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Time-domain measurements of Rydberg doublet splittings using microwave half-cycle pulses
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We observe transitions between Rydberg states driven by intense 500-ps-wide half-cycle electric-field pulses
in a microwave transmission line. Using two identical temporally spaced pulses we can perform spectroscopic
measurements. We have measured fine-structure intervals betweay,thed ds/, states in Na and K using
this technique. The frequency measurements span two orders of magnitude and are an order of magnitude more
accurate than previous direct measurements of these transitions and more than a factor of 2 more accurate than
previous high-precision microwave measurements.
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I. INTRODUCTION Ramsey method the amplitude of the periodic signal can be
nearly 100% of the total ionization signal for correctly cho-

We have developed a time-domain technique for accusen HCP voltages. Because the population is transferred by
rately measuring frequency intervals between Rydberg stategirong field interactions, the maximum measured frequency
of atoms and molecules. Using intense half-cycle microwavénterval is not limited by the bandwidth of the HCP, but only
pulses(HCP’s), transitions can be driven between different by the homogeneity of the HCP field and by the relative
Rydberg states. By delaying two HCP’s, a Ramsey interferphase jitter between the two HCPs. Further, in the strong-
ence measurement of frequency intervals can be performefield regime, the population of a single bound state contains
This HCP-Ramsey technique is applicable to the measurdnformation about all bound levels populated during the
ment of both large and small frequency intervals, both forHCP, which means that measurement of the population of a
allowed and forbidden transitions. In this article we describesingle state allows determination of the frequency differ-
the technique and present measurements of the fine-structuggces between all of the states that are populated by the
intervals of sodium and potassiund Rydberg states. We HCP’s[5]. The HCP method is applicable to significantly
have measured fine-structure intervals for principal quanturhigher frequencies than presented here, and we have mea-
numbers ranging from 15 to 30, with frequencies rangingsured frequency intervals greater than 70 GHz betwegn
from 2.5 to 250 MHz. andnd states with HCPs of approximately 1 GHz bandwidth

The structure and dynamics of Rydberg atoms continue t06].
be of significant interest both because of the close connection In the case of the fine structure measurements, the transi-
of their wavefunctions to those of hydrogen and the richtions are essentially Rosen—Zener type of noncrossing tran-
variety of behavior that they sho]. In Rydberg states, the sitions[7,8]. These transitions are strong if the HCP pulse is
fine-structure intervals can be anomalously large and eveshort compared to the inverse of the frequency separation of
inverted despite the nearly hydrogenic term energies. In paithe two levels and if the relative phase accumulated by the
ticular, the calculation of fine-structure intervals at thetwo states during the HCP ism. In both sodium and potas-
boundary between core penetrating and nonpenetrating orbiggum the 500 ps half-cycle pulses easily satisfy the first cri-
in Rydberg atoms has proven to be a challenge for theory. lterion, and in sodium they are strong enough to give 100%
the nd series relativistic effects, along with both penetrationpopulation transfer. In potassium, however, because the po-
and polarization energy shifts, are significant and the findarizabilities are so much smaller, the relative phase accumu-
structure is known to be inverted in both sodium and potaslated during the pulse is such that we cannot achieve 100%
sium. The precise measurement of these intervals providespopulation transfer with the current setup.
stringent test of theoretical moddi2—4].

In the HCP-Ramsey method, a strong microwave HCP
drives transitions between Rydberg states, leaving a coherent
superposition of states, each of which evolves at its natural We observe the microwave HCP driven transitions in an
frequency. A second, delayed, HCP again redistributes popwtomic beam. The main features of the apparatus have been
lation, with the final population of each state depending ordescribed earlief6]. A thermal beam of atoms passes be-
the phases accumulated by the different states in the fieldween the parallel plates of a 5Q transmission line, shown
free time interval between the two pulses. The atoms are theschematically in Fig. 1. The atoms are excited in a stepwise
exposed to a selective field ionization pulse and the populamanner to selectedd Rydberg states by two pulsed dye
tion in each state can be observed as a function of delalsers. Particulan, j, and |mj| states can be selected by
between the HCP’s. A discrete Fourier transform of the ion-changing the colors and polarizations of the dye lasers.
ization signal gives the energy differences. In the HCP- About 100 ns after the Rydberg states are populated, a

pair of relatively delayed 500 ps FWHM HCP’s with ampli-
tudes up to 100 V/cm, produced by a pair of Avtech AVH-
*Currently at the Allegro MicroSystems, Concord, NH. HV1 impulse generators, are incident on the Rydberg atoms.

Il. EXPERIMENT

1050-2947/2001/63)/0325046)/$15.00 63 032504-1 ©2001 The American Physical Society



C. W. S. CONOVER AND M. C. DOOGUE PHYSICAL REVIEW /&3 032504

- - Rydberg states ionize at a characteristic field and therefore at
S\ AN different times during a voltage ramp, so the time of arrival
500 ps HCP 500ps HCP of the electrons at a detector can be used to distinguish the
(delayed) number of atoms in a particular state. In particular, states of

Combiner d_iffer_ent_j, b_ut the same” andm;, can be distingui_she(_j by
. field ionization[9]. In order to measure the population in the
Alkalimetal Signal Out two fine-structure states, the signal from the detector is sent
Oven Microchannel to two boxcar integrators which are gated to measure elec-
Plates l trons from each of the two fine-structure states. The output of
@ * l the integrator is sent to an analog-to-digital converter and
RS Electrons read by the computer which also controls the HCP ampli-
TNSso tudes and relative delays.
‘_.m [ = [] '—Wﬂm In Na we excite theds, m;=1/2 state and drive transi-
M°””°r/:|_i— = =T tions to theds;, m;=1/2 with the HCP’s. When the ionizing
e T \Qer field is slowly turned on, thel;, m;=1/2 state adiabatically
Capacitor lonization Ramp B&ams evolves into the m=1 state, and thds,, m;=1/2 state adia-

batically turns into the m=0 state[10]. The m =0 state
FIG. 1. Diagram of the main features of the experimental a_pp?lionizes at a lower field than the n+ 1 state, making it easy
ratus showing the pulse delay scheme, parallel plate transmissiag use selective ramped field ionization to measure the popu-
line, atomic source, and microchannel plate detectors. The atomigtions in each of then; states. In K the situation is not so
and laser beams are antiparallel with the laser polarization in thgjmple and the ionization thresholds of the douvigt=1/2
vertical direction. The transmission line is constructed of brass withgates are not distinguishabf@1] and it is impossible to
SMA connectors and 100 pF microwave capacitors used to coupl ; ; L ;
the HCP onto the line while isolating the bottom plate from groundngot:g]e:]hiﬁgxﬁrm;mpgttho;hﬁ’e ;(/)i)jlt:ttiii gfod\;va:/ﬁ:_’ It
to allow a state-selective field ionization pulse to be applied. A 0.{ - . Py
) ) SR =3/2 state ionizes at a higher level than tthg, m;=3/2
mm hole drilled in the top plate of the transmission line allows tat d b dt lectively detekha—0 t -
electrons from the ionized atoms to reach the detector. staté, and can be used 1o selectively de g= ransi-
tion between the fine structure levdl$2]. The benefit of

We have measured the pulse shape in the interaction regioLfiSlng the|m;| =1/2 states Is that they are an order of mag-
nitude less susceptible to stray electric fields than|t‘nﬁp

with a 1.5 GHz bandwidth oscilloscope and a high—:3/2 States
bandwidth 5000 probe. The pulse shape is approximated Both lasers are antiparallel to the atomic beam, exciting a

by the form cylindrical volume of atoms about 1 mm in diameter, which
; allows a wide variety of time delays without realignment of
F(t)IFOSin4(7T—), (1)  the optics. The atomic beam crosses the transmission line
T transverse to the direction of HCP travel, limiting the effect
of delay changes due to atomic motion: the time domain
wherer is the full-width of the field pulse anBj, is the peak equivalent of Doppler broadening. The maximum delay time
amplitude. For numerical models of the interaction of theis limited to the transit time of the atoms across the 2 cm
atoms with a half-cycle pulse we used the form of Eh. interaction region. The delays are swept electronically and
with 7=1.30 ns to match the width of the pulse measured irseveral delay sweeps are made for each measurement to re-
the laboratory. duce the effect of long-term drifts in the atomic beam or
The population redistributed by a single HCP remains codaser intensities.
herent at the end of the first pulse, and there is a well-defined There are several systematic effects which must be con-
phase difference between the fine-structure states after tisédered in Rydberg atom spectroscopy. The measured fre-
pulse. When the second HCP is incident on the atoms, popwuencies can be systematically shifted by two important ef-
lation is again redistributed, and the final population in eacHects, AC and DC Stark shifts. In addition, the spectral lines
state depends both on the shape and amplitude of the tware broadened by several effects, radiative decay lifetimes,
pulses and, most significantly for these experiments, the reldnteractions with blackbody radiation, phase noise in the
tive phase accumulated by the two states in the field-fre¢iCP delay, fluctuations in the HCP amplitude, the Zeeman
period between the two pulses. There is a small, idfg-20 effect, and collisions.
ns) negative tail on the HCP which is avoided by using a In the experiments presented here, the width of the spec-
minimum delay between the HCP’s of 50 ns. tral lines measured is mainly due to the atoms’ decay rate.
Then, 100 ns after the second HCP, a large electric fieldhe decay of the states is due to a combination of the natural
ramp is applied to one side of the transmission line. As seelifetime and transitions induced by 300 K blackbody radia-
in Fig. 1, microwave capacitors isolate the lower plate fromtion. For the states we have studied, the total decay rates
ground and allow the application of this high voltage. Thisrange from 2.5 to 15us [1]. Collisional broadening due to
high-voltage ramp both ionizes the Rydberg atoms andyackground gas is calculated to be negligible in our vacuum,
pushes the electrons through a small hole in the top plate dfowever collisions between Rydberg atoms may be signifi-
the transmission line toward a microchannel plate detectorcant at the largest principal quantum numbers. Zeeman
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broadening is reduced by firing the lasers synchronouslhability depends orj, and characterizes the differential Stark
with the zero crossings of the line voltage. In addition, theshift within the multiplet. The tensor polarizability for a
transmission line is surrounded by an open ended rectangulgiven multiplet,«; ,, is defined as the polarizability of the
box constructed of mu-metal, and the interaction region istate with maximunj within the multiplet. For a Rydberg
also placed at the center of a pair of vertically orienteddoublet, the splittings in a small static field are
Helmholtz coils that eliminate the majority of the earth’s
magnetic field in the interaction region. These precautions _ T o 6mj2
reduce the magnetic field in the interaction region to less Amj(F)_A0+ anF (2/-1)/(2/+1) )
than 0.1 G. The Zeeman beat period is approximately.d)
on the order of the transit time. and for the doublets of the d states

Particular to the HCP-Ramsey technique, there are two

T

important sources of broadening: delay jitter and amplitude Ao dE)=A 4+ EFZ 4
inhomogeneity. If there is variation in the HCP amplitude, 12(F) =286 20 “)
the dynamical phase accumulated during the HCP will be

different for different atoms, which broadens the spectral gald

line. Experiments withs state to high¢ state transitions in Az F)=A20+ —5 F?, ®)

sodium, where the relative Stark shifts of 500—-1000 MHz/

(V/em) due to the linear Stark effect for the highstates are  where A, is the field-free fine-structure interval. The fine-
much larger than in these experiments, show that the ampliirycture intervals for then,=1/2 transitions are nine times
tude jitter and inhomogeneity are unimportant effects. Shottess susceptible to stray fields than tie=3/2 transitions
to-shot jitter in the relative pulse delay is the largest experignd therefore are much more appropriate for the experi-
mentally controllable source of broadening. The two impulsgments.

generators are triggered with a computer controlled Stanford  The polarizabilities depend on the matrix elements of the
Research Systems SR535 digital delay generator with a tenectric dipole operator, which are readily calculated numeri-
perature compensated crystal oscillator. The SR535 has @|ly. The polarizabilities increase rapidly with and effec-

rms jitter of 50 ps for the delays used in these experiments;ye guantum number, in alkali atoms scaling ras’. We
Additionally the AVH-HV1 also has a 15 ps jitter in the paye calculated the polarizabilities and estimate the tensor

delay between a trigger signal and the output HCP. The jittepo|arizability in sodium to be given by the equation
in the HCP delay is a broadening mechanism, and for th%ld(Na)=5.2>< 10-°n*7 MHz(V/icm)~2, while in potas-

data presented here it adds 15 kHz to the linewidth at th%ium al (K)=1.1x 10" %*7 MHz(V/cm)~2, 50 times
highest frequencies measured, but becomes much more irBFnaIIernd ’
portant for larger frequency intervals. The timing jitter in the
HCP delays limits the upper frequency range of the currenty e raction region to less than 35 mV/cm. We periodically
ahpparatlus o less tra_n > Gsz._ In the (;(e;sults presented hglrc?etermined the stray field by measuring the fine structure
these mstrumenta_ Imperfections  a an unmeasura gplitting with known offset fields and finding the field re-
amount of broadenmg. . . quired to minimize the fine structure interval. Empirically,
By far the ”?OSt 'mpOrta!”t systematic concern In Rydbergthese stray fields change day to day, probably in large part
spectroscopy is Stark shifts. Normally, when using SroNgy 16 o alkali deposition on the plates. Using the calculated

fields to drive forbidden transitions, care must be taken re: - s

. . ! s h tensor polarizabilities, we have added the fourth column to
garding AC Stark shifts of the levels due to the driving fleId.Our datg tables, showing how a stray field of 70 mv/cm in
However, the phase differences measured in the HCP !

R thod d d onl th levels | ththe transmission line affects the measured fine-structure in-
~amsey method depend only on the energy 1evels In g, 415 |t is clear that at low principal quantum number, the
f|e!d-free mte_rval be_tween the two pulses_, and the large Star C Stark effect has essentially no influence on the data, but
sh!fts that exist during the HCP's are unimportant. AC Starkat higher principal quantum number it becomes the dominant
shifts of Rydberg states due to the interaction with blackbod ource of error
radiation can be comparable to the fine-structure intervals '
measured. However, these shifts affect both states in the dou-
blet equally and are therefore not measuréfd
For our experiments, the largest systematic effect is DC  For properly chosen HCP amplitudes significant popula-
Stark shifts due to stray electric fields. In a small static electjon is transferred between the fine-structure levels, but very
tric field the energy levels shift by an amount little population is transferred to the high-states. An ex-
o .. ample of the population transfer due to a single HCP is
s 1 (BMmi—iG+D)y ), shown in Fig. 2, which shows the population of thed23
By B S g pop
an/-i-an/j 1(21_1) y (2)

than the polarizabilities in Na.
Standard precautiond5] reduced the stray field in the

IIl. RESULTS

1
ABnim="73 and 23, states in sodium as a function of peak HCP field.
At higher amplitudes some population is transferred to high-
where o® is the scalar polarizability and" is the tensor / states, and that population is not detected in our selective
polarizability [13,14]. The scalar polarizability is the same detection scheme. Previous experiments have detected and
for all levels in the givem/ shell, and characterizes a shift analyzed the transitions to high-stateq6].

in the center of gravity of the multiplet. The tensor polariz- The solid lines in Fig. 2 were calculated by numerically
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FIG. 2. Plot of population in the 2, (O) and 23lg, (J) 12 y (ns)
states versus peak amplitude after a single HCP. The solid lines ) ' ' ! '

were calculated numerically with Sclimger's equation on a lim- 1.0 7\/_\/\/\/\/\/\/\‘\/\/\/./\\/\@\)/-
ited basis.

0.8 =

integrating the time-dependent Sctiimger equation using a
finite basis and the model of the pulse given by ED.
Population transfer depends strongly on the relative phase

0.41

Population
o
% cln

accumulated by all states with=2 during the pulse. Dif- 0.2r T
ferences between the calculated and observed transfer prob- 0.0 L 1 L L

abilities is attributed to an imperfect knowledge of the pulse 100 105 110 15 120 125
shape. Relative Pulse Delay (ns)

The results of single pulse experiments with variable am- _ _
FIG. 3. Plot of population versus relative pulse delay between

plitude are similar for those with potassium, but the fields X
required are significantly larger, due to their much smallefV© half-cycle pulses in théa) Na 23, (O) and 235, (L)
polarizabilities. No population is transferred out of tde States andb) K 19dy, (O) and 185, (L) states. The line without

states because of their isolation from other states. Finally, £Y™P0!S is the total field ionization signal.

is difficult, due to the properties of field ionization in potas- ) )

sium, to unambiguously identify the population in tHg,  tainty in the line center is 10-40 kHz at therlevel. The

andds, states. data for sodium, detailed in Table I, is in agreement with
We have measured population as a function of relativé?r€vious measurements, and has an error anywhere from a

HCP delay for a variety of principal quantum numbers in thefactor of 2 smaller than the best previous data] to a factor

range from 15 to 30. Typical traces of tHg, anddg, popu- ~ Of 50 better than the best previous da€al6]. Within the

lation versus relative pulse delay is shown in Fig. 3. Figure

3(a) shows the populations of the sodiumd33 and 235, 1.0
states. The magnitude of the two HCP’s was 20 V/icm and E gg
the absolute pulse delay is unknown to 5 ns. The ratio of the %

oscillating component to the total ionization signal is roughly @ 0.6
70%. This contrast ratio is reduced if the two HCP’s are not ¢ 04
identical and if there is significant population of the high- TR
states by the HCP’s. Notice that in FigaBthe totald state e

pppulation is not a constant, and that p_opulation transfer to 0-03'0 35 40 45 50 55 V 6_0
high-/" states also depends on the relative phases of the co-

herent superposition as well as the amplitudes of the pulses. Frequency (MHz)

Figure 3b) shows data for 80 V/cm HCP’s applied to 1.0 ' ' ' ' '
potassium 19d states. The modulation depth is much smaller g 0.8 .
in the potassium data. First, with the HCP's we used, the & | ]
relative phase accumulated during the pulse is much less & ~
than 7, and we cannot saturate the transition between the ¢ 04 1
fine structure levels. Second, the field ionization of thg E 0.2k i
andds,, levels is not clearly resolved. 00 | | |

Data such as those shown in Fig. 3 have been taken for 210.0 2105 211.0 2115 2120 2125 213.0
time delays of up to 20us. Discrete Fourier transforms of
typical data are shown in Figt , along with Lorentzian fits
to the data. The spectral lines are quite well approximated by FIG. 4. Fourier transforms of time series like those shown in
Lorentzian lineshapes with widths of 150-300 kHz. ManyFig. 3, for (a) Na n=28 and(b) K n=18. The solid line is a
measurements of spectra like those in Fig. 4 have been takemrentzian fit to the data which is used to determine the transition
over the course of several months, and the statistical uncefrequencies.

Frequency (MHz)
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TABLE I. Fine-structure resonance frequences observed in thistoms can be described by the empirical formula
work. The quoted uncertainties are one standard deviation in the
statistical uncertainty and the Stark uncertainties are the maximal A B C
shift assuming a static electric field of 70 mV/cm, determined from Afs:(n_ 5)3 + (n— 5)5 + (n— 5)7, (6)
Eq. (4).

where § is the quantum defect of the state. In K, all three
terms are used, while in Na, the first two suffice. We have
n Ao(MHz) Statistical Stark used our measurements along with the previous best data in
the rangen=4 to 14 in Na[16,18 andn=5 to 36 in K

o(kHz)

15 28.33 30 0.2 [12,17 to determine the constants for these equations. The
16 23.39 10 0.4 quantum defects used were those of the center of gravity of
17 19.54 10 0.5 the doublet, calculated from the modified Rydberg—Ritz for-
18 16.50 15 0.8 mula [1]. In Na, we determined that A

19 14.05 10 1.2 =-97.57(2) GHz and B,=+514.4(7) GHz. In K we

20 12.06 25 1.7 found that Ac=—1.1309(2) THz, B=-15.57(5) THz,

21 10.42 15 2.4 and C=90.9(10) THz. Inclusion of our new data has re-
22 9.08 15 33 duced the errors in the A parameters by a factor of 2 from the
23 7.95 10 4.5 most accurate previous result in INEQ] and a factor of 100

24 7.01 10 6.1 from the previous best result in KL7]. The B and C param-

25 6.21 20 8.2 eters have been improved by a smaller amount since they are
26 5.51 25 11 mostly determined by the low lying levels.

27 4.93 30 14

28 4.41 45 19 IV. CONCLUSIONS

29 3.98 40 24

30 362 30 32 We have demonstrated a novel technique for using tran-
31 3.27 35 41 sitior!s driven by half-cycle pulses to make precise spectro-
32 3.05 35 54 scopic measurements in Rydberg atoms. The HCP-Ramsey
33 283 35 70 method uses Stark shifts and state mixing, which are usually
34 262 35 92 a source of uncertainty in multiphoton spectroscopy, to drive

forbidden transitions and measure their field-free spacing.
With this method we have determined fine-structure splitting

requencies ranging over two orders of magnitude. The pre-

statistical uncertainty there is a small systematic offset oéision of our measurements are limited mainly by the life-
about 40 kHz between our datg and that of Sun :_:md Macg e broadening of the states, and the spectral widths are
Adam [15.]' The source of the Q|fference IS not obvious .bmcomparable to other high resolution spectroscopic measure-
may be linked to their correction for residual Stark shifts. i of fine-structure in Rydberg atofiis,20-23,

Because the fine structure is inverted stray fields would in- 4 i< batween fine-structure séates are dipole-
crease our measured frequencies, and there is no mechani§

hich hink of which id ic reducti Ofoidden and hence direct transitions cannot usually be
which we can think of which provides a systematic reduction e, req. In the past, the fine-structure intervals of Rydberg

in the observed frequency. The data for potassium, displayeg,es have been measured by several other techniques: level

in Table Il, is also in agreement with previous measure'crossing spectroscopy18], fluorescence quantum beats

ments, bgt h_as an error more than ten times smaller and N46,24, field-ionization quantum beat§25,26 radiofre-
systematic differences are ot_)ser\[&d,lﬂ. . . quency resonance in a static fi¢Ri12], and either optical or
It has been shown that fine-structure intervals in alkaliyicrowave resonance between the two fine-structure states
and a common third stafd5,20,22,17,27,28
TABLE Il. Same as Table | but for potassium. The intervals for ~ The major advantage of direct measurements is a relative
potassium were measured using the=3/2 states, and the Stark insensitivity to stray electric fields: the major difficulty to be

uncertainties were calculated using E§). surmounted in precision measurements of Rydberg structure.
Direct radiofrequency measurements of fine-structure inter-

o(kHz) vals in zero static field requires multiphoton processes to

n Ay(MH2) Statistical Stark drive the transitions, however, and in most m.ulltiphoton reso-
nance experiments AC Stark shifts are significant and must
17 253.30 40 0.1 either be calculated or data must be taken at several different
18 211.75 10 0.1 power levels and the measured intervals extrapolated to zero

19 178.87 20 0.2 power.

20 152.48 20 0.3 The HCP-Ramsey technique has proven to be a very ef-

21 131.04 30 0.4 fective method of directly measuring dipole forbidden tran-
22 113.50 40 0.6 sitions. Despite the use of fields that dramatically change the

energy levels, the phase differences measured in the HCP-
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Ramsey method depend only on the energy levels in the fieldmited only by interaction time or finite state lifetime. Ad-

free interval between the two pulses and these large Startitionally, the strong fields can couple many states, and the

shifts are unimportant. energy differences between all pairs of states are present in
The experimental method is simple, efficient and accurat¢he interferogram of any individual state, making this tech-

over a wide range of frequencies and can be used for manyique useful, for example, in situations where only one state

experiments on highly excited states of atoms and moleculesan be selectively detected.

Because the transitions are driven by strong fields this

method can be used to perform spectroscopy outside of the

bandwidth of the HCP’s and therefore could be extended to ACKNOWLEDGMENTS
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