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Circular states of atomic hydrogen
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We describe the creation of circular states of hydrogen by adiabatic transfer of a Rydberg state in crossed
electric and magnetic fields, and also by adiabatic passage in a rotating microwave field. The latter method
permits rapid switching between the two circular states of a givaemanifold. The two methods are demon-
strated experimentally, and results are presented of an analysis of the field ionization properties of the circular
states. An application for the circular states is illustrated by millimeter-wave resonance in hydrogen of the
n=29—n=230 transition[S1050-294{®@7)00608-2

PACS numbeg(s): 32.80.Rm, 32.30.Bv, 06.20.Jr

I. INTRODUCTION Three approaches have been employed for providing the re-
quired angular momentum: adiabatic microwave transfer,
Rydberg states of an atom which have the maximumwhich involves absorption of microwave photons as a Stark
value of|m| are known as circular states because the excitefleld is adiabatically decreasédO0]; a method in which the
electron’s behavior approaches the classical limit of local-atoms are excited in a circularly polarized microwave field
ized motion in a circular orbit. Specificallym|=1=n—1,  which is subsequently turned off adiabaticalil]; and the
wheren,|,m are the familiar principal and spherical quantum crossed fields method, in which a Idw{ Stark state is
numbers, and, for a Rydberg aton®-1. Within each mani- transformed into a circular state by adiabatic redefinition of
fold of states with principal quantum numhb®rthere are two  the quantization basigl2]. The choice of production tech-
such states withm==(n—1). Circular states exhibit ex- nique depends to some extent on the atomic structure, par-
traordinarily long radiative lifetimes because they can decayicularly on perturbations to the loyn| states in Rydberg
only in a single channel to the next lower circular state. Theatoms other than hydrogen, and also on the experimental
lifetimes scale as1®, in contrast to those of low angular application for the atoms. In this paper we describe produc-
momentum states which scale @& Circular states exhibit tion of circular states of hydrogen using both adiabatic mi-
no first-order Stark shift and their second-order shift is thecrowave transfer and the crossed fields method.
smallest for all states of a givam The circular state wave The intended application for circular states of hydrogen is
function is localized far from the nucleus. Consequently,a precision measurement of the Rydberg frequeriey by
energy-level corrections for nuclear structure and QED efmillimeter-wave spectroscopy of the=29—n=230 transi-
fects are extremely small. Because of these properties, cirction (at 256 GHz between circular states. For these transi-
lar states have found applications in cavity quantum electrations, Am=*1, and there is a first-order Zeeman effect.
dynamicg 1-4], metrology[5—7], collisions[8], and intense  This can be eliminated by alternately exciting then=+1
radiation field dynamic§9]. and Am=—1 transitions. Thus it is essential to be able to
Circular states have been produced in most of the alkalexcite selectively either thev=n—1 or them=—(n—1)
metals and in barium, but not, to date, in atomic hydrogencircular state.
which involves some special challenges. The initial stage of As background to this work, we briefly summarize the
the process, exciting a hydrogen atom to a |owj-Rydberg history of circular state production. Hulet and Kleppner cre-
state, is difficult because intense UV laser sources are rexted circular states in 1983 by adiabatic microwave transfer
quired. More seriously, the high degeneracy of hydrogenn lithium [10]. In this method, the atoms are transferred
complicates the transfer process. from a low{m| state by absorption of microwave photons.
Circular states cannot be directly populated from theThe method has since been applied to other alkali metal at-
ground state by laser excitation because only one unit obms including cesiunil] and rubidium[13], and has been
angular momentum can be transferred per photon. Consesed to create continuous as well as pulsed beams of circular
quently, circular state production involves first exciting anRydberg atom$14]. This technique employs the Stark effect
optically allowed low}m| Rydberg state and then transfer- to control the adiabatic microwave transfer. Because the
ring the population to one of tHen|=(n—1) circular states. Stark effect depends only dm|, rather tharm, both of the
*+(n—1) states are equally populated. Consequently, the
standard adiabatic microwave transfer method is not suitable
*Present address: National Institute of Standards and Technologfer our application. Nussenzveigt al. [13] overcame this

Gaithersburg, MD 20899. problem by applying a magnetic field to split them degen-
"Present address: Smithsonian Astrophysical Observatory, 60 Gagracy, working with rubidium.
den Street, Cambridge, MA 02138. Another method involves the excitation of a dressed state
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in the presence of a circularly polarized microwave field. Thenaturally expressed in the parabolic representation with
amplitude of the microwaves is reduced adiabatically, leavquantum numbers, k, and m. If, instead, the system is
ing the atoms in a particular circular state. This method, proguantized in an applied magnetic field, the states are natu-
posed by Molandeet al.[15], was recently demonstrated by rally described in the spherical representation with quantum
Chenget al. in sodium[11]. However, efficient optical exci- numbersn, |, andm. In the presence of both electric and
tation of the initial state in a microwave field of modest magnetic fields the problem is not separable in either basis.
amplitude requires either alkali-metal core-indutedixing However, as Pauli pointed out in 192869], if the fields are
or an additional, static, electric fie[d6]. small enough to neglect second-order effects, two quantities

An entirely different approach to producing circular statesare conserved: the components of the angular momentum
was proposed by Delande and Gay]. This employs adia- and Runge-Lenz vectorsL., and A,. The angular-
batic switching of orthogonal electric and magnetic fields. Inmomentum-like quantization of the eigenvalues has been
this “crossed fields” method, am=0 Rydberg state is ex- demonstrated experimentally by Penenal.[20]. This basis
cited along a quantization axis that is then adiabatically reprovides a natural framework for describing dynamical pro-
defined along a perpendicular axis for whichi=n—1. The  cesses in crossed electric and magnetic fields. We shall fol-
method was demonstrated by Haeal. [12], who used an low the notation of Demkovet al.[21].
atomic beam of lithium that passed through spatially varying Ignoring electron spin, the nonrelativistic Hamiltonian is
magnetic and electric fields, and was subsequently applied t@tomic units:
rubidium[4] and bariun18].

In alkali-metal and other multielectron atoms, only the H= %Iﬁ - l_*_ %B’ L4+ F-7=Hy+W.

r

m=+(n—1) state is easily accessible using the crossed

_fie;l_ds method due to _the effect of core perturbations on the H, Zeeman Stark

initial states. In atomic hydrogen, however, this method al- (1)
lows selective preparation of either of the two circular states

by starting from the highest or lowest=0 Stark states. We If second-order effects in the fields are neglected, the per-

have demonstrated this by using the crossed fields technigderbationW is diagonal in a basis spanned by the angular-
with two lasers tuned to the two different initial states. Formomentum-like operator$;=3(L+A) and ,=3(L—A).

this purpose, we developed a configuration of the crossewe begin by scaling the Runge-Lenz vector to the unper-
fields geometry that provides the rapid field switching necturbed Hamiltonian:

essary for a pulsed atomic source. This realization of the
crossed fields method is described in Sec. Il.

The crossed fields method worked efficiently, but ulti-
mately proved cumbersome for our application. The circular-
izer had to be magnetically shielded, and the mechanicalWhereE, is the eigenvalue dfl,. The perturbation becomes
requirements this imposed compromised the radiative ther-
mal design. Consequently, we developed a variant of the 3 . .1

. - . . . . W=—-=-nF-A+ =
adiabatic microwave transfer technique, which requires no 2 2
magnetic field. The new production region is part of an in-
tegrated system with all components in a cryogenic enclowhere we have made the Pauli replacement— (3/2)nA. It
sure. This technique employs circularly polarized micro-is convenient to scale the fields to their relative perturbation
waves, rather than the usual linear polarization. By reversingtrengths,
the sense of rotation, the sign of is reversed. This devel-
opment is described in Sec. Ill. . 3

R I
=2nF and B=§B. (4)

* 1. - . L.
A=(—2Ey) 3 S(PXL-LXP)=r/, )

>

L, )

oo )3

Il. THE CROSSED FIELDS METHOD It can then be shown that, with these definitions and intro-

Delande and Gay show¢d7], from SQ4) symmetry ar- ducing
guments, that a Rydberg atom can be transferred to a circular

state by exciting it in a relatively strong electric field and a I1=3(L+A),
small perpendicular magnetic field, and then adiabatically . ..
switching off the electric field. We present here an equivalent l,=3(L—A),
description that provides somewhat more physical insight
into the process and is helpful for determining the experi- vT/lE—;Z"+[3’, 5)
mental requirements.
VT/ZE‘%.‘F é,

A. Angular momentum representation .
g P the perturbation takes the form

In free space, the? sublevels of thenth Rydberg mani-
fold of hydrogen are degenerate. The orbital angular momen- W=W,- 11 +Wy- 1. (6)
tum L and the Runge-Lenz vectérare constants of motion. S o _ _
In an electric field, the degeneracy is partially removed and'he perturbation is diagonal ifi1 i), wherei, andi, are
the angular momentum is no longer conserved. The states atlee projections ofl; and |, onto w; andw,, respectively.
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FIG. 1. Energy levels of the hydroger=5 manifold in nearly
perpendicular electric and magnetic fields. The angle betwgen
andBis w/2+0.2 rad. Arrows show the paths of adiabatic transfer.  F|G. 2. Vector relationships for adiabatic transfer to the
A,A’:initial states.B,B': final, circular states. m=n-—1 circular stateB is held constant whileF is reduced(a)

- . F>B; (b) F<B.
The operatord; and I, have equal magnitudes and obey
angular momentum commutation rules. Becalisel,, and ~ and the adiabaticity condition becomes
Hy all commute we immediately have the eigenvalues of

W [22] F<2\28, 8
W:W1il+W2i2, (7) or

whereiq,i, take on integer or half-integer values on the . 18B?

interval F<——, 9

—imacSi1 2=Imax .
a2 max whereF is in units of V/(cmus) andB is in gauss. The

With i may=3(n—1). same considerations apply 0.
In this description the magnetic field is held constant
B. Adiabatic transfer to the circular state while the electric field is changed but the method would also
work with a constant electric field and time-varying mag-

We shall illustrate the principle of operation using the
n=5 state of hydrogen for simplicity. The energy levels in
nearly perpendicular electric and magnetic fields are shown
in Fig. 1. In the Zeeman limit, wher&< 3, the highest and C. Diabatic return to Stark states
lowest states in the manifold are the circular states |nthe crossed fields method, the circular state is prepared
N, max:imax) @NA [N, =imax, —imay. These states are nonde- gefined relative to the applied magnetic field. For many ex-
generate. The key to this method is that, in the Stark limitperimental applications, including ours, the state must even-
where 7> B, the i, = * iy, levels arem=0 states which tyally be defined by an electric field. In principle this can be

are accessible py laser excitation from Iow-lylng states. é\chieved by applying an electric field parallelﬁoand then
To produce circular states, the atoms are optically excite - X ) )
to one of the outermost Stark states in a region of stron ”0"‘_"”9 B to vamsh: However, preserving the circular state
n this process requires care.

electric field and weak perpendicular magnetic figbaint
Perp g i The difficulty can be seen from Fig. 3, which displays

A or A’ in Fig. 1). The electric field is then slowly reduced X . o
to zero while the magnetic field is held constant. Atoms thafN€"9Y 1evels in magnetic and electric fields that are nearly,
ut not exactly, parallel. Due to the misalignment there is a

follow the energy level adiabatically are transferred to a cir- ' - .

cular state B or B', respectively. small perpendicular component & which produces an an-
The adiabaticity criterion can be obtained from simpleticrossing whenF~ 5. To remain in the circular state, this

vector arguments. As shown in Fig 2 ffis held constant anticrossing must be traversed diabatically, moving from

L - - pointB (B’) to pointC (C’) in Fig. 3. Otherwise, the adia-
while | 7] 1S red_uced_wz rotates anq changes length. Rer 1 4ic process is reversed, and the atoms are restored to the
to follow w, adiabatically, the rotation rate must always bemn=q state(pointsD andD’).
slow compared to the precession raf%- rz. The rotation The diabaticity criterion can also be found from the vector
rate of w, is 6=BF/w?, where si#=B/w and Mmodel, shown in Fig. 4. Here we consider the motion of the

w=F°+B°. The maximum rotation rate occurs Bt=F, Fl vector, which initially precesses about the defining mag-

netic field.
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FIG. 5. Excitation scheme for circular state production in atomic

0 2 4 6 § 10 12 14 hydrogen. Hydrogen atoms are elevated to one of the outermost
F/B Stark states by stepwise excitation through the 2ate. Subse-

quently, they are transferred to one of the two circular states.

FIG. 3. Energy levels of the hydrogen=5 in nearly parallel
electric and magnetic fields. The angle betwgeand 5 is 0.1 rad. F> 8213, (10
Note that then-level anticrossing af~ 5 would be an exact cross-
ing for F | B. Arrows show the paths for the diabatic redefinition of or
the circular states in an electric field,B’: Circular states in mag-
netic field-dominated regimé,C’: Circular states in electric field- . 6.45°B?
dominated regimeD,D’: m=0 states produced if anticrossing is F>Tv 11
traversed adiabatically.

R whereF is in V /(cm us) andB is in gauss.
netic field 5. As the parallel electric field is turned on,
lelz ~F+B goes through a minimum and changes direction D. Experiment
when F~B. If there is a small angular misalignmens,

lel rotates rapidly at this point instead of simply going . ) )
through zero. It is essential to increaBeso rapidly that ; is The excitation scheme fpr preparing- 29 urcular states

—~ ey . e of hydrogen is illustrated in Fig. 5. The optical excitation
unable to followw,, causingi, to change sign. The require- requires 121.5 nm Lymaa-radiation to drive the &—2p
ment for diabatic traversal is transition. Our laser system consists of two ultraviolet pulsed

dye lasers, tunable around 365 nm. The first, tuned to 364.5

(a) nm, is amplified to 10 mJ/pulse and focused into the center
of a phase-matched krypton-argon gas mixture in which the
third harmonic, at 121.5 nm, is generated by degenerate four-
wave mixing[23]. The second dye laser, producing 1 mJ/
pulse, drives the g— Rydberg transition at 366 nm.

1. Excitation of m=0 Stark states

EFa 2. Field switching

In previous implementations of the crossed fields method,
the atoms drifted adiabatically out of the crossed fields re-
gion into a region of pure magnetic fie[d2,18,4. This
method is well suited to cw production, although it may not
circularize the fastest atoms efficiently. Also, such spatial
methods of adiabatic transfer in a thermal beam require a
relatively long interaction region, particularly for a fast mov-
ing atom like hydrogen. Because our production technique is
not cw but pulsed, we developed a pulsed device which
avoids these difficulties.

The apparatus is illustrated in Fig. 6. A static magnetic

FIG. 4. Vector relationships for the diabatic switching of the field i lied dicul h icb An el .
m=n—1 circular state to the Stark basis. For clarity, the angular'©'d IS @pplied perpendicular to the atomic beam. An electric

misalignments has been greatly exaggeratéa. Initial condition, ~ field (Fa) is applied parallel to the beam. Immediately fol-
F=0; (b) F >B. lowing the optical excitation, the electric field, is turned

(b)
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FIG. 6. Schematic of the circular state production region. The
magnetic field is constant in the vertical direction. The UV and
vacuum ultraviole{VUV) lasers point into and out of the page and (©
the hydrogen atoms travel from left to right. The electric figldis
reduced to zero adiabatically; subsequently the electric kglds

600 800 1000 1200 1400 1600

applied diabatically. Electric Field (V/cm)

off adiabatically, and then an electric figfg parallel toB is FIG. 7. Typical electric field ionization spectra for circular state
switched on rapidly. The adiabatic transfer and diabatigroduction diagnosis(a) One of the initial states|n=29j,
requantization occur within 1Qcs of the laser excitation, =-28j,=—-28m=0); (b) and (c) Circular states,|n=29j,
before the excited volume can spread significantly due te=28j,=—-28m=—-28) and [n=29j,=—28j,=28m=28), re-
velocity dispersion. spectively. Data were taken with a background temperature of 80 K.

The magnetic field~20 G, is produced by permanent The circular state data have been scaled to the height of the initial
magnets. The perpendicular electric field is produced by twétate.
arrays of metal strips connected by resistor chains. There are

40 pairs of strips along the 5 cm plate length, each paigyely. The circular state threshold lies approximately mid-

located 0.5 cm above and below the atomic beam. Applyingyay hetween these two. Starting from the low-lying state, the
a voltage of 280 V to the resistor chain produces a field o eshold increases monotonically as the atom moves to-
~50 V/cm at the atomic beam. The field uniformity is betterWards the circular state, while the reverse happens for an

:gfgdli(;/obzggi)tils Itghqe(gl)e)xs;a/iretlaggltatlon volume. The requwemeréttom starting from the high-lying state. The paths lead to the
' ' —(n—1) and+(n—1) states, respectively, but since field
,':A< 250 Vi(cm us). (12 ionization depends ojm|, notm, the two states ionize iden-
tically. When the process proceeds effectively, the two final
The anticrossing occurs &,=0.5 V/cm, and Eq.(12) is  states produce identical ionization signatures. Consequently,
easily satisfied by an exponentially decaying field with timethese are the circular states. Conversely, if transfer to each of
constantr~1us. R ) the circular states is incomplete, the field ionization profiles
The diabatic electric fieldF, (parallel toB) is applied to ~ for the two different paths will be different.
the strips uniformly, with no current flow through the resistor ~ Field ionization spectra are shown in Fig. 7. The ioniza-
chain. For a worst case misalignment of the two fieldstion signal for the initial state, the lowest Stark state, is

(6=0.1 rad, the diabaticity criterion, Eq(11), requires shown in Fig. Ta). (The highest Stark state is not displayed
because its ionization field is too high for our detegtton-
Fo>1 V/(cm us), (13)  ization profiles are shown for both tme=—(n—1) and the

o _ _ ~ m=+(n—1) circular states, Figs. () and 7c), respec-
which is easily provided by a TTL-type pulser, which tively. The ancillary peaks in all three traces are neighboring

switches 0-5 V in 10 ns. states of nearby populated by thermal transfer due to the 80
_ ) K background radiation in the apparatus. Note that in Fig.
3. Signature of the circular states 7(b) there is virtually no trace of the initiah=0 state. We

Selective electric field ionization can be used to detecbelieve that the transfer process is close to 100% efficient.
Rydberg atoms and to analyze their states. The threshold
fields for ionization can be measured and the effectiveness of
the angular momentum transfer process determined by analy- Ill. ADIABATIC MICROWAVE TRANSFER
sis of the time-resolved ionization signal in the presence of a
time-dependent ionizing field. However, the effectiveness of
the adiabatic transfer process can also be demonstrated from To illustrate the principle of adiabatic microwave transfer,
relatively simple considerations. we again employ then=5 manifold. Figure 8 shows the
The states in th@ manifold with the lowest and highest energy-level structure in an electric field with the relevant
ionization thresholds are the two initial states for circularstates now labeled by the parabolic quantum numbers
state productionn, — i max: — imay @Nd|N,imaximag, respec-  (k,m). Initially, the atoms are in the lowest-lying state,

A. Principle of operation
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FIG. 8. Stark manifold for hydrogen=5. The states are la-
beled with quantum number%,m). Transitions leading to one of
the circular states are shown with solid arrows. Leakage transitions
are indicated with dashed arrows. FIG. 10. Numerical simulation of transfer to the circular state.

The state initially populated i;=29k=—28m=0). Each of the
|n,—(n—1),0). The circular states lie at the left and right 29 state populations along the path to the circular state is repre-
corners of the diagram, with quantum numberssented by a different solid line. The final population is almost com-

06 04 -02 0 0.2 0.4 0.6
Time ([s)

[n,0,—(n—1)) and|n,0,+(n—1)), respectively. pletely in the|n=29k=0,m=28) circular state.
Adiabatic microwave transfer takes place in a uniform . _ _ _ _
electric field and circularly polarized microwave field. Ini-  In the first experimental demonstration of the adiabatic

tially, the electric field is large enough for the Stark splitting microwave transfer procedufd0], using then=19 mani-

to exceedh w,,, Wherew,, is the microwave frequency. The fold in lithium, the second-order splittings exceeded the Rabi
electric field is then slowly decreased so that the Stark splitfrequency. The system thus passed through a series of quasi-
ting passes through resonance. The population is transferrégidependent two-state anticrossings. In this case the prob-
by adiabatic passage throughm=+1 or Am=—1 transi- ability for reaching the circular state can be obtained by re-
tions, depending on whether the polarizationsis or o, peatedly applying the Landau-Zener formula for each two-
respectively. After absorbing— 1 photons from the micro- level system[10]. Denoting the Rabi frequency for thi¢h
wave field, the population is in either thm=n—1 or  pair of coupled levels bwy and the(field-dependentspac-

m= —(n—1) circular state. Either circular state can be se-ing of the levels byw, then the probability of passing adia-
lected simply by changing the polarization of the microwavebatically through an avoided crossing is-&xp(—2my),

field. where y, = (wk)%/4w. The final population is determined by

The process may be pictured in the dressed atom reprene product of the probabilities for each anticrosssing,
sentation, shown in Fig. 9. In this picture, the microwave

coupling induces anticrossings at resonance. The atoms are _ 2y
initially prepared in them=0 stateA. If the Stark field is Pa_l_i[ (1—e ™).
reduced through the anticrossing adiabatically, the popula-
tion remains in the lowest-energy dressed state, absorbs

n—1 photons, and emerges in stiiethe circular state. In our experiment it=29), however, second-order Stark

splittings are small compared to the Rabi frequency. The
transfer is fundamentally a multiphoton process in which
F many states are populated simultaneously. The parameter
provides a useful figure of merit in choosing the experimen-
tal parameters, but for a quantitative analysis of the evolution
of the state populations the ScHinger equation must be
integrated numerically.

Figure 10 displays a numerical simulation of the popula-
tion transfer for then=29 system, using parameters appro-
priate to our experimental conditions. The microwave field is
assumed to have perfect” polarization. The microwave
power is turned on and off with a sinusoidal pulse envelope.

+~ = [+
T

Energy (GHz)
(=]

27 Im=4, n-4®
At

6 Im=0, n photons> This adiabatic turn on substantially lowers the level of mi-
st crowave power required for successful transfer.
0 50 100 150 200 250 300 350 400 The primary limitation to the efficiency of adiabatic mi-

Electric Field (V/cm) crowave transfer is loss of population to “leakage” transi-
tions such as those shown dashed in Fig. 8. With linearly
FIG. 9. The path to the circular state in the dressed state basi®olarized radiation, special steps must be taken to avoid
Arrow shows the path of adiabatic transfer. At high electric field theleakage. In the initial demonstration of microwave adiabatic

lowest-energy stateA) is the|m=0,nphotons state. At low field, transfer[10], the applied electric field was sufficiently large
the lowest-energy stateBj is |m=4,n—4photons. Here the mi- to detune the leakage transitions due to the second-order

crowave field frequency is 2 GHz and the amplitude is 20 V/cm. Stark shift. However, for higher values ofthis strategy no
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FIG. 12. Schematic of the adiabatic microwave transfer method

FIG. 11. Efficiency of circular state production vs phase errorProduction regionF is the Stark field. Two of the four microwave
between the linear components of the microwave field. Zero phasgléctrodes are visible in this side view.
error corresponds to perfect circular polarization. Squares: Final
population in thdn=29,k:0,m=28) circular state after the adia- Symmetry of the geometry is improved by tuning SCrews,
batic transfer. Circles: Final population in the neighboring ywhich also provide fine tuning of the frequency of the reso-
[n=20k=1m=27) state. nators by adding a variable capacitance to the electrodes.
The 2 GHz microwave pulse is shaped in a balanced
mixer using a pulse generator with adjustable leading and

the leakage transitions off resonandes]. The need for a traili|_1g edges.. A tri_angular control pulse produces an ap-
magnetic field makes this technique unsuitable for our appliProXimately sinusoidal power envelope. The quadraturec
cation. Instead, we employ a circularly polarized microwavedrve signals to the two resonators are generated by a 90
field, which selectively drives onlAm=+1 or Am=—1  Power splitter, followed by a transfer switch that is used to
transitions. Because of the simple structure of the hydrogefEVerse the polarization quickly. An adjustable delay in the
Stark manifold, either circular state can be populated fronln€S allows fine tuning of the relative phase. o

the samem=0 initial state depending on the sense of rota-__ 1€ fime sequence for exciting the circular states is illus-
tion of the applied field. However, good circular polarization trated in Fig. 13._The atoms are optically excited in a field of
is particularly important for the first few steps out of the 80 V/cm, at a point 2.5 mm before the center of the electrode
initial state, where the leakage transitions are nearly or ex@T@y. Within 1us after the laser pulse, before the atoms
actly (for the first step degenerate with the desired transi- _have r_eached the center of the elect_rode array, the Stark fleld
tions. is rapidly reduced to 37 V/cm, leaving the state separation

Because perfect circular polarization is difficult to achievelUSt @bove the resonance frequency. Then, as the atoms pass

experimentally, we have studied the sensitivity of the transtirough the center of the electrode array, the transition is
fer process to imperfect polarization. In Fig. 11 we plot theadiabatically swept through resonance with a Stark field slew

final circular state population as the ellipticity of the micro- "até of about 1 em ws). Simultaneously, the shaped pulse
wave field is increased. The parameters are the same as i the rotating microwave field is applied adiabatically.
Fig. 10, except that the phase angle between the linear com-
ponents of the field is varied from 90° (0° phase ertor

longer works. Nussenzveigt al. producedn=50 circular
states of rubidium by applying a small magnetic field to shift

65° (25° phase errprEllipticity can also result from differ-
ent amplitudes on the two components, but here the ampli- _T—‘ I .
tudes are assumed equal. For phase errors up to 10°, more Stark Field
than 95% of the population goes to the circular state. Most of 80 V/iem
the remaining population ends up in the neighboring state l
[n=29k=1,m=27), which does not interfere with our ap-
plication.
—
B. Experiment 0.2 V/iem Microwave Amplitude

The apparatus for the circularly polarized adiabatic trans- !
fer method is illustrated in Fig. 12. The laser excitation to the
m=0 initial state has been described in Sec. IID 1. The |
rotating microwave field is generated by two pairs of elec- 0 5
trodes located at the cornerfa 5 cmsquare. Each pair of Time (Us)

electrodes constitutes the ends of ®/3 coaxial resonator

with a Q of approximately 200. The resonators are driven in  FIG. 13. Timing of the circular state production process. At
quadrature. The Stark field is applied symmetrically to thet=0, the two-step laser excitation prepares a small volume of atoms
top and bottom plates. The electrodes are at a dc ground. Thethe [n=29k=—28m=0) state.
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ical formula. Squares: exact calculations. Solid line: cubic spline
FIG. 14. Electric field ionization spectra for initial state and Interpolation between the exact calculation points.
circular states prepared by the adiabatic microwave transfer
method.(a) Initial state,|n=29k=—28m=0); (b) and(c) circular ~ [11] all report excellent agreement with the Damburg-
states, [n=29k=0m=—28) and [n=29k=0,m=28), respec- Kolosov prediction. We have compared the predictions of
tively. Data were taken with a background temperature of 10 Kthe semiempirical formula with the results of exact calcula-
The circular state data have been scaled to the height of the initiglgns forn=29 states of hydrogen, carried out by Bergeman
state. [25]. For the initial low-lying Stark statek=—28m=0),
agreement is excellent over the range whe¢€) increases
Field ionization spectra for the=29 initial state and the from 1 s to 1F s}, approximately 780 V/icm to
two circular states are shown in Fig. 14. The ionization sig-870 V/icm. For a given value of (F), the fields agree to
natures indicate that the atoms are efficiently transferred tithin 0.5%.
the circular states. To understand the final state in detail we For the circular states, however, there is a systematic dis-
have carried out a study of the field ionization spectrum ofagreement. As shown in Fig. 15, the fields for a gi¥enan

the circular state. differ by as much as 8%. Alternatively, for a given field,
values of'(F) can differ by a factor up to %0 Over the
C. Field ionization of circular states entire range, the semiempirical formula yields values of

e ) . I'(F) that are larger than those of the exact calculations.
Field ionization in hydrogen is fundamentally a tunneling Modeling the response of a pulsed field ionization detec-

process, where the ionization ral¥F) for a given state 4 g 5 population of atoms that have been excited and al-
increases extremely rapidly with increasing electric field. Ajg\yed 1o flow to the detector requires convolving the veloc-
10% increase in field typically results in a“bld increase  jy gistribution of the beam with the electric field profile in
in I'. Because of this behavior, for some purposes field ionhe jonizer and the temporal profile of the rising field. The
ization can be regarded as a simple threshold process. HOVIVﬁodeIing must be carried out with care because of the ex-
ever, a careful analysis of the population of Rydberg atomgreme sensitivity of" to F and to the atom motion during the
requires a detailed understandinglofF) for the states in- ramp time of the pulser. The results of such a sti2fj] are

volved. shown in Fig. 16. The excellent agreement of the experimen-

The Stark effect in hydrogen is exactly solvable and theg| gata with both the exact calculati§@s] and the semi-
wave function for any state can be numerically calculatedempirica| formula for the initial Stark state

including the amplitude of the outgoing wave, and from such— 9= — 28m=0), gives confidence that the modeling
solutionsI'(F) can be found. This technique, which yields \ya5 carried out accurately. For the circular state, the exact
what we shall call an exact solution, is pumerlcally cumber-c5iculation and experiment are in good agreement, although
some. For many purposes, an analytic expression due §@e width of the observed signal is slightly larger than pre-
Damburg and Kolosoy24] can be employed. Their result, gicted. The semiempirical formula, however, reveals a pro-
based on an extrapolation of an exact solution at low fieldsge shifted significantly to shorter time. This corresponds to

is semiempirical. It is known to be .ac.curate for states Withionizing at a lower field, as is to be expected if the predicted
low values of|m| and large Stark shifté.e., large values of |5, of I'(F) is higher than the actual value.

the parabolic quantum numbjd). However, for low values
of |k|, it has been found to be in disagreement with exact
calculations for hydrogefi25], and also experiment6],
raising doubts about its applicability to circular states.
Studies of field ionization of circular states of rubidium  As mentioned in the Introduction, our goal in creating
(n=67,68) [4], barium (=21) [18], and sodium (=21)  circular states in hydrogen is to determine the Rydberg fre-

IV. MILLIMETER-WAVE RESONANCE
WITH CIRCULAR STATES OF HYDROGEN
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FIG. 16. Field ionization signal for the initial statfn=29, . : : : :
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Dashed line: Damburg-Kolosov semiempirical formula. Solid line: illimeter-Wave Detuning (kHz)
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FIG. 17. Rabi resonance curve resulting from interaction with

. . one of the millimeter-wave fields. Open circles: experimental data.
quencycRy; by measuring the transition frequency betweengig jine: fit of the Rabi line shape to the data. The millimeter-
then=29 andn=30 circular states, at256 GHz. In addi- \yave waist size and power were free parameters in this fi.

tion to contributing to the precision measurementcéi,

spectroscopy of the_circular states p_rovides a valuable di_agierify that the accidental population of the|=n—2 state
nostic on the effectiveness of the circular state productiong |ess than 5% of the circular state population.

process. _ For maximum experimental resolution and precision, the
_In the simplest experimental geometry, a beammsf29  eyperiment employs the separated oscillatory field geometry
circular state atoms, produced by adiabatic microwave tra”?“Ramsey resonance’[28]. After passing through the first
fer, travels through the Gaussian focus of a millimeter-wavgegonance region, the atomic beam travels 50 cm and passes
beam. A state-sensitive electric field ionization detectorthrough a second focused millimeter-wave beam. This ar-
records the final populations of the=29 andn=30 states angement provides increased precision without additional
as the millimeter-wave frequency is tuned through thejne proadening from time- and spatially varying perturba-
atomic resonance frequency. The entire apparatus is magnefisns. The resolution with separated millimeter-wave fields is
cally shielded and cryogenically cooled to a radiation teM-gpproximately 1 kHz.
perature of 10 K. The experiment operates at 30—60 pulses A pair of velocity-averaged Ramsey curves taken under
per second, and the arrival time of the atoms is recordedjmjjar conditions is shown in Fig. 18. The curves were
along with the state distribution. A typical signal rate is 100t5ken for the two circular-circular transitionsm=+1 and

circular atoms per pulse at the end of the apparatus. Am=—1. The shift in their central frequencies, about 400
__The population inversion is computed from the normal-jy; is due to the Zeeman effect in a residual field of about
ized difference of the detected populations, given by 140 uG. These data were taken with a deuterium beam,
which gives better fringe contrast than hydrogen for some
N30_ N29
=_— = 14
N3ot Nag -0.05 v
0.1}
whereN3y andN,g are the numbers of detected ions from the g 015t
n=30 andn=29 circular states, respectively. A velocity- I
averaged experimental resonance curve is shown in Fig. 17. 02y
The measured linewidth is 80 kHz full width at half maxi- 025
mum (FWHM), compared with the 70 kHz transform limit of 03}, , , ,
the distribution of interaction times. 02

This “Rabi resonance” technique, with inherent precision
of ~100 KHz, may be used to analyze the populations of
high{m| states, withjm|<n—1, resulting from incomplete
transfer and leakage transitions. The most likely candidate is
the |k=1]|m|=n—2) state, which is not easily resolved -0.35
from the circular state by electric field ionization. The rela- ' ' . é 8 1'0 1‘2
tive population of thelk=1,m|=n—2) state can be mea- I\(:Iillimet%:r-Wavi Frequency - 256,371,775 KHz (cHz)
sured by comparison of the inversion amplitude of
the [n,k=1,/m[=n—2)—|n+1k=1[m[=n—1) transition FIG. 18. Ramsey curves for the two circular-circular transitions
with that of the circular-circular transition. In an electric field in deuterium,Am=+1 and Am=—1. The frequency shift be-
of 1 Vicm, these transitions are separated by 1.9 MHz an@veen the two curves corresponds to an average magnetic field of
are easily resolved. Such a measurement has been usedi#n uG.

-0.25

Inversion
\
=3
w
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beam temperatures. The linewidth of 850 Hz is in goodfied both by electric field ionization and by high-precision

agreement with the theoretical predictions. The shift in thespectroscopy of transitions between the29 andn=30

line position on reversing the 2 GHz polarization is clearcircular states. Theoretical line shape calculations are in

evidence that we are producing each circular state selegood agreement with our experimental results. These tech-

tively. nigues and measurements lay the groundwork for a precision
measurement of the Rydberg constant in hydrogen.

V. CONCLUSION

We have demonst_rated the p_roduction of circu_lar states of ACKNOWLEDGMENTS
hydrogen by adiabatic transfer in crossed electric and mag-
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