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Measurement of the Rb„5D5Õ2… photoionization cross section using trapped atoms
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We report on measurements of the cross section for photoionization of Rb atoms in the highly excited 5D5/2

level at wavelengths ranging from 1064 to 532 nm~photoelectron energies of 0.175 to 1.34 eV!. We efficiently
populate the 5D5/2 level using coherent two-photon excitation of trapped atoms with pulses in the counter-
intuitive order. The absolute photoionization cross sections are then measured via the increased loss of atoms
from the magneto-optical trap when it is illuminated by the photoionizing light. Our results are in good
agreement with new calculations based on the valence-electron parametric potential method.
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I. INTRODUCTION

The techniques of laser cooling and trapping@1# have en-
abled many new directions in atomic and molecular phys
including metrology, quantum collective effects, ultraco
collisions, and photoassociative spectroscopy. One bene
long trapping times is that any process which causes
ejection of atoms from the trap can be measured by the
responding trap loss rate. Photoionization is one such pro
@2#. When ionizing light is incident on a sample of trapp
atoms, atoms are lost as they are ionized. The measured
rate per atom, combined with the ionizing intensity and fra
tion of time spent in the relevant atomic state, yields
absolute photoionization cross section. This technique d
not require knowledge of the atomic density and furth
more, since ions are not actually detected, problems with
detector calibration are avoided. Since the initial demons
tion of this technique with photoionization of the 5P3/2 level
of Rb @2#, it has been fruitfully applied in other experimen
involving Rb @3#, Cs @4,5#, and Mg@6,7#. A variation of this
trap loss technique has also been used to measure the
lute cross sections for electron collisional processes@8,9#.

Excited-state photoionization~PI! is an important proces
in many areas of atomic physics. Examples include plas
discharges, laser-guided plasmas, laser gain media, and
sitive and state-selective atomic detection. Radiative rec
bination, the inverse of PI, is important in low temperatu
~e.g., astrophysical! plasmas, so PI is relevant in this conte
as well. Since PI depends sensitively on nonhydroge
atomic wave functions, measurements of absolute PI c
sections and their energy dependence provide useful tes
atomic theory.

PI from the first excitedP states in alkali-metal atoms ha
received considerable theoretical and experimental atten
@10,11#. Excited D states have also been investigated in v
ous systems@12–15#, stimulated in part by predictions o
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multiple minima in the cross sections@16#. In the present
work, we use the trap loss technique to measure the abso
PI cross section from the Rb(5D5/2) level at various wave-
lengths for the first time. Agreement with new theoretic
calculations, presented here, is good. This work also re
sents the first time that the trap loss technique@2# has been
extended to highly excited states, i.e., states not populate
the trapping laser. PI of the high-lying 5D5/2 level, which is
bound by 0.99 eV, is of particular interest because this p
cess is energetically allowed during two-photon excitat
from the 5S1/2 ground state. Therefore, this loss mechani
must be understood in any experiment~e.g., ultracold colli-
sions! involving excitation of trapped atoms to the 5D level.

The paper is organized as follows. In Sec. II, we descr
the experiment. In Sec. III, we present the measurement
the PI cross Section. The cross section calculations and
comparison with experiment are described in Sec.
Section V is a summary.

II. EXPERIMENT

The basic idea of the experiment is to excite a trapp
sample of Rb to the 5D5/2 level and then expose these atom
to photoionizing light and measure their loss rate from
trap. The photoionization~PI! measurements employ eithe
continuous~cw! or pulsed lasers, depending on the wav
length. In the case of cw PI, the trapped atoms are rep
tively excited with laser pulses to the 5D5/2 level, resulting in
a time-averaged excited-state fractionf 5D . A trapped atom
is ionized at an average rate which is proportional to
product of f 5D and the PI laser intensityI PI . In the case of
pulsed PI, the probability of ionization by a single PI pulse
measured by the instantaneous loss of atoms following
pulse. In the following paragraphs, we briefly describe
important aspects of the experiment: the magneto-opt
trap, the 5D5/2 excitation process, and the photoionization

The experiment is performed on a low temperatu
(;500 mK) ensemble of85Rb atoms captured from room
temperature vapor@17# into a diode-laser based magnet
optical trap~MOT!. The trap laser is detuned about 10 MH
y
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below the D2 cycling transition at 780 nm@5S1/2(F53)
→5P3/2(F854)# and a repumping laser, tuned near theD1

transition at 795 nm@5S1/2(F52)→5P1/2(F853)#, pre-
vents population from accumulating in theF52 level. Both
lasers are Littrow-configuration linewidth-narrowed diode
sers @18# electronically locked to saturated absorption fe
tures. The trap and repump lasers pass through indepen
acousto-optic modulators~AOMs! in order that they may be
turned off when the 5D5/2 excitation is performed. The cycl
time is typically 20ms, with the trap and repump on togeth
for 17 ms and a 3ms window for 5D5/2 excitation. The total
trap laser intensity~sum of all six beams! is typically
12 mW/cm2 and the beam diameters are; 5 by 4 mm full-
width at half-maximum~FWHM!. Two coils in an ‘‘anti-
Helmholtz’’ arrangement produce an axial magnetic fie
gradient of approximately 22 G/cm. Typically the trapp
cloud is ;120 mm in 1/e radius and contains about
3105 atoms. The loading time, in the absence of 5D5/2 ex-
citation or photoionization, is;1.5 s.

The sample of cold atoms is efficiently excited to t
5D5/2 level by a pulsed two-photon transition: 5S1/2→5P3/2
→5D5/2 ~see Fig. 1! with pulses in the counterintuitive orde
@19#, i.e., the upper transition is driven first. This is a var
tion of stimulated Raman adiabatic passage~STIRAP! @20#
and is described in detail in@19#. The pulses are supplied b
two high-power~100 mW! slave diode lasers which are in
dividually injection-locked by linewidth-narrowed
(<1.5 MHz) master diode lasers. The 5S→5P master laser
is locked near the 5S1/2(F53)→5P3/2(F854) transition at
780 nm using saturated absorption in a magnetic field@21#.
This diode also provides the first step in Doppler-free tw
color two-photon spectroscopy@22# in a room-temperature
cell which is used to lock the 5P→5D master laser near th
5P3/2(F854)→5D5/2(F955) transition at 776 nm. The
light incident on the trapped sample is two-photon reson
with an intermediate state detuningD/2p5147 MHz. Both
slave lasers are controlled with AOM’s, creating ne
Gaussian pulses of;30 ns ~FWHM! duration and;15 ns
separation, with the 5P→5D pulse arriving before the 5S
→5P pulse~counterintuitive order!. The counterpropagating

FIG. 1. Energy levels of the Rb atom which are relevant to
5D photoionization~PI! measurements. Fine and hyperfine struct
are not shown. The 5D level is populated by two-photon STIR
excitation through the 5P level and subsequently photoionized b
either pulsed or cw laser light. The dashed lines mark the bind
energies which can be ionized by light of the indicated wavelen
04341
-
-
ent

-

-

nt

-

STIRAP pulses illuminate the cold atoms during the 3ms
window when the trap and repump AOM’s are turned o
Their intensity profiles are near-Gaussian with average s
about 450mm in 1/e radius. Peak intensities are 4 W/cm2.
We monitor the 5D5/2 excitation by detecting, with a photo
multiplier and filter, the 420 nm fluorescence emitted in t
second step of the 5D→6P→5S decay path. The resonanc
fluorescence at 780 nm is also selectively detected and
as a measure of the relative number of trapped atoms.

We use three sources of light for photoionization~PI!.
Continuous~cw! light at 647 and 788 nm are provided by
krypton-ion laser and a free-running diode laser, resp
tively. A Nd:YAG pulsed laser, externally triggered at 1 H
provides the 1064 nm~fundamental! and 532 nm~second
harmonic! wavelengths. The beam sizes (1/e radii! are typi-
cally 1.25 mm for the 1064 nm, 750mm for the 532 nm,
450 mm for the 647 nm, and 380mm for the 788 nm. The
smaller size of the trapped cloud ensures that the atoms
perience a spatially uniform intensity. For the cw light, t
peak intensity is determined by measuring the total pow
and the two-dimensional laser beam profile. Similarly,
the pulsed light, the peak fluence is determined by measu
the pulse energy and the beam profile.

III. MEASUREMENTS

We first discuss the measurement technique for cw
Each STIRAP pulse pair transfers a fractionh of the trapped
sample to the 5D5/2 level, from which radiative decay occur
with a lifetimet5241 ns@23#. PI occurs at a rateFs while
in the 5D5/2 level, whereF5Il/hc is the PI photon flux,s
the PI cross section, I the intensity,l the wavelength,c the
speed of light, andh Planck’s constant. Accounting for com
plete exponential decay of the 5D5/2 level, the PI probability
per STIRAP pulse pair isFsht. If STIRAP is repeated at a
rate Rrep, the time-averaged PI rate is given by^GPI&
5FshtRrep5Fs f 5D where f 5D 5 htRrep is the time-
averaged excited-state fraction~typically ,1%).

The time evolution of the number of atomsN in a vapor-
cell MOT is described by

Ṅ5L2G0N2^GPI&N, ~1!

where L is the loading rate~atoms/s! andG0 is the total loss
rate~per atom! of atoms from the MOT in the absence of P
We note thatG0 includes collisions of trapped atoms wit
background gas, ultracold inelastic collisions betwe
trapped atoms, and loss induced by the 5D5/2 excitation. The
loss rate due to ultracold collisions is constant in the regi
of constant density@24#, i.e., when N is sufficiently large tha
the density is limited by radiation trapping. The steady-st
solution to Eq.~1! is

N05L/~G01^GPI&! ~2!

and the approach to steady state, starting with an empty
is exponential@3#. The total loss rateG01^GPI& is the in-
verse of the measured loading time constant. In Fig. 2,
show an example of the effect of PI on the number of trapp
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MEASUREMENT OF THE Rb(5D5/2) . . . PHYSICAL REVIEW A 63 043411
atoms ~as measured by their fluorescence!. Loading tran-
sients are seen when the MOT is turned on and the ste
state number is seen to decrease in the presence of P
eliminate scattered light contributions and background a
fluorescence, zero levels are determined by turning off o
the MOT magnetic field coils. For these cw measureme
the PI light is on continuously, and we have verified that,
the absence of 5D5/2 excitation, it has no observable effe
on the MOT.

In Fig. 3, the dependence ofN0 on PI intensity I is dis-
played, along with a fit to Eq.~2!. From this fit and the
measured value ofG0, we obtain the PI cross sections. The
value ofh is determined by pulsed PI as discussed below
Fig. 4, the total loss rateG01^GPI&, as derived from the
loading transients, is plotted as a function of PI intensity
linear fit yields another determination ofs. Values obtained

FIG. 2. An example of the effect of cw photoionizing ligh
(6.9 W/cm2 at 788 nm! on the number of trapped atoms, as me
sured by their fluorescence. The trap is turned on att50. In the
upper trace, only the STIRAP excitation is present, while in
lower trace, both STIRAP excitation and photoionization a
present, resulting in a more rapid loading of the trap and a sma
steady-state number of trapped atoms. The dashed lines are fi
exponential loading curves. The bottom two curves are zero le
recording all stray light with the trapping magnetic field off.

FIG. 3. Plot of the fractional steady-state number of trapp
atoms as a function of cw photoionizing intensity at 788 nm. T
dashed line is a fit to Eq.~2!, which allows the PI cross section to b
extracted.
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from these loading curves are less accurate than, but co
tent with, values obtained from the steady-state numbe
atoms in the trap. They are not used in the final cross sec
determinations.

For cw PI, there are several potential complications to
simple model@Eq. ~1!#. First, if the PI intensity is high
enough to cause significant ionization during the 5D5/2 life-
time, the PI loss will saturate. However, our highest cw
tensities fall short of saturation by three orders of magnitu
Second, at large values ofI, the loading rateL can be re-
duced by ionization of atoms as they enter the trap@3,4#. In
our case, however, the relevant (5D5/2) excitation is pro-
duced by focused beams which occupy a very small frac
of the capture volume of the MOT, thereby minimizing an
effect on the loading. Third, at smallN0 ~largeI ), the density
may begin to decrease from its radiation-trapping-limit
value, which would reduce the loss rate due to ultracold c
lisions. However, this loss rate is a small fraction of t
PI-induced loss rate at the high intensities where this ef
would occur. Finally, the ions and photoelectrons could
combine back into neutral atoms and be recaptured by
trap @25#. This would act as a source term in Eq.~1! and
reduce the apparent loss rate of atoms at high intensi
Such a recombination effect should be strongly enhance
low photoelectron energies. Under our conditions, we see
evidence for any of these potential complicating effects.

For pulsed PI, a different technique for extracting t
cross section is used. Light from a pulsed Nd:YAG las
~fundamental at 1064 nm or second harmonic at 532 nm! is
synchronized to arrive immediately following the 5D5/2 ex-
citation. The short duration of the PI pulse~5–7 ns FWHM!
relative to the radiative lifetime of the 5D5/2 level ~241 ns
@23#! ensures that the initial 5D5/2 population is sampled
before it has a chance to decay. The ionizing fluenceF
5*2`

` Idt can be sufficiently high to ionize a significan
fraction of the 5D5/2 population in a single pulse. An ex
ample is shown in Fig. 5, where the number of trapped ato
is seen to drop sharply following a single PI pulse. The tr
subsequently reloads towards its steady-state value. A fi
an exponential loading curve, also shown in Fig. 5, serve

-
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FIG. 4. Plot of the total trap loss rate, determined from load
curves, as a function of photoionizing intensity at 788 nm. The so
line is a linear fit from whichG0 and the PI cross section ar
determined.
1-3
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DUNCAN, SANCHEZ-VILLICANA, GOULD, AND SADEGHPOUR PHYSICAL REVIEW A63 043411
establish the minimum trapped atom fluorescence signal
therefore the fraction of atoms which are ionized.

An atom in the 5D5/2 level is ionized at a rateIsl/hc, so
in a single short pulse, the probability of a trapped at
being lost due to ionization is given by

PPI5h~12e2sFl/hc!, ~3!

whereh is the excitation efficiency to the 5D5/2 level. In the
limit of saturated ionization,PPI is a direct measure ofh
~typically ;50%), while in the unsaturated regime, th
variation ofPPI with F gives the PI cross section. A plot o
PPI vs.F, along with a fit to Eq.~3!, is shown in Fig. 6. Since
the values ofh obtained from this pulsed PI data are ve
direct, they are used in extracting the cw PI cross section
well.

The cw measurements assume that the 5D5/2 population
decays radiatively with a lifetime of 241 ns. It is important
check this assumption because of the possibility of collec
radiation~e.g., on the 5D5/2→6P3/2 transition at 5.2mm) in
the cold dense sample which could effectively shorten

FIG. 5. Instantaneous trap loss induced by pulsed photoion
tion at 1064 nm. The PI laser fires once per second, coincident
the STIRAP excitation, and ionizes a significant fraction of ato
in the trap. This results in a sudden drop in the trap fluoresce
followed by reloading of the trap.

FIG. 6. Plot of fraction of atoms remaining in the trap followin
a PI pulse~1064 nm! as a function of photon fluence. Saturation
a nonzero value is a result of incomplete STIRAP excitation. T
solid line is a fit to 12PPI wherePPI is given by Eq.~3!.
04341
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elifetime. Since light at 1064 nm can only photoionize th
5D5/2 level ~the 6P3/2 level requiresl,1010 nm for PI!,
pulsed PI at this wavelength allows us to directly meas
the decay. The fractional ionization of the trap is propo
tional to the instantaneous 5D5/2 population, so delaying the
PI pulse relative to the 5D5/2 excitation maps out the 5D5/2
decay. An example is shown in Fig. 7~a!, along with a fit to
an exponential decay which yields, within error, the expec
lifetime of 241 ns@23#.

On the other hand, light at 532 nm is energetically c
pable of photoionizing the 6P3/2 level. Therefore the depen
dence of ionization fraction on delay should reflect the te
poral evolution of both the 5D5/2 and 6P3/2 levels, weighted
by their respective PI cross sections. Lower sta
(6S1/2,4D5/2,4D3/2) can also be photoionized, but contrib
ute negligibly to this decay curve. The 5D5/2 population de-
cays exponentially (t5D5241 ns) after the excitation with a
branching ratio of 0.35 to 6P3/2. This feeding of the 6P3/2
level, coupled with its decay (t6P5109 ns @23#!, yields a
maximum 6P3/2 population of 12% of the initial 5D5/2 popu-

a-
th
s
e,

e

FIG. 7. ~a! Fraction of atoms lost from the trap as a function
delay between the STIRAP excitation and the PI pulse~1064 nm!.
The exponential decay, fit with the solid line, reflects the radiat
decay of the 5D population. The fits yields a lifetime of 245~16! ns.
~b! Same as~a!, but at 532 nm. The fit includes PI loss from the 6
level which is populated by radiative cascade. The known lifetim
and calculated PI cross sections are fixed in the fit.
1-4
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MEASUREMENT OF THE Rb(5D5/2) . . . PHYSICAL REVIEW A 63 043411
lation at a delay oft6P . The fractional ionization measure
ment is shown in Fig. 7~b!, along with a fit to the expected
time dependence, assuming the theoretically calculated
cross sections. The relatively large error bars, due to sho
shot fluctuations in fluence, do not allow the relative cro
sections to be extracted. However, the data are consis
with the predicted temporal dependence.

The cross section results are summarized in Fig. 8, wh
they are plotted as a function of the energy~above threshold!
of the photoionizing light. The uncertainties are domina
by the statistics of cross section determinations from a n
ber ~typically 5! of experimental runs. For the points usin
cw PI light (l5647 and 788 nm!, we have included a cor
rection to account for PI from the 6P3/2 level, which is popu-
lated by cascade from 5D5/2, and from which PI is energeti
cally allowed. The combination of the 35% branching ra
for 5D5/2→6P3/2 and the 109 ns 6P3/2 lifetime results in an
initially excited 5D5/2 atom spending, on average, 16%
much time in 6P3/2 as in 5D5/2. The measured PI cros
section includes the appropriately weighted contribut
from 6P3/2. This contribution, based on a calculated 6P3/2
PI cross section (s58.5, 6.6, and 4.8 Mb atl5788, 647,
and 532 nm, respectively!, has been subtracted in the da
shown in Fig. 8. These cross section calculations are sim
to those described in Sec. IV, but with a uniformmF distri-
bution. This correction lowers the cross section from 12.2
10.9 Mb for 788 nm and from 8.6 to 7.6 Mb for 647 nm. W
note that the 6S1/2,4D5/2, and 4D3/2 levels can contribute in
a similar manner, i.e., they can be ionized by 647 nm lig
However, based on the branching ratios to these levels
their lifetimes@23#, these contributions should be negligibl
Compared to the average time~241 ns! spent in the 5D5/2
level, a cascading atom will spend 3.7%, 2.2.%, and 0.2%
much time in the 6S1/2, 4D5/2, and 4D3/2 levels, respec-
tively. The photoionization trap loss measurements h
been carried out with the two counterpropagating STIR
beams linearly polarized at a relative angle of typically 3
Changing this angle from 0° to 90°, we did not observe
statistically significant difference (,10%) in the PI-induced
trap loss. Similarly, we have varied the polarization of t

FIG. 8. Plot of the 5D5/2 PI cross section as a function of photo
energy above threshold~photoelectron energy!. The data points cor-
respond to wavelengths~left to right! of 1064, 788, 647, and 532
nm. The solid line is the theoretical prediction.
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photoionizing light and not seen a statistically significant d
ference (,15%) in the fractional trap loss when it is perpe
dicular vs. parallel to that of the STIRAP beams. We co
clude that any polarization effects are small compared to
overall uncertainties.

IV. THEORETICAL CALCULATION OF PI CROSS
SECTIONS

The photoionization of alkali-metals has enjoyed cons
erable theoretical attention. Hartree-Fock, valence-elec
potential and many-body perturbation theories have been
plied to the photoionization of the ground and excited st
atoms with various degrees of success@11,16,26–28#. Of
these distinctly different techniques, the valence-elect
model potential method has seen the widest application
the photoionization of excited atoms.

Our calculations of excited-state photoionization of t
rubidium atom are performed in the central field approxim
tion, where the motion of the valence electron is conside
in the presence of a frozen core in a model-potential rep
sentation. The nonlinear parameters of the one act
electron potential have been variationally adjusted to rep
duce measured valence energy levels, and several o
observables such as static dipole polarizabilities@29#. The
parametric model potential has the form

Vl ~r !5
Zl ~r !

r
2

ad

2r 4
@12e(2r /r c

(l ))6
#, ~4!

wheread is the static dipole polarizability of the Rb1 ionic
core andZl (r ) is an effective radial charge. The angul
momentum-dependent parameters

Zl ~r !511~z21!e2a1(l )r1r ~a3
(l )1a4

(l )r !e2a2
(l )r ~5!

and the cutoff radiusr c
(l ) are obtained through a nonlinear fi

to one-electron Rydberg energy levels. The cutoff radius
introduced to truncate the extent of the polarization poten
near the nucleus, where it is unphysical. For Rb, the nuc
charge isz537.

The partial cross section in atomic units for the photoio
ization from a bound atomic state withnl jmIF9M 9 quan-
tum numbers is

snl j~v!5
4p2v

137~2F911!

3 (
F f M9

u^el 8 j 8m8IF fM 9ur q
(1)unl j IF 9M 9&u2,

~6!

wherer q
(1) is the first-rank irreducible dipole tensor and th

symbols have their usual definition@30#. F f is the final value
of the hyperfine angular momentum. The eigensta
ugl j IFM & can be expanded over the fine-structure coup
statesugl jm& as
1-5
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ugl j IFM &5(
mm

ugl jm&^ jm,ImuFM &. ~7!

The ensuing radial matrix elements have the form

^el 8 j 8m8ur q
(1)unl jm&

5~21! l 11/21 j 811~2 j 811!1/2H l l 8 1

j 8 j 1/2J
3^el 8i r̂ (1)inl &^ jm,1qu j 8m8&, ~8!

where the matrix element^el 8i r̂ (1)inl & is the reduced ra-
dial matrix element, connecting the initial state to the fin
energy-normalized stateuel 8& at the photoelectron energye.
The dipole tensorr̂ (1) is dressed in the presence of the co
electrons as

r̂ (1)5r (1)S 12
ad

r 3 D . ~9!

Under the current experimental conditions, the initial state

defined asunl j IF 9M 9&5u5D 5
2

5
2 5M 9& with an equal popu-

lation of the 5D5/2,F955,M 9 sublevels, i.e.,M 9523 to
13. This is consistent with equally populated ground st
(5S1/2,F53) magnetic sublevels:M523 to 13 ~as ex-
pected in a MOT! which are then excited with linearly po
larized STIRAP beams. As discussed in Sec. III, we see
significant dependence on the various polarizations. The
culated photoionization cross section as a function of pho
electron energy is shown in Fig. 8. The agreement betw
experiment and theory is well within the uncertainties. To
photoionization of Rb~5D! at threshold has been calculate
by Aymar et al. @27# to be;45 Mb; see Fig. 6 in Ref.@27#.
When an average over initial states (mF , F, J! is performed,
our calculated cross section at threshold iss5D(e50)
544.3 Mb. Aymaret al. also calculated the threshold cro
section for PI of Rb~4D! level to be 34.0 Mb; see Table
pt

n

ni

. A

D

T

ys
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~iii ! in Ref. @27#. Our value for the PI of the same level a
threshold is 33.9 Mb. As an additional check, we calcul
the cross sections for photoionization from the Rb(5P3/2)
level at 413 and 407 nm,s5P3/2

512.2 ands5P3/2
511.9 Mb,

respectively. These cross sections have been previously m
sured via MOT trap loss to be 13.6~1.2! and 12.5~1.1! Mb,
respectively@2#.

V. SUMMARY

In conclusion, we have used a combination of efficie
population transfer and a trap loss technique to investig
photoionization~PI! of the Rb(5D5/2) level. Pulses in the
counterintuitive order are used to drive a two-photon tran
tion to the 5D5/2 level. The PI rate from this level is mea
sured by the rate at which atoms leave the trap. We mea
not only the absolute value but also the wavelength dep
dence of the PI cross section using both cw and pulsed
izing radiation. We also calculate the PI cross section a
function of wavelength and obtain good agreement with
measurements. This technique can obviously be extende
measure photoionization from other states and in other
oms. Once the cross sections are known, the trap loss
then serve to calibrate excitation efficiency. This work
another example of the power of using trap loss to meas
the absolute cross section for an atomic process.
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