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Using state-selective field ionization, the state distributions of Rydberg atoms in cold Rydberg gases are
measured for various initially excited Rydberg levels, populations, and evolution times. We provide direct
experimental evidence forl-changing collisions that we previously observed indirectly[S. K. Dutta, D. Feld-
baum, A. Walz-Flannigan, J. R. Guest, and G. Raithel, Phys. Rev. Lett.86, 3993 (2001)]. We also observe
n-mixing and find that its effects are largely in agreement with recent theoretical work onn-changing collisions
between electrons and Rydberg atoms, thus enabling an estimation of the electron temperature. Unexpectedly
large populations of atoms are found in states with principal quantum numbers much lower than that of the
initially excited atoms. We explain this observation by collisions between high-l Rydberg atoms, which are
highly polar and can collide due to static electric-dipole forces between them.
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I. INTRODUCTION

Gases of cold Rydberg atoms and plasmas produced by
laser excitation of clouds of cold atoms prepared in magneto-
optic traps(MOTs) have been the subject of numerous recent
studies. These systems provide a collision-rich environment
which has revealed the spontaneous transformation of a cold
Rydberg gas to a plasma[1,2], Rydberg atom formation from
three-body recombination in an ultracold plasma[3], and l
mixing due to interactions between electrons and cold Ryd-
berg atoms[4]. The expansion dynamics of ultracold plasmas
has been addressed in theoretical[5–7] and experimental[8]
work. There remain outstanding questions regarding the evo-
lution of cold-Rydberg-atom gases. To what degree is the
initially excited state depleted? To what degree is the final-
state distribution the result ofl-mixing, inelastic collisions,
Rydberg-Rydberg collisions, thermal redistribution or three-
body recombination? How exactly are the final states distrib-
uted overn and l?

In this paper, we show that in gases of cold Rydberg at-
oms the regimes ofl-mixing, n-mixing, and collision-
induced ionization are clearly correlated with experimental
parameters(number of atoms, evolution time, and initial
Rydberg state). In addition to confirming earlier indirect ob-
servations ofl-mixing [4], our data provide experimental evi-
dence for inelasticn-mixing collisions between electrons and
Rydberg atoms which have been predicted to be significant
in cold Rydberg gases[5]. In agreement with Ref.[5], we
observen mixing mostly into states with principal quantum
numbers higher than that of the initially excited Rydberg
state. Unexpectedly, we also find large populations of Ryd-
berg atoms in states with very lown, indicating large colli-
sions rates between cold Rydberg atoms and other cold
Rydberg atoms(as opposed to room-temperature Rydberg
atoms[2]). We believe that the Rydberg-Rydberg collisions
are triggered by interatomic forces between highly polar
high-l Rydberg atoms, which are generated throughl-mixing
collisions.

II. SUMMARY OF PROCESSES
IN A COLD RYDBERG GAS

The way in which a cold Rydberg gas evolves is strongly
influenced by the conditional formation of an electron trap
[1], which is briefly reviewed in the following. During and
shortly after the excitation of a cold Rydberg gas, a small
fraction of the Rydberg population ionizes. In our system,
this may result from the direct ionization of atoms by ampli-
fied spontaneous emission(ASE) in our Rydberg-excitation
laser and from partial thermal ionization of the Rydberg at-
oms. As electrons leave the gas, the remaining ions create a
positive space charge, forming a potential well for subse-
quent free electrons. The depth of the potential seen by a
single electron left in a Gaussian ion cloud equals
Î2/p(Nie/ s4p«osd) (in eV), whereNi is the ion number and
s the rms radius of the ion cloud. When the depth exceeds
the kinetic energy of the free electrons, a fraction of the
electrons are trapped. The resulting ultracold plasma and the
associated electron trap dissipate over tens ofms [1]. During
the dissipation time, the trapped-electron cloud and the re-
mainder of the original Rydberg-atom cloud coexist and in-
teract.

The presence of the plasma electron trap is critical for
electron-Rydberg atom collisions. Without the electron trap,
electrons would pass through the atom cloud only once and
escape on nanosecond time scales. For trapped electrons, the
interaction timetint between an electron and the Rydberg gas
can increase over 1000 fold. This greatly increases the prob-
abilities P of all collisional processes between Rydberg at-
oms and electrons,

P = Rtint, s1d

with R denoting the collision rates of the possible types of
electron-Rydberg collisions.

The relevant electron-Rydberg collisions can be classified
as (nearly) elasticl-changing, inelasticn-changing, and ion-
izing. At the extreme of large Rydberg-atom populations the
electron density becomes sufficiently large that most of the
Rydberg gas is ionized. At densities low enough that ioniza-*graithel@umich.edu; URL: http://quaser.physics.lsa.umich.edu

PHYSICAL REVIEW A 69, 063405(2004)

1050-2947/2004/69(6)/063405(9)/$22.50 ©2004 The American Physical Society69 063405-1



tion does not dominate, or at times before ionization pro-
cesses in the gas have saturated, the effect of nonionizing
collisions between electrons and Rydberg atoms can be ob-
served. The window in which we can observe these nonion-
izing collisions can be described by the requirement that

Pcoll & 1 andPion ! 1, s2d

i.e., the probabilityPcoll of nonionizing collisions is signifi-
cant yet the probablilityPion of ionizing collisions is small.
This window depends on the type of nonionizing collision,
the trapped-electron temperature and density, the interaction
time tint, and the initial Rydberg state(in a manner reflecting
the n dependence of the collision cross sections). Nonioniz-
ing collisions between electrons and Rydberg atoms are in-
vestigated in detail in Secs. V B and V C.

There are other relevant types of collisions in a cold Ry-
dberg gas. We find a very large population of Rydberg atoms
in states with principal quantum numbers much smaller than
that of the initial state. Since inelastic collisions between
Rydberg atoms and charged particles typically favor transi-
tions into neighboringn levels (as do charge-exchange col-
lisions between Rydberg atoms and ions) [9], there must be
another important type of collision process. We believe that
the appearance of low-n states is a result of collisions be-
tween cold Rydberg atoms(see discussion in Sec. V D). In
addition, three-body recombination[3] may play a minor
role in explaining the data shown in this paper. However, our
electron densities are too small for it to be a dominant or
clearly discernible process.

III. EXPERIMENTAL METHOD

Our cold Rydberg gas is formed by exciting85Rb atoms
with temperatures<100 mK in a UHV (ultrahigh vacuum)
MOT, which is loaded with a cold, slow beam of atoms
emitted from a low-velocity-intense-source(LVIS) [10], as
detailed in Fig. 1. An auxiliary magnetic-field coil is placed
near the LVIS such that the location of zero magnetic field,
and hence the trap center, can be shifted in and out of the
LVIS extraction column. This allows us to control the atom
flux from the LVIS to the UHV MOT and therefore the UHV
MOT population. The UHV MOT provides an environment
in which the background pressure of room-temperature Rb
vapor is negligible. This allows us to rule out collisions be-
tween slow Rydberg atoms and hot ones excited from room-
temperature Rb vapor, as reported in Ref.[2].

The experiment is run on a,1 Hz cycle, with a continu-
ous flux of slow atomss<10 m/sd from the LVIS to the
UHV MOT. The Rydberg states are populated using two-step
excitation. The first transition, from the 5S1/2, F=3 to the
5P3/2, F=4 manifold, is excited using the MOT light or a
separate, on-resonant laser pulse of<5 ms duration sl
<780 nmd. A tunable pulsed dye laser(PDL) sl<480 nmd,
pulse width<10 ns, bandwidth<15 GHz) is used to excite
the 85Rb atoms intond- or ns-Rydberg states. The PDL
pulses have a typical energy of 100–200mJ with a fluence
of F,331015 cm−2. The MOT light and magnetic field re-
main on during the Rydberg excitation.

Rydberg atoms are detected and identified using state-
selective field ionization. In our experiments, the ionization
electric field has a maximal value of<220 V/cm at the po-
sition of the MOT and is applied using two semicircular
electrodes that encircle the MOT. The field-ionization(FI)
pulse is applied in an approximately linear ramp with a rise
time of 30ms. Electrons released by field ionization propa-
gate through a set of guide tubes to a microchannel plate
detector positioned 12.5 cm from the MOT center. Because
in the FI process the multidimensional state space
hun,n1,n2lj is mapped onto the one-dimensional axis of the
ionization electric field, a given ionization electric field does
not uniquely identify a single quantum state(n1 and n2 de-
note parabolic quantum numbers) [11]. Therefore, there is
some ambiguity in assigning Rydberg states to FI spectra.
Nevertheless, as explained in Sec. V, a clear interpretation of
most observations can still be obtained.

Demonstration of how and when the different collisional
processes occur requires knowledge of the initial Rydberg-
atom populations and densities. The total populationNP of
atoms in the 5P3/2 state is obtained by fluorescence measure-
ment. The uncertainty ofNP is fairly low (about 10%). The
physical size of the atom cloud is determined by fitting
charge-coupled device images of the MOT with two-
dimensional Gaussians, yielding Gaussian widthss2D. As-
suming that the volume density distribution of the atoms in
the MOT is described by a three-dimensional(3D) Gaussian
having a widths3D identical to s2D, we can establish the
central volume density of atoms in the 5P3/2 state,rP, by
equating the volume integral of the 3D Gaussian to the total

FIG. 1. (a) Top view, in cross section, and(b) side view of the
experimental setup.
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populationNP. Since the MOT volume density profile is nei-
ther Gaussian nor spherically symmetric, the uncertainty of
the central atom densityrP is considerably larger than that of
NP. We expect ourrP values to be accurate within a factor of
2.

The fluenceF of the blue 480 nm laser pulses is mea-
sured as follows. A small photodiode with well defined area
and quantum efficiency is placed at the center of the blue
laser beam at a location equivalent to that of the atom cloud.
The blue laser is attenuated by a factor large enough to avoid
saturation of the photodiode. Integration of the photo current
over the pulse duration then yields the fluenceF at the center
of the blue pulses with an uncertainty of about 10%. Since
the blue laser beam has a diameter of,3 mm, it completely
envelopes the cold-atom cloud collected by the MOT. Thus,
far from saturation, the Rydberg-atom numberNR is found
by NR=NPFsR, wheresR is the photo-excitation cross sec-
tion for the desired Rydberg state. A similar equation,rR
=rPFsR, applies for the central Rydberg-atom densityrR.

Since the photoexcitation cross section of Rbd states is
about six times larger than that of neighborings states, NR
can be determined with sufficient accuracy by considering
only excitation intod-Rydberg states. For excitation into the
d-state continuum the photo-excitation cross section ission
=1.2310−17 cm2 [12]. The same cross section applies for
excitation into bound statesn0d with the initial-state princi-
pal quantum numbern0 high enough that neighboring levels
cannot be resolved, i.e., if the laser linewidth, measured in
atomic units, satisfiesDvù1/n0

3. In our case, this condition
is valid for n0*70. For excitation into lower Rydberg states
the cross section is[9]

sR =
sion

n0
3Dv

=
1.23 10−17 cm2

n0
3Dv

. s3d

IV. EXPERIMENTAL RESULTS

A. Field-ionization spectra vs initial Rydberg-atom number

We first present the dependence of the evolution of Ryd-
berg gases on the initial Rydberg-atom population,NR. Fig-
ure 2 shows FI spectra for initially excited 51d Rydberg
states, Fig. 3 for 65d states. The original time-dependent data
[panels(a)] show the time dependence of the FI electric field
and the electron signal obtained prior to and during applica-
tion of the FI pulse. The FI pulse is applied 38ms and 18ms
after the Rydberg-atom excitation in Figs. 2 and 3, respec-
tively. In panels(b), the data of panels(a) have been pro-
cessed in order to show the FI signal vs ionization electric
field.

Shown in tracesA of these figures are the FI spectra of
Rydberg states excited from a cold atomic beam. In this case,
there is no UHV MOT, and consequently the Rydberg-atom
numbers and densities are minimal. Collision processes are
therefore largely absent in tracesA, and the only peaks
present in the FI signal are from the respective initially ex-
cited states. TracesA provide baselines for the extent of ther-
mal redistribution among the Rydberg state population dur-
ing the time before the FI pulse is applied. In accordance
with thermal transition rates for individual Rydberg-Rydberg
transitions[9] and rate-equation simulations including large-
state spaces[13], thermal redistribution among bound Ryd-
berg levels is not a significant factor in our system. We note
that there also is thermal ionization with a typical yield of
order 0.01 thermal electrons per atom over 50ms [13]. The
thermal electrons can be important, because they participate
in the collisions described in Secs. V B and V C.

If the UHV MOT is turned on, the initial Rydberg-atom
population becomes significant. Due to ASE, a fraction of the

FIG. 2. Field-ionization spectra for initially excited 51d states. Panel(a): FI signal and the FI pulse vs time. The FI pulse arrives 38ms
after the Rydberg excitationst<0d. The signal prior to the FI pulse is due to escaping plasma electrons. Panel(b): Field-ionization data of
panel(a) mapped into a function of ionization electric field. Note that in(b) all signal prior to the application of the FI pulse is condensed
into a single peak at 0 V/cm(and therefore is hardly visible). The tracesA–E correspond to the following initial Rydberg-atom populations
NR and densitiesrR. A, NR and rR very small; B, NR=5.53102 and rR=2.73108 cm−3; C, NR=5.43103 and rR=5.93108 cm−3; D,
NR=7.03105 andrR=2.23109 cm−3; E: NR=3.33106 andrR=9.63108 cm−3.
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5P atoms are ionized immediately, producing a large, narrow
peak immediately following the Rydberg excitation. Addi-
tional free electrons are subsequently generated by black-
body thermal ionization and collisions. If a sufficient number
of electrons escape within a sufficiently short time, subse-
quent electrons become temporarily trapped in a cold
plasma, as described in Sec. II. During the expansion of the
plasma, which occurs over a time period of tens of micro-
seconds, plasma electrons boil off and produce a signal
which can be easily observed in the form of a slowly varying
electron flux during the external-field-free phase between the
excitation and the arrival of the FI pulse. This signature of
plasma electrons is seen clearly in the tracesB–E of Figs.
2(a) and 3(a), and increases with initial Rydberg population
NR. We find free-(plasma) electron signals even for very
small Rydberg populations and trap diameters, shown in
traceB of both Figs. 2(a) and 3(a). At the time instant when
the FI pulse is applied, any remaining trapped plasma elec-
trons are extracted and detected at the very onset of the FI
pulse. This is manifested in the spike att<38 ms in traceE
of Fig. 2(a) and att<18 ms in tracesD andE of Fig. 3(a).
The differences between the bound-state FI spectra in traces
A–E in Figs. 2 and 3 is largely due to collisions between
electrons and Rydberg atoms, described in Sec. V.

B. Field-ionization spectra vs evolution time

An example of the time evolution of a Rydberg gas is
shown in Fig. 4 for the case ofn0=64. There, the evolution
time, tint, is controlled independently by varying the delay
time between the Rydberg excitation and the FI pulse while
holding the initial size and density of the gas constant. When

the FI pulse is applied, the free(plasma) electrons are ex-
tracted and electron-Rydberg atom collisions cease. Panel(a)
in Fig. 4 shows the FI signal as a function of time. The data
of panel(a) is processed and shown in panel(b) as a function
of ionization electric field.

For the cold Rydberg gas shown in Fig. 4 there is a nearly
immediate redistribution of the Rydberg population away
from the initial state. This can already be seen at 0.6ms after
excitation(traceA). At longer evolution times(tracesB–D)
the FI signal of bound Rydberg states becomes increasingly
featureless, reflecting the progressive alteration of Rydberg
atoms due to ongoing collision processes. The initial-state
features seem to reappear in tracesE andF. Future investi-
gations are required to explain this. Further details of Fig. 4
are discussed in Sec. V.

V. INTERPRETATION OF THE DATA

A. l mixing

In previous experiments on cold Rydberg gases, we ob-
served a slowly decaying electron signal that persisted for
times on the order of 10 ms after the Rydberg atom excita-
tion. This is orders of magnitudes longer than the lifetime of
the initially excited Rydberg states[4]. We argued that the
slowly decaying signal could be explained by the formation
of Rydberg atoms in high-l states with lifetimes on the order
of 10 ms, and subsequent partial thermal ionization of these
atoms. As explained in the following, the results in Sec. IV
of this paper, obtained using state-selective field ionization,
confirm the presence of these high-l Rydberg atoms. It is also
shown in a direct way that these atoms are produced by

FIG. 3. Field-ionization spectra for initially excited 65d states. Panel(a): FI signal and FI pulse vs time. The FI pulse, indicated by the
dashed line, arrives 18ms after the Rydberg excitationst<0d. Panel(b): FI data of panel(a) mapped as a function of ionization electric field.
In (b), all signal arriving prior to the application of the FI pulse is condensed into a single peak at 0 V/cm(and therefore is hardly visible).
The tracesA–E correspond to the following initial Rydberg-atom populationsNR and densitiesrR. A, NR and rR very small; B,
NR=8.43102 and rR=1.03108 cm−3; C, NR=1.13104 and rR=7.63108 cm−3; D, NR=2.23105 and rR=2.73109 cm−3; E, NR=1.1
3106 and rR=1.13109 cm−3. As indicated by the shaded regions, in tracesB, C and D at least 29%, 33%, and 75% of the remaining
Rydberg atoms have been transferred to lower-n states, respectively.
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collisions between Rydberg atoms and electrons.
The ionization electric fields of Rydberg states with initial

principal quantum numbern0 and arbitrary parabolic quan-
tum number(n1 andn2) are in the range fromE0=1/16n0

*4 to
4E0=1/4n0

*4 ([11]; fields in atomic units,n0
* denotes the ef-

fective quantum number of the initial state). In the case of
initially excited 51d states, shown in Fig. 2, atoms with prin-
cipal quantum numbern0 and arbitraryn1 andn2 have ion-
ization electric fields in the range from<50 V/cm to
<200 V/cm; the corresponding range in Fig. 3 is
<19.5 V/cm to <78 V/cm and Fig. 4 is<21 V/cm to
<84 V/cm. In tracesB andC of Fig. 2, tracesB–D of Fig.
3 and all traces in Fig. 4, a large fraction of the field-
ionization signal shifts from the initial peak at the ionization
electric fieldE0 to a broad peak centered at<2E0. This be-
havior is typical for l mixing [9,14], providing strong evi-
dence thatl mixing is the physical origin of the FI peaks near
2E0. This peak will henceforth be referred to as the
“ l-mixing” peak.

Our interpretation of thel-mixing peak is supported by
several lines of evidence. Thel-mixing peak in the FI signal
scales with the ionization fieldE0 of the initial state and it is
absent at very low Rydberg-atom densities(traceA, Figs. 2
and 3). Also, as l-mixing has the largest of the electron-
Rydberg collision cross sections, it is expected to manifest
itself first with increasing number of free(plasma) electrons.
This agrees with the observed behavior of thel-mixing peak.

The conclusion thatl-mixing collisions between Rydberg
atoms and electrons are, under suitable conditions, a domi-
nant process in the system is also supported by numerical
estimates of the collision probabilities. The rateRl of
l-mixing collisions between slow Rydberg atoms embedded

in a plasma with electron densityhe and average electron
velocity ve is

Rl = heslsn0,vedve, s4d

where slsn0,ved is the collision cross section forl-mixing
collisions. The collision ratesRl do not depend on the
Rydberg-atom velocities, because the Rydberg atoms are or-
ders of magnitude slower than the electrons. The cross sec-
tions slsn0,ved depend on the initial Rydberg staten0 and to
a lesser degree on the electron velocity. We have calculated
sl by numerically integrating the Schrödinger equation over
the time of the collision[13]. Using the results forsl, Eqs.
(1) and(4), we have found that over a 10ms interaction time
less than 1000 trapped electrons can lead to near-unity
l-mixing probabilities. The calculations have also shown that
a singlel-mixing collision between a Rydberg atom and an
electron is sufficient to promote the Rydberg atom into a
state with a very largel averageskll,n0/2d. The above es-
timates have been made for electron temperatures of about
10 meV, in accordance with the bandwidth of the ASE of the
utilized blue lasers,5 nmd and the energy distributions of
electrons generated by thermal ionization of Rydberg atoms
in a 300 K radiation field(obtained by quantum-mechanical
rate-equation simulations[13]).

B. Inelastic collisions

Figures 2–4 show a significant shift in the FI signal to
ionization electric fields lower thanE0. This shift is indica-
tive of the redistribution of Rydberg-atom population into
states with principal quantum numbersn.n0. For low val-
ues ofn0, the redistribution into neighboringn levels with

FIG. 4. FI signal from a Rydberg gas with initial state 64d shown for the indicated delay times,t, between the Rydberg excitation and
the FI pulse for fixedNR=3.73106 andrR=7.83108 cm−3. Panel(a): FI signal(solid lines) and FI pulse(dashed line) vs time. The onset
of the FI pulse is at t<0. Panel(b): data of(a) represented as a function of ionization electric field. In all cases except traceF, the delay time
t is equivalent to the interaction timetint between the trapped electrons and the Rydberg-atom gas. The shaded regions in panel(a) indicate
the signal from atoms which have been transferred to states withn!n0. The percentages of the latter vs the total Rydberg population at the
onset of the FI pulse are at least 23%, 50%, 68%, 81%, 78%, 64% for tracesA–F, respectively[3,5].
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un−n0u&2 can be resolved in our data(see, for instance,
curvesB andC in Fig. 2). To our knowledge, this is the first
experimental observation of such a redistribution in cold-
Rydberg-atom gases. The most likely cause isn-changing
inelastic collisions between Rydberg atoms and electrons,
which have been considered theoretically in Refs.[5,15]. To
support this conclusion, in the following we estimate the
rates of inelastic collisions between thermal electrons and
Rydberg atoms for our parameters.

The total deexcitation rate of a Rydberg atom with energy
ER is given by[5,15]

Ad = 7.2heS27.2 eV

kBTe
D0.17

n2.66a0
2ac, s5d

and the total excitation rate, including collisional ionization,
is

Ae = 55heS kBTe

27.2 eV
D0.83

n4.66a0
2ac, s6d

where he is the electron density,kB Boltzmann’s constant,
Te the electron temperature,n=Î−13.6 eV/ER, a0 the Bohr
length,a the fine-structure constant, andc the speed of light.
The total inelastic collision rate for each Rydberg atom is

Rn = Ad + Ae. s7d

The probability of excitationfAe/ sAe+Addg is given by f
=1/f1−ER/ s3.82kBTedg for atoms experiencing an inelastic
collision. For an initially excitedn0=51 state, an electron
energy of kBTe<3 meV and an electron density of
13106 cm−3, one estimates a total inelastic collision rate per
Rydberg atomRn<2.13104 s−1. For a typical plasma dissi-
pation time oftint=30 ms, Eq.(1) and Eqs.(5)–(7) return a
probability P<0.6 of the Rydberg atoms experiencing an
inelastic collision. A fraction off =68% of the inelastic col-
lisions would cause excitation into higher states or ioniza-
tion.

In the following, we compare an experimental FI spec-
trum with calculated outcomes of inelastic collisions be-
tween Rydberg atoms and electrons. Since the simulations
consider only single collision events, for the comparison we
use an experimental result in which the initial Rydberg peak
is not severely depleted, i.e.,Pcoll!1 [traceB of Fig. 2(b);
n0=51]. In Fig. 5 we compare this experimental FI spectrum
with correspondingn-mixing simulations for thermal elec-
tron energies of 1 meV, 3 meV, and 10 meV.

To obtain the simulated data in Fig. 5, we first follow Ref.
[5] to determine the final-state probability distributionsPsnd
as a function of principal quantum numbern. Then,Psnd is
transformed into a probability distribution of the ionization

electric field,P̃sEd. Thereby, we assume that then mixing is
not accompanied by significantl mixing (i.e., then-mixed
atoms are assumed to ionize at an FI electric field of
1/16n*4). We limit the comparison between then-mixing
simulations and the experimental FI spectrum to an electric-
field range from 4 V/cm to 42 V/cm, where 42 V/cm
,E0<50 V/cm. The electric-field rangeE.E0 is excluded
from the comparison because of the overlapping effect ofl

mixing. We also exclude the range 42 V/cm,E,50 V/cm,
because transitions into states withn very close ton0 are
expected to be strongly influenced by the detailed quantum
structure of the atom(quantum defects, etc.), which is not
modeled in the calculation(which is based on classical me-
chanics). The rangeE,4 V/cm is excluded because in that
range the experimental data could be complicated by plasma
electrons and possibly by three-body recombination.

As seen in Fig. 5, in the range of comparison the simu-
lated FI signal forkBTe=3 meV and the experimental data
are in qualitative agreement, while the simulated FI signals
for kBTe=1 meV andkBTe=10 meV clearly diverge from the
experimental data. We conclude that it is very likely that
n-changing electron-Rydberg atom collisions cause most of
the experimentally observed population redistribution into
states with ionization fieldsE,E0, and that for the condi-
tions of Fig. 5 the average thermal electron energy is on the
order of 3 meV. The fitting method presented in Fig. 5 can
serve as a tool to estimate the electron temperature.

An open question remains as to how muchn-mixing col-
lisions are coincident withl mixing (or not). Our experimen-
tal evidence suggests thatn-mixing collisions mostly leave
these atoms in low-l (nonhydrogenic) states. If the collisions
populating these highern states also changedl significantly,
we would expect the corresponding signal to be spread be-
tween En (the ionization electric field for principal quantum
numbern and l &2) and 4En. This is further evidenced in
data where the initially excited state is of lowern sn0&50d.
In such cases we were able to resolve transitions into a suc-
cession of states withn.n0, as shown in Fig. 6 forn0=38.

C. Evidence of Penning ionization

The data shown in Figs. 2–4 include indications of an-
other inelastic process. As is manifested in these figures,

FIG. 5. Simulations of FI signals due to inelastic collisions be-
tween electrons and 51d Rydberg atoms, compared with the experi-
mental data in traceB in Fig. 2(a). Simulations for three different
electron energies are shown:kBTe=1 meV, 3 meV, and 10 meV.
Each simulation result is scaled such that its integral equals that of
the experimental result over the region of comparison.
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there is a significant population shift to ionization electric
fields higher than 4E0, i.e., beyond the range ofl mixing of
the initial state. Thus, this signal cannot be the result of
l-mixing collisions alone; it must be due to a process that
produces Rydberg states with principal quantum numbers
significantly lower than that of the initial state. The shift of
Rydberg population into states withn!n0 is especially
prominent in Fig. 3, tracesB–D, where at least 29%, 33%,
and 75% of the remaining Rydberg atoms are in states with
n!n0, and again in Fig. 4, tracesA–F, where up to 81% of
the remaining Rydberg atoms are in states withn!n0. In
Figs. 2–4, it is also clear that some of the Rydberg popula-
tion in states withn!n0 is not detected because of the volt-
age limitation of the FI pulse.

In general, the percentage of the population shift into
states withn!n0 can become very large, and it appears to
increase with initial Rydberg atom number, as seen in Fig. 3.
Figure 4 further suggests that the shift into states withn
!n0 may saturate and sometimes moderately decrease with
interaction time. The decrease in tracesE and F of Fig. 4
could have been an isolated experimental artifact or a result
of processes adding population into higher-n states such as
three-body recombination[3].

While inelastic collisions discussed in the preceding sec-
tion can result in some Rydberg atoms withn,n0, the ex-
perimentally observed high percentages of atoms in such
states and the increase of population with decreasingn ob-
served in the range of very lown, are in strong contradiction
with the behavior one would expect for inelastic electron-
Rydberg-atom collisions[5,15]. Thus, inelastic electron-
Rydberg-atom collisions cannot explain the experimentally
observed quantity of Rydberg atoms in statesn!n0. This
leads us to believe that those atoms are the product of Pen-
ning ionization of cold-Rydberg-atom pairs.

Penning ionization has been previously observed between
cold and room temperature(and therefore fast) Rydberg at-
oms [2]. In our UHV system, the number of room-
temperature Rydberg atoms is negligible. Because all of the
Rydberg atoms in our system are initially cold(with veloci-
ties ,10 cm/s), a significant rate of Rydberg-Rydberg colli-
sions would only be facilitated by attractive forces between
the Rydberg atoms. In atomic-beam experiments[16], inter-
atomic forces have been observed to lead to enhanced rates
for Penning ionization between Rydberg atoms of one spe-
cies and ground-state atoms of another. In our experiment,
very strong attractive forces can occur between cold Rydberg
atoms with permanent dipole moments. As discussed above,
l mixing transfers a significant fraction of the initial popula-
tion to higher-l states. While the initial states have permanent
dipole moments near zero, the averagel-mixed state will
have a dipole moment that scales asea0n

2. The dipoles of the
l-mixed atoms are randomly oriented. Two atoms that hap-
pen to experience a mutual attractive force are accelerated
towards one another, allowing them to collide.

For l-mixed n0=65 Rydberg atoms in a gas of density
rR=108 cm−3 we have estimated that attractive dipole forces
can cause Rydberg atoms starting at the average nearest-
neighbor separation to snap together in<10 ms. For higher
densities,rR=109 cm−3, this average “snap” time is<2 ms.
Based on these estimates, both in Figs. 3 and 4 we expect to
observe the effects of collisions between high-l Rydberg at-
oms. Under the conditions of Fig. 4(n0=65, high Rydberg-
atom density) it is not unreasonable to expect such effects
even for the shortest interaction time between electrons and
Rydberg atomsstint=0.6 msd. At that time there is already a
significant population in high-l Rydberg states, which may
still collide during the first severalms of the FI pulse.

Among the outcomes of Rydberg-Rydberg atom colli-
sions, Penning ionization

Rb** + Rb** → Rb+ + Rb* + e−, s8d

is expected to be the most prevalent[17]. In this collisional
process, the ionization energy of one atom is taken from the
deexcitation of its collision partner to a lower-n state. Based
on the described evidence, we believe that the observed Ry-
dberg atoms in statesn!n0 originate from Penning ioniza-
tion.

In an experiment similar to ours, van der Waal’s attraction
between very-high-n Rydberg atoms has been suggested as a
mechanism for the enhancement of Rydberg-Rydberg colli-
sions [18]. In our system, van der Waal’s interactions are
most likely insignificant in relation to the longer-range and
stronger (permanent) electric-dipole interactions between
high-l Rydberg atoms. Further, the mechanism we describe is
more general and intrinsic to the dynamics of cold Rydberg
gases than the previously observed electric-field-induced
long-rangeresonantelectric-dipole forces between Rydberg
atoms[19]. In our system, interactions are nonresonant and
forces are due to permanent electric-dipole moments. As a
result, in our FI data the signatures of the Rydberg atoms in
statesn!n0 are present whenever there is an appreciable
amount ofl-mixing signal(see Figs. 3 and 4).

FIG. 6. Field-ionization spectra for initially excited 38d states,
clearly showing population redistribution to several resolved
higher-n states. The FI pulse, indicated by the dashed line, starts at
35 ms after the Rydberg excitation. TraceA: Initial Rydberg atom
populationNR=1.13106 and densityrR=1.03109 cm−3. TraceB:
Reference signal obtained with very smallNR andrR.
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D. Late arriving signal

When the FI pulse has reached its maximum value(at
<220 V/cm), all Rydberg states down ton<40 should be
ionized (the exact limit depends on the parabolic quantum
numbers). One expects there to be no signal after the FI pulse
has reached its maximum. However, it is clear in Figs. 2–4
that a small signal is present even after the FI pulse has
reached its maximum(“postmaximum FI signal”). More in-
vestigations will be required to determine the exact cause of
the post-maximum FI signal. Presently, we believe that the
postmaximum FI signal may be due to polar Rydberg atoms
with ionization electric fields greater than the maximum of
the FI pulse at the initial location of the atom cloud. Some of
those polar Rydberg atoms may become pulled into regions
of higher electric fields due to electric-dipole forces, as in an
atomic-beam experiment described in[20]. As the atoms en-
ter larger electric fields, they could ionize and give rise to the
postmaximum FI signal.

VI. CONCLUSION

Upon some initial ionization, cold-Rydberg-atom gases
easily develop a positive space charge that traps electrons for
times on the order of tens ofms. The mechanism, which is
analogous to one observed in cold plasmas[1], acts as a
catalyst for electron-Rydberg atom collisions, increasing col-
lision probabilities by orders of magnitude and profoundly
altering the final state of the Rydberg gas. Using state-
selective field ionization, we have provided direct proof for
earlier claims that these collisions causel mixing [4], and we
have seen first experimental evidence that they also lead to
inelasticn mixing, as predicted by theory[5]. We have found
evidence for Rydberg-Rydberg collisions, enhanced by at-
tractive electric-dipole forces between atoms in high-l states;

these collisions apparently lead to Penning ionization and the
appearance of Rydberg atoms in very-low-n Rydberg states.
The degree to which the various collisional processes are
observed depends on the initial Rydberg population, the ini-
tially excited Rydberg state, and the interaction time between
the trapped electrons and the cold Rydberg gas.

The measurements described in this paper were per-
formed in a vacuum system capable of cryogenic operation.
Extending the measurements to a low-temperature environ-
ment(77 K and 4 K) will reduce blackbody radiation, allow-
ing us to elucidate the role of blackbody radiation in cold
Rydberg-gas and plasma dynamics. Low radiation tempera-
tures will also dramatically increase the lifetime of the Ryd-
berg atoms transferred into high-l states. Efforts are under-
way in our laboratory to trap Rydberg atoms in electrostatic,
magnetostatic, and ponderomotive optical fields[21]. Long-
lived high-l atoms generated in Rydberg gases and shielded
in a cryogenic environment will be ideal subjects for this
study. Another important perspective of the work on cold
Rydberg gases and plasmas is its extension into the regime of
strong magnetic fields. In this regime, strongly magnetized
high-angular-momentum Rydberg atoms[22,23] may be
generated and the preparation of strongly coupled two-
component plasmas may be feasible.
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