervals. The

observed frequencies are listed with uncertainties. The last column
contains the differences between the observed and calculated val-

217701.48:
217701.47
N V=217701.3697MHz
T 21770146 | ues.
= 21770145
S e n
8 .
£ 21770142
é 21770141 |- 30
k7 217701.40 31
S 20130
21770138 32
217701.37 33
217701.36 'l 'l L L L i L 1 1 34
0.0 04 02 03 04 05 06 07 08 09 10
35
Relative Power
FIG. 4. Extrapolation of the observed®2-33ds,, intervals to 32
Zero microwave power. 33
34
to make high-resolution two-photon mm-wave measure- 35

Observed intervaiMHz) Residual(MHz)
nds,-(n+1)ds, intervals
265 663.4440) —0.003
240 092.8001L0) ~0.001
217 701.37QL0) 0.002
198 010.02210) 0.009
180 623.70QL0) ~0.002
165 214.78@0) —0.007
Nnds-(N+ 1)dgy, intervals
217 735.22110) 0.002
198 039.85d.0) —0.004
180 650.114.0) 0.001
165 238.25QL0) 0.002

ments in the earth’s magnetic field.

If there were no hyperfine structure the observed frequen-

cies would be the zero-field intervals. To take into accoun@® Small, typically tens of kilohertz, but observable. In
the hyperfine structure we first note that the,s atoms are 1ables IV and V, we present the intervals of the-(n
predominantly in the= =4, m.=4 sublevel, which is driven +1)s andnd;-(n+1)d; transitions, extrapolated to zero mi-

to the F=3, m;=3 sublevel of thens Rydberg state, which Ccrowave power. . _ _ _

Our primary motivation for embarking on high-resolution
perfine splitting shifts this sublevel up in energy t/3  MM-wave spectroscopy was to use it as a probe for interac-
VrMamy , Which is not a small shift since the hyperfine in- tions betyvgien the (;old atoms, a particular attraction being
tervals in thisn range are of the order 1 MHz. The two- the possibility of using coherence as a tool. While the fact
photon microwave transition leaves both, and m, un-  thatallnd;-(n+1)d; Am;=0 two-photon transitions occur
changed, so the shift of the observed resonance from th&t the same frequency allows us to make accurate measure-

ns-(n+1)s interval in the absence of hyperfine structure isMents of the frequencies, the transitions for diffenentev-
given by els have different Rabi frequencies, and we are not able to

observe Rabi oscillations. While multiple Rabi frequencies
A= vpdn) = vp(n+ 1) Mgy , (4 ~ Might seem to preclude using coherence as a tool, using the
Ramsey method of separated fields it is still possible to use
where v(n) is the zero-field hyperfine interval of thes ~ the coherenc€20], and in Fig. 5 we show the 84,,-35ds,
state. Sincer(n) scales as 3, the difference between the €Sonance obtained with two /2s-long mm-wave pulses
nsand (h+1)s hyperfine intervals is small, and the typical SeParated by 1us. The Ramsey pattern is quite apparent,

hasm,=5/2 andms=1/2. The presence of the zero-field hy-

value of A is 20 kHz. Using the values afy(n) given by
Eg. (2), we have corrected the observed intervals before us-
ing them to determine the quantum defects.

To extract the intervals from the two-photon transitions
we must extrapolate the observed frequencies to zero micro-
wave power. As shown in the example of Fig. 4, the shifts

TABLE IV. ns-(n+1)s two-photon transition intervals. The ob-
served intervals are listed with uncertainties. The corrected intervals
are the intervals between the centers of gravity. The last column
contains the differences between the observed and calculated val

lon Signal

222

2.24

2.26

2.28

2.30 I
232 [
2.34 I
2.36 [

— ~66kHz
r—

ues. X
2.38
Observed Corrected 240 - . . | .
n inteval(MHz)  interval(MHz)  Residual(MHz) 180.6225 180.6230 180.6235 180.6240 180.6245
34 213 275.4780) 213275.494 —0.002 Frequency Interval (GHz)
35 194 106.60.6) 194 106.619 —0.001
36 177 167.944.0) 177 167.959 0.007 FIG. 5. Ramsey fringes for the 84;,- 35d5, transition observed
37 162 144.314.0) 162 144.327 —0.006 using two 2us-long microwave pulses with a 1gs delay between
them.
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3.13149 TABLE VI. The previous and improved quantum defects $pr
- p, andd series.
3.13148 - .
i 3 0=3-1311792 Previous values Improved values
3.13147
= L NSy S 3.131092)2 3.131180 410)
+ 313146 3.131142)°
£ i S, 0.2048)? 0.17846)
JO 3.13145 0.18919)b
i NPy 8o 2.654 561572 2.654 884 910
33144 T 5, 0.38860)° 0.29006)
313143 NpPsj o 2.641 45202 2.641673 710
N SN TN NN 1 Sy 0.3318)2 0.295@7)
0.00085 0.00090 0.00095 0.00100 nds, 8o 1.348 13%80)2 1.348 091 7140)
n.*2 S, —0.59553 —0.602 8626)
A nds, S 1.346 50%80)? 1.346 465 7230)
FIG. 6. Plot of the average quantum defét(n,n+1) vsnx 2 s —0.59553 —0.596 0018)

for the ns states. Heren* =n+0.5—3.131 09, anch=34-37.

aSee Ref[13] or [17].
the most important feature being the zeros which occur at theSee Ref[12].
frequencies where the precession of the Bloch vectors during
the seco_nd mm-wave pulse is exactly opposite to the Precegn e of 8, for the 8Rb ns series[17]. By extrapolating to
sion during the first pulse. Even though the precessions of*,z_O btai limi | 5. st
the Bloch vector are different for differem; , the cancella- A * we obtain a preliminary valué —oloo, 9o
tions of the opposing precessions occur at the same frequed-3-1311792. We insert this value into E() for &, to
cies, leading to 100% fringe contrast. Loss of this contrast i©Ptain an expression fos(n) for eachns state. In these
a sensitive probe of dephasing due to interactions with othefXPressionss, is the only variable. Using these expressions

atoms or charged particles. for 8(n) we then solve Eq(5) for each of thens-(n+1)s
intervals listed in Table IV. We then average the four result-
IV. EXTRACTION OF THE QUANTUM DEFECTS ing values of g, to obtain a preliminary value ob,, &,

=0.1791. To obtain the final values &f and §,, we sys-
tematically varied the values df, and 6, in the vicinity of
&he preliminary valuesy and 8% to find those which mini-
mize the differences between the observed and calculated
_ -2 , N1-2 two-photon intervals. This approach, often termed the grid
Vo =Reeci[n=o(n)] [n"=anO1 %, © seargh method of nonlinearplrc)aast—squares fitting, is noffl el-
whereRg,=109 736.605 cm?, c=2.9979245% 10'°cm/s  egant, but it is efficient in cases such as ours for which we
is the speed of light, and(n) and 8(n’) are the quantum have reasonably good initial trial valugal]. In Table VI,
defects of the initial and final states, which mainly depend orve give the results of this fit. In the uncertainties of Table VI,
¢ and only slightly orj andn. For given¢ andj, the quantum We have raised those returned by the fit by 50%. Following

The frequency intervab,,, between any two statesand
n’ can be expressed by the Rydberg formula involving th
guantum defects of the two level$7]

defects, fom> 20, can be represented py7] the same procedure, we obtain the quantum defects of the
nd;(j=3/2,5/2) states.
8(n)= 8o+ 8,/ (N— 8p)?, (6) Once the quantum defects of teetates are known, it is

straightforward to extract improved quantum defects ofithe
where &, and &, are constants. _ states from thexs-np; transition frequencies. For example,
_ For the two-photoms-(n+1)s andnd;-(n+1)d; transi- 4 gptain thenps, quantum defects we insert into E&) the
tions, we extract the quantum defects from the observed ifntervals from Table | and the values for thmes quantum
tervals in several steps. Here, we outline the method usinggfects calculated from E¢), using thensvalues ofs, and

thens-(n+1)s intervals as an example. We begin in a way s, given in Table VI. This procedure results in the observed
similar to the one described by Gey al.[19]. We obtain for quantum defects of for theps, series. Plotting them vs

each observed interval an “average” quantum defect;;,x2 \yheren* =n—2.641 45(the previous value fopy)
6*(n,n+1) for the pair of relevant levels by use of the o4 tg the graph shown in Fig. 7. In principle, the slope and

relation, intercept of Fig. 7 ared, and &, for the np;, series. This
=Rec{[n—&*(n,n+1)]"2 procedure: in which thess quantum defects are treated as
V1= Rl ( )] known, vyields 8,=2.641673%(3) and &,=0.295q3),
—[n+1-6*(n,n+1)]" 2%, (7)  which have uncertainties substantially smaller than the un-

_ o _ ) certainties forg, and 8, of thensseries. In essence, we have
and 6" (n,n+1) is plotted in Fig. 6 as a function af,~“,  determined the difference of thes and np,, quantum de-
wherenx =n+1/2—3.13109. Here 3.131 09 is the previous fects with an uncertainty a factor of 5 smaller than the un-
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quantum defects into frequency uncertainties. An uncertainty
of 10”4 in the quantum defect, a typical value, for the optical
measurements, translates into a frequency uncertainty of 40

2.64214 |-

264212 826416737
opaz10 | 0,=0.2950

A MHz at n=34. Then single-photonnp lines were ~750
2.64208 MHz wide and thensandnd two-photon lines were typically
~ 2.64206 L 30 MHz wide, or 60 MHz at twice the frequency. In addition,
o% 264204 | much of the data was taken at Rb pressures at which the

broadening and shift of the lines were up to 30 MH2].
The optical measurements are really quite impressive.
Our measurements were carried out at number densities of
10° cm™3, roughly five orders of magnitude lower than
P S those used in the optical measurements, and the pressure
0.0011  0.0012 00013 00014 00015 00016  ghifis are not an issue, particularly since the differential shifts
2 between levels are likely to be small. In addition, the fre-
quency control of our source is better, allowing us to im-
FIG. 7. Plot of §(n) vs n* ~2 for the nps, states. In this case, prove the accuracy of the quantum defects by an order of
n*=n—2.64145n=28-33. magnitude. In the last columns of Tables |-V, we show the
differences between the observed transition intervals and the
certainty in thens quantum defects. The uncertainties®f  intervals calculated from the improved quantum defects and
and 8, for the npsy, series are obtained by adding the uncer-fine and hyperfine constants. All these differences are within
tainties for the two measurements in quadrature, with thdhe listed experimental uncertainties.
result that the uncertainties @, for the np,,, states are at
most slightly higher than those of tims states. V. CONCLUSION
In Table VI, we list the previous values of the quantum
defects and the values we have obtained from our measure- These mm-wave measurements of the intervals be-
ments. A consistent set of values for the quantum defects wa#een Rb Rydberg states lead to improvements of an order of
reported by Lorenzen and Niem4%3] who analyzed their magnitude in the quantum defects. Probably more important,
np data, thens data of Leeet al. [11], and thend data of  they show that it is possible to do high-resolution spectros-
Stoicheff and Weinbergdr2]. Also shown in Table VI are copy in spite of the large magnetic-field gradient in the MOT.
the ns quantum defects reported by Stoicheff and Wein-The fact that such high resolution is possible suggests that
berger. The uncertainties given by Lorenzen and Niemax fomm-wave resonance spectroscopy should be a sensitive
the nd series exceed those originally shown by Stoicheff angProbe for investigating many-body effects in cold Rydberg
Weinberger by a factor of 4, probably because of the differatom samples.
ence in the reported ionization limit. To the previously re-
portednd quantum defects, which are for the centers _of_ grav- ACKNOWLEDGMENTS
ity, we have added the effect of timel fine-structure splitting
[17]. Our values are just within the error bars or just outside This work has been supported by the Air Force Office of
them for the previous measurements with the exception oBcientific Research. It is a pleasure to acknowledge helpful
that made by Leet al. and reported also by Lorenzen and discussions with R. R. Jones, C. A. Sackett, and W. E.
Niemax. It is instructive to convert the uncertainties in theCooke.
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