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Blackbody-radiation-induced resonances between Rydberg-Stark states of Na
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We report on measurements of the population of Rydberg states of Na in a constant electric field that result
when 300-K blackbody radiation induces transitions from initial states|witk= 0,1 to neighboring states. Our
measurements included comprehensive ranges of initial stafes Z4—29, repopulation timestg=0-50
©s), and fields Fg=175-712 V/cm. We find that the population is redistributed nonuniformly among states
neighboring the initial state, reflective of sharp resonances between the states. By comparing calculations of
transition probabilities in Na to the data fér,=200 V/cm we were able to identify the populated states.
Comparisons with calculations in H reveal that these resonances are hydr¢§ais0-294@7)05704-]

PACS numbsg(s): 32.80.Rm, 32.70.Cs, 32.66i

I. INTRODUCTION important testing ground for theoretical Stark-effect calcula-
tions[9].

Spectroscopy of Rydberg states in electric fields has been In this article we report a type of experiment to study
one of the most important technigues to study the Stark eftransitions between loym| Rydberg-Stark states of Na in
fect. For fields below the saddle point, landmark Spectros_electrlc fields. The transitions included Wavglgngths from
copy experiments by Kleppner and co-workgtd exposed ~0-06 mm to~1 mm. To our knowledge, this is the first
the rich Stark structures of nonhydrogenic atoms and thei}‘ype of experiment to cover such wide spectra in this wave-
striking departures from the hydrogen structure effected b ength range. In terTs of _the effective pr_|nC|paI quantum
the ionic core. For fields above the saddle point, structur gmbgr, def'”?d as =1/ __ZE’ where E '35 the falnergy
was found for energies up to and above the zero-energy lim iven in atomic units(1 a.u.—2.1_9_46938<1 cm-~ for
[2], revealing the physics of a regime where the applied fiel 3, they corresponded to transitions from say~26 to

* _ o~k * *| . _1_ -
is as strong as the Coulomb field. More recently, “scaledf =i +An* for [An*|~1-10. We use a natural broad

" : . ; band source: 300-K blackbody radiati®BR). This source
energy” spectroscopy experimenfse., tuning photon en- . ; . 4
ergy and field simultaneouslyat medium-strength fields is particularly useful because its spectrum is broad and well

.. known. Spectroscopic plots of the data as a functiom’of
[3.4] haye found structqre_that agrees remarkal_)Iy well W'thwere possible using the selective field ionizati&f ) detec-
calculations of the periodic orbits of the classical system

which exhibits core-induced chafd]. However, since the tion technique. Two effects allowed us to lessen the standard

initial states of these and most other previous photoabsor limitations that SFI has when detecting field-free states.
. X P us p Fi_arge avoided crossings between lowm} Stark states in
tion spectroscopy experiments were low-lying states, th

e% . . .
; . ombination with low SFI slew rates prevented the states
tested the behavior of the Rydberg-Stark wave functions N4 om acquiring significant energy shifts during SFI detection,

the origin. For low fields the line intensities in the spectra . . S .
. L and thus ionizing at or near their saddle-point fields. This
can be explained by projecting of the Rydberg-Stark wave -
) : . .. .. allowed us, as will be shown below, to do Rydberg-Rydberg
functions to zero-field angular momentum eigenstates if theS ectroscony using SFI
initial state is well described in terms of the spherical basis P Py 9 '
(see, for example, Ref5]). An exception to this is the work Il. EXPERIMENTAL METHOD
in H [6,7], where the lower states were=10,11 extremal _ _ _ _
parabolic Stark states. For high fields, above the saddle-point Our experimental setup has been described in detail ear-
thresholds, the spectra have been explained in terms of ofier [10]. Briefly, we excite Na atoms in an effusive atomic
cillator strength densitied8]. Spectroscopic studies of beam in the presence of a static electric fiEldto Rydberg
nearby Rydberg-Rydberg transitions in electric fields, how-states in the ranga=24-29. The field~; was above the
ever, have not been possible because of the lack of broasralue where adjacent Stark manifolds with>24 merge.
range far infrared sources. These latter studies could be arhe excitation was done in two steps using 5-ns-I¢iudj
width at half maximum 7r-polarized laser pulses, via the
3psp intermediate state. The atoms were excitedmes 0

*Present address: Department of Physics and Astronomy, Univegnd|m|=1 Stark states because of fine structure mixing of

sity of Wyoming, Laramie, WY 82071. thesem sublevels in the intermediate state. The bandwidth of
TPresent address: Department of Physics, Cornell University, Iththe laser light was of about 10 GHz. For the case discussed

aca, NY 14853. in detail below, wherg=;=200 V/cm, Na atoms were ex-
*Present address: Facultad dési€a, Pontificia Universidad cited to individual sameém| states near the middle of the

Catdica de Chile, Santiago, Chile. manifolds @ is an integerand two or three sanjen| states
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120 ~ = tions of the states. This is in contrast to the case of field free
] = 730.0 states, where large and different energy shifts produced by
= the ionizing field preclude an unambiguous transformation of
= the temporal scale of the signals to one in termsndf
== (=n- 6, whereé is the quantum defect
We transformed the experiment@&mporal scale ton*
using the relationn* = (At3g+ Btge+ C) Y42, where A,
B, andC where obtained from a fit to a set of measurements
of tge(n*) for n* =24,24.5,...,35.This amounted to as-
. suming a nearly linear relation betweetryg(n*) and
F(n*)=1/[16(n*)*]. Put in terms oh*, the residuals of the
fit had a standard deviation of 0.09. In addition, the signal
from any state exhibited in general more than one peak, an
effect that is caused by the dynamics of the ionization pro-
cesg 12—14], and one that ultimately limits the resolution of
low-slew-rate SFI. In terms af*, the average width of the
signal of the excited states was measured to be 0.31 with a
standard deviation of 0.06. We used the center of each struc-
] ture for the value oftge(n*). With this method we were
70 e e therefore able to distinguistnambiguoushpetween the sig-
0 5 100 150 200 250 nals of Stark states that were separated/y* |>0.4. This
Electric Field (V/cm) is the best resolution obtained with SFI for such a wide and
continuous range dim|=0,1 states.
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FIG. 1. Stark map ofn=0 stategsolid lineg and|m| =1 states

(dotted lineg of Na in the region where we performed the experi- IIl. RESULTS AND DISCUSSION

ments at~;=200 V/cm. The two full circles mark the initial states

for the two cases discussed in the text. The boxes surrounding the We have performed measurements of the population

circles have a horizontal dimension representing the uncertainty itransfers between adjacent Rydberg states for the following

the field, and a vertical dimension representing the laser linewidthparameter ranges:n;=24—29, t4;=0-50 us, and
Fs=175-712 V/cm. The generic behavior was that tgs

where the manifolds mergen} is a half integex. This can ~ Was increased BBR induced transitions to a number of states

be seen in the energy-level structure of Na of Fig. 1. that was small compared to the total number of channels

Once the atoms were excited, blackbody radiation frorrflvailable. When comparing the spectra for different initial
the environment in the vacuum chambee., with a tem- statesn; and n{, with [nj—n/|~p, we found similarities
peratureT=300 K) induced transitions between the states.Whenp is an integer, and substantiaind largestdifferences
While continuous, the BBR energy density dropped signifi-whenp is a half integer. The resonance-rich character of the
cantly for the range of transitions withAn*|<1, making Spectra did not change & was varied from fields where
our results not very sensitive to them. It was not worthwhileadjacent manifolds merged to fields just below the ionization
doing more elaborate experiments at greater temperaturédresholds of the initial states.
since the BBR energy density at the corresponding frequen- Here we show data taken Bt=200 V/cm for two dis-
cies modestly increased with tinct cases that are representative of the larger data set that

A time tq4 after excitation the atoms were detected usinge took. They involve the cases where the initial states were
selective field ionization, with a low-slew-rafe-200 V/cm in regions with either minimal or maximal apparent state
:U’S)] |inear|y rising electric f|e|d:I , which varied fronFs to lelng In order to compare these results with theoretical
F,~ 1000 V/cm. We detected the electrons from the ionizeccalculations we chose;=30 us. This time represented a
atoms with an electron detector-multiplier, which consistedcompromise between allowing BBR enough time to populate
of two stacked microchannel plates and a(dmpedance significantly a large number of states, and avoiding multistep
matched anode. Secondary electron emis§idi from the ~ Population redistributioi10].
lower plate of the detector was not an important effect for the In Figs. 2 and 3 we show plots of the data and calcula-
range ofn studied here. The signals were recorded with aions for initial states in the “purer” (i =26.00) and
500-MHz digital oscilloscopéHP model 5452pwith an ef-  “mixed” ( ni¥=26.52) regions of the Stark map of Fig. 1,
fective vertical resolution of 10 bits. Typical scans were anrespectively. The horizontal scale of Figs. 2 and 3 gives the
average of 256 single-shot traces of the oscilloscope. value ofn* of the (m|=0 or 1) state being detected, ob-

The field ionization of the states proceeded through adiatained as discussed above. The signals of states with
batic paths for our slew rates. As mentioned earlier, since then|=2, populated by BBR-induced transitions, could not be
detected states did not experience significant energy shifts agsolved because atoms in those states followed partial or
the ionizing field increased, the “center” of the ionization fully diabatic routes towards ionization with our slew rates.
signal appeared at timeg<F;c(n*)*, measured from Previous studie§l5] have shown that such signals contrib-
the beginning of the rise of the field. This enabled us to plotute to a broad background. We believe that most of the back-
our data as a function of the value of of the populated ground seen in Figs. 2 and 3 is caused by the unresolved
state, and thus obtain a direct measurement of the populaignals of thgm|=2 states. Accurate modeling of the popu-
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FIG. 2. () Experimental data for the cas& =26.00 at 200 FIG. 3. (@ Experimental data for the casg =26.52 at 200

Viem, andty=30 us; (b) total transition probabilitied'; (see text ~ V/cm, andty=30 us; (b) total transition probabilitie$'r (see text
from the initial states to all final states convoluted with an experi-from the initial states to all final states convoluted with an experi-
mental width (for Na); (c) transition probabilities"y, in Na; (d) ~ mental width(for Na); (c) transition probabilitied" oy in Na; (d)
transition probabilitesTy, in H when the initial state is transition probabilitied’o in H for the case where the initial states
[26,13,12,0. are[26,22,3,0 (triangles and[27,5,21,Q (inverted triangles

lations of these states is very difficult and hard to check. by one-step transitions from the initial state.

Concentrating on the data of FigsaRand 3a), we see In Figs. 2b) and 3b) we show an approximate modeling
that the largest signal comes from the initial states, withof the experimental data consisting of the sum of the transi-
ni* =26.00,26.52, respectively. Adjacent to the initial statestion probabilities
are well defined and reproducible peaks representing the
population of(mostly upper neighboring states populated by I'+(n*)=2[Too(n*)+gy(n*)]/3+[T1¢(n*) +T'11(n*)]/3,
BBR-induced transitions. The signal drops fdr~ 35 due to @
ionization by the static fieléf;. We did not see any evidence
of collisional transfers: the data did not change when wewherel';;(n*) is the total transition probabilitgspontaneous
lowered the atomic beam density by as much as an order ¢flus BBR inducell from state |m|=i to the state with
magnitude. |m|=j atn*, convoluted with an empirically determined ex-

In the limit where the lifetimes of the initial and final perimental width. The weight of the probabilities are the
states are the same, and for times short enough that multisteguares of the Clebsch-Gordan coefficients corresponding to
transitions are negligible, the growth of the signal of a finalthe expansion of the [8,(m;=1/2) state in terms of the
state is proportional to the transition probability from the m, substategdenoted here by th”) [16]. This assumes that
initial state. In an effort to understand the data we have donthe m=0 and|m|=1 states are degenerate within the band-
calculations of the BBR-induced transition probabilities fromwidth of the laser beam. Within the resolution of SFI we see
the initial states to all final states aimed at identifying thegood agreement in the positions of the peaks in the data and
states that produce the experimental signal. These calculaalculations. This is especially true for the case of Fig. 3,
tions consisted of calculating the matrix elements betweemwhere the population is redistributed to a larger number of
all the eigenstates, and computing the spontaneous and istates than for the case of Fig. 2, as discussed below. In Figs.
duced transition probabilitie@ising the 300-K BBR distri- 2(c) and 3c) we show the results of individual calculations
bution). The calculations followed a numerical solution of for the m=0—m=0 case.
the Stark problem using the method of Rdfl] for We can understand the main features of the distribution of
F<,=200 Vicm, using the basis of states from=21 to transition probabilities in terms of hydrogenic transition-
n=34, for bothm=0 and|m|=1 cases. While these calcu- matrix elements. It is well known that hydrogen matrix ele-
lations do not fully explain the populations, as discussed bements between Stark states are non-negligible when the para-
low, they serve to identify the states that would be populatedbolic quantum numberag or n,) change by an amount that
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~ FIG. 4. Simplified energy level structure in H, showing the ini-  FIG. 5. Simplified energy level structure in H, showing the ini-
tial statep=[26,13,12,§p z_it 200 V/cm, and neighboring states tial hydrogenic statesb=[26,22,3,Q (blue) and r=[27,5,21,0
pi’s to which Ty, are the highest. (red that haven* ~26.52 at 200 V/cm, and the states to which the

probabilities are the highesb;’s for the blue casddash-dotted
is nearly the change in the principal quantum number for thdines), andr;’s for the red cas¢dashed lines
transition (e.g., [n,ni,n,,m]—[nxp,n;*xp,n,,m] if
n;>n, and—[n=*p,n;,n,*=p,m] if n;<n,) [7,17,18. An  Fig. 5, and the “red” (lower going [27,5,21,Q hydrogenic
alternative way to put it is that matrix elements will be larg- state(labeled ‘r” in Fig. 5). The largest transition probabili-
est between states with similar values of € n,)/n. This ties from stateb are to stated,=([27,22,4,0, [27,23,3,0),
propensity rule can be understood qualitatively by analyzind,= [28,25,2,0 andbs= [29,25,3,0 [triangles in Fig. &)
the spatial probability distribution of the hydrogenic waveand dash-dotted lines in Fig. ].5 Similarly, state
functions; the states with low values of sayhave probabil- r=[27,5,21,0 has large transition probabilities to states
ity distributions concentrated at one side of the nucleus whileg,=([28,5,22,0, [28,6,21,0), r,=([29,5,23,0, [29,6,22,0),
the converse is true for high values of. Therefore, only 3= [30,5,24,0, andr,= [31,5,25,0 [inverted triangles in
wave functions with significant spatial overlap will have Fig. 3(d) and dashed lines in Fig.]5Referring to Fig. 5, it
non-negligible matrix elements. can be seen that while statesandr have the same energy,
For the case of Fig. 2, the initial state can be roughlywith n*~26.5 at 200 V/cm, the red and blue states in the
associated with th€26,13,12,0 parabolic hydrogenic state, next higher manifold to which transitions occur do not have
labeled asp in Fig. 4. Transition probabilities fronp are  the same energies at 200 V/cfhe., n*(r,)~27.4 and
highest to states p,;=(27,13,13,0, [27,14,12,0)) n*(b;)~27.7], producing the two observed peaks. Simi-
p,=([28,13,14,0, [28,15,12,0), ps;=(29,13,15,0, larly, the red and blue states two manifolds above are even
[29,14,14,0, [29,15,13,0, [29,16,12,0), and more separated in energy at 200 V/¢m* (r,)~28.3 and
p,=([30,14,15,0,[30,16,13,0, [30,17,12,0), shown(in or-  n*(b,)~28.8]. Since the Stark manifolds overlap more for
der of ascending energyin Fig. 4. These states are the highern, the red state of tha=30 manifold,r 3, is near the
maxima in Fig. 2d). In addition, the positions of the hydro- above-mentioned states,rgt(r;) ~29.1. Therefore the three
genic probabilities in Fig. @) were taken from the value of peaks correspond to the signal of statesb,, andr;. Fi-
n* that they have at 200 V/cm. We can see remarkable siminally, r, andb; have an accidental degeneracy at 200 V/cm,
larities between the calculated probabilities of Na and H. producing the peak at* ~30. Similarly to the previous case,
The signals and calculations of Fig. 3 reveal much morehe qualitative agreement in the=0—m=0 probabilities
complexity than those of Fig. 2. However, in similar ways, for Na and H is good.
the data and calculations agree well, and all the peaks can be A more accurate modeling of the=0,1 populations in-
understood in terms of hydrogenic transitions. The most imvolves accounting for multistep transitions and radiative de-
portant features of Fig. 3 are the two peak®at-27.4 and cay, which is done by solving the corresponding set of
27.7, the three peaks at~28.3, 28.8, and 29.2, and the coupled rate equatiojd0]. The most challenging aspect of
single peak atn~30. In this case the initial state, at this is the calculation of radiative lifetimes for all the states
n* =26.52, can be approximated by a mixture of the “blue” involved. The challenge though is not so much theoretical
(upper going [26,22,3,0 hydrogenic statdlabeled ‘b” in but computational. Clearly, the method of REf] is very
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cumbersome and inefficient for this type of calculation, andExperiments with higher spectroscopic resolution will have

new more direct ways to calculate the wave functions need tto use more elaborate detection methods. One such method
be developed. could consist of “dumping” the population of individual

Stark states, via stimulated emission using a tunable laser, to

V. CONCLUSIONS a lower state such asdand detecting either the latter state’s

] fluorescence cascades or the loss of SFI signal. Finally, it

In summary, we report of a type of experiment to studyw|| pe interesting to investigate if these types of transitions
Rydberg-Rydberg transitions in the presence of an electrigy neavier alkali-metal atoms, where core effects are more

field. Our results, which show abundant structure, are exXmportant, can also be explained in terms of hydrogenic tran-
plained qualitatively by calculations in Na, but more strik- gjtions.

ingly, by calculations in H. This suggests that the Stark wave

.functlons'm Na} are very similar to those |n.H. Taking this ACKNOWLEDGMENTS
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