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Measurement of the photoionization cross section of the 5S1Õ2 state of rubidium

J. R. Lowell, T. Northup, B. M. Patterson, T. Takekoshi, and R. J. Knize
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~Received 23 April 2002; published 13 December 2002!

We report the measurement of the photoionization cross section for the 5S1/2 state of rubidium, using atoms
confined in a magneto-optical trap. A single-photon rate atl5266 nm was found by monitoring the decay of
trap fluorescence after exposure to ionizing radiation from a quadrupled Nd:YVO4 laser. In order to eliminate
excited-state ionization, the photoionization and trapping lasers were alternately chopped, so that only ground-
state atoms were ionized. We determine that the photoionization cross section atl5266 nm iss51.7(2)
310220 cm2.
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I. INTRODUCTION

Photoionization of atoms from the ground state is an
portant process in many atomic, molecular, plasma, and
trophysical phenomena. Photoionization is the inverse of
diative recombination, which is also important in plasm
physics. Measurements of photoionization cross sections
be used to test atomic theory. More recently, photoioniza
has been used to detect trapped atoms and molecules@1#.
Since both atoms and molecules are photoionized in the t
it is important to know both the atomic and molecular cro
sections.

The first absolute photoionization cross-section meas
ments of ground-state rubidium atoms were made by Mo
and Boeckner@2# in 1929. The measurements were ma
using a space-charge amplification method in an ioniza
chamber to measure the photoionization cross section
tween 235 and 305 nm. Marr and Creek@3# extended this
range to 120 nm, measuring the attenuation of photoioniz
light in an atomic beam. In both experiments, the consid
able fraction of Rb2 molecules (f mol;0.3%) present may
have affected the measurements@4#. The 1929 measuremen
could not discriminate between atomic and molecular pho
ionization, although the latter cross section may be 2 ord
of magnitude greater at points in the spectrum@5#. The 1968
measurement relied on the linear relationship between
sorption and pressure; however, this method requires an
curate knowledge of atomic and molecular vapor pressu
A 1983 survey@4# found determination of absolute cros
sections was difficult using the reported data due to Rb d
sity uncertainties of 10–80 % for a given temperature.

Additionally, there have been several theoretical calcu
tions of photoionization cross sections, includingab initio
calculations @6,7# and semiempirical calculations@8–11#.
The principal experimental and theoretical results are ta
lated in Table I.

Dinneen et al. @12# reported a method for measurin
photoionization cross sections of cold, trapped, excited
oms. Rubidium atoms in the 5P3/2 state confined within a
magneto-optical trap~MOT! were exposed to ionizing radia
tion and a subsequent decrease in the trap fluorescence
sured to determine the absolute cross section. Subseq
measurements have employed similar trap loss technique
measure cross sections of excitedP andD states of Rb, Cs
1050-2947/2002/66~6!/062704~5!/$20.00 66 0627
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and Mg@13–16#. This work will use a variation of this tech
nique, in which we report measurement of the ground-s
photoionization cross section by alternately chopping
trapping and ionizing radiation incident on the MOT.

II. EXPERIMENT

In this paper, we present the measurements of the ph
ionization cross section of the 5S1/2 state of85Rb using a
MOT. Contrary to the vapor cell and atomic beam expe
ments outlined above, a MOT consists almost entirely
atoms~i.e., f mol!0.3%) @17#. As described below, the cros
section is determined from the time decay of the MOT flu
rescence, which is a result ofatomicexcitation to the 5P3/2
state. As such, even if molecules are present in the MOT,
fluorescence measurement will be unaffected. Finally,
cross section is determined by looking at the time decay
the MOT fluorescence, therefore measurement of the ato
density or calibration of ion detection efficiency is n
required.

The experiment was conducted in a vapor-load

TABLE I. A summary of previous ground-state cross-secti
measurements and theoretical calculations for85Rb.

Work s (10220 cm2) Uncertainty~%!

Experiment@2# 1.8a 50b

Experimentc 1.2a 50b

Experiment@3# 1.9 20110 d

Experimente 1.5 20110 d

Current work 1.7 12
Ab initio @6# 4 a

Ab initio @7# 0.7a

Semiempirical@9# 1.3

aInferred from plot.
bUncertainty estimated from inability to differentiate Rb2 from Rb.
cMohler and Boeckner’s work rescaled by Marr and Creek@3#.
dThe 20% error is inferred from error bars at 248 and 297 nm. T
10% is a minimum estimate of the systematic error from use o
vapor pressure table; this could be as high as 80%.
eMarr and Creek’s rescaled by Suemitsu and Samson@4#.
©2002 The American Physical Society04-1
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magneto-optical trap, contained in a stainless-steel vac
chamber maintained at a background pressure of a
1029 Torr. The vacuum chamber had six orthogonal opti
viewports, through which the circularly polarized trappin
lasers passed. It also had additional viewports beyond th
on the trapping axes, including one for a photodiode to m
sure MOT fluorescence, one for a camera, and one wi
quartz window with a power transmission ofT589%63%
at lP5266 nm, through which the UV photoionizing bea
was sent.

The trapping laser was a temperature-stabilized diode
ser in an external cavity configuration@18#, frequency locked
approximately 2.3 natural linewidths~13.8 MHz! below the
F53→4 trapping transition. The MOT trapping beams we
spatially filtered through a fiber, expanded to 2 cm in dia
eter, and produced a maximum total MOT intensity
8.5 mW/cm2 in the six MOT beams. A separate temperatu
stabilized, frequency-locked diode laser in the external c
ity configuration provided 0.2 mW/cm2 for theF52→3 re-
pumping transition. An axial magnetic-field gradient of 12
G/cm was maintained throughout the experiment, resul
in a trap with radius 170mm. The trap lifetime wast trap
53.560.3 s, which was limited by background gas col
sions.

The UV ionizing radiation was produced by a Cohere
Verdi ~a doubled Nd:YVO4 laser! passed through a Cohere
model MBD-266 frequency doubler. The UV laser outp
was continuous, so an optical chopping wheel was place
the light path. By passing the UV beam through a mecha
cal shutter and a chopping wheel~twice!, 275ms pulses at a
1000 Hz frequency were incident on the MOT. The UV pu
length could be varied from 40ms to about 290ms, and no
significant change was observed in the photoionization c
section as this value was changed. All reported meas
ments were conducted with a UV pulse duration of 275ms.

In order to ensure only cold ground-state rubidium ato
were present during exposure to the UV photoionization
diation, the trapping~and repumping! beams were shut of
using an acousto-optical modulator~AOM! approximately
45 ms before exposure to the UV light. We installed ad
tional switches to ensure no residual rf power was inciden
the AOM crystals when we turned the rf drivers off. Th
trapping beams were turned back on approximately 45ms
after shuttering off the UV radiation, giving a 365ms shutter
width for the trapping beams. The timing of the trapping a
photoionization beams is shown in Fig. 1.

The lifetime of the 5P3/2 state in Rb is 27 ns. For a typica
45 ms delay between the extinction of the trapping lasers
the arrival of the UV photoionization pulse, the excited-st
population fractionf solely due to spontaneous decay fro
the 5P3/2 state is f '102644. At room temperature, the
excited-state population fraction is expected to bef
'10227. Clearly, neither of these contribute any populati
into the excited-state. Any significant excited-state popu
tion must therefore arise from optical pumping into the 5P3/2
state. We make two measurements of this fraction: first,
measured photoionization rate using a 473 nm laser while
MOT beams were shuttered off with the AOMs@19#; and
second, we measure how much of the trapping laser ligh
06270
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incident on the MOT when the AOM shutter is closed. T
first measurement gives an upper limit off ,531026. Since
the excited-state photoionization cross section atlP
5266 nm is about 10217 cm2 @20#, this limit indicates a con-
tribution of less than 1024 to the collected signal.

The ratio of leaked power when the shutter is closed
passed power when the shutter is open~extinction ratio!
through the AOM was measured to be less than 531026,
which accounts for scattering losses in the beam transm
sion optics, and ambient leakage into the vacuum cham
from that scattered light. Thus, the intensity of the reson
light incident on the MOT isI ,1.4 nW/cm2 with the AOM
shutter closed. Using the method of Javanainen@21# with the
notation of Pattersonet al. @14#, we calculate the excited
state fraction in the MOT as

f 5

S I

I S
dD

2S I

I S
dD 11

, ~1!

where I is the incident intensity andI S
d is the saturation in-

tensity at the detuningd, given by

I S
d5I SF S 2d

G D11G . ~2!

I S is the saturation intensity at zero detuning, which
4.44 mW/cm2 in Rb. At our detuning,I S

d524.8 mW/cm2,
giving us an excited-state fraction off ,131025 at the start
of the UV photoionization pulse, implying a contribution o

FIG. 1. Typical timing sequence for the trapping lasers~the
repumping laser is shut off identically to the trapping lasers! and the
photoionization laser. The top sequence shows the coarse timin
which the trapping lasers are on and the UV laser is off to allow
trap to load. The inset shows the detailed timing sequence for
shuttering of the trapping and UV lasers to ensure photoioniza
of the ground-state atoms.
4-2
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MEASUREMENT OF THE PHOTOIONIZATION CROSS . . . PHYSICAL REVIEW A 66, 062704 ~2002!
less than 1023 ~0.1%! to the collected signal. Both estimate
of the excited-state fraction give a contribution to the pho
ionization rate of less than 1023 ~0.1%!. This ensures, we ar
only measuring ground-state photoionization.

The photoionization rates were determined by detec
the decay in trap fluorescence after the UV laser was s
tered on. The trap fluorescence was focused onto a d
photodetector. Unwanted light was blocked using an inter
ence optical filter placed just in front of the photodetect
The interference filter has an optical density atlP greater
than 4 (OD.4), whereas the transmission coefficient at 7
nm is approximately 80%, ensuring that we are only mea
ing trap fluorescence and not the UV laser. The trap fluo
cence was recorded as a function of time both with and w
out ionizing radiation present, that is, both trap decay a
growth curves were collected consecutively. Data w
sampled at 104 Hz, passed through an amplifier~which also
acted as a 100 Hz low-pass filter!. Each data acquisition
involved the averaging of eight consecutive trials, each
which contained a pair of 10 s measurements of trap de
~UV on! and growth~UV off !.

III. THEORY AND ANALYSIS

The number of atoms contained in a MOT~denoted here
asN) is determined by a combination of several characte
tics, principally the collisional loss rate (RL) and the atom
capture rate (Gc). In a vapor-loaded MOT such as ours, t
collisional loss rate will be dominated by collisions betwe
cold-trapped atoms and the hot atoms in the background
The atom capture rate is dependent on the density of b
ground gas atoms in the capture volume of the trapp
beams.

The presence of photoionizing radiation will alter the no
mal balance betweenGc andRL , in a manner that depend
on the photoionization rate (RP), such that the rate of chang
in the number of atoms in the MOT is given by

dN

dt
5Gc2~RL1RP!N5Gc2RTN, ~3!

where we denote the total trap loss rate due to both collis
and photoionization asRT5RL1RP . The equilibrium num-
ber of trapped atoms will therefore shift fromN0

5Gc(RL)21 to N085Gc8(RT)21 in the presence of ionizing
radiation ~the modified atom capture rate accounts for
presence of ionizing radiation in the trapping volume!. The
solutions of Eq.~3! will then assume the forms

N~ t !5N081~N02N08!e2(RT)t ~4!

and

N~ t !5N02~N02N08!e2(RL)t, ~5!

for trap decay in the presence of ionizing radiation and t
growth in the absence of ionizing radiation, respectively.
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A. Determination of RP

To account for any potential drift in the collisional los
rate from experiment to experiment, photoionization dec
and MOT loading curves were acquired sequentially. T
photoionization rateRP was determined by the difference i
the decay and loading rates of these successive mea
ments. Figure 2 shows a typical set of decay and gro
curves. The decay and growth data were independently fi
the functions of Eqs.~4! and ~5!, giving decay and growth
rates ofRT50.47 s21 and RL50.29 s21, respectively. The
resulting photoionization rate is thereforeRP50.18 s21 for
these data.

These measurements were repeated at a variety of
photoionization laser powers~or intensities! to ensure that
we were not saturating the ionization process. The result
these measurements are shown in Fig. 3. A weighted lin
fit to the data indicates thatRP /P54.2(2) J21, and that we
are far from saturating the photoionization transition.
these measurements the UV powerP is the average powe
after the chopper.

B. Determination of s

The photoionization cross sections is determined from
the photoionization rateRP and the characteristics of bot
the UV laser and the MOT. When the intensity of the ion
ing radiation is well below the saturation intensity, as w
have shown to be the case, the photoionization cross sec
is given by

FIG. 2. Typical fluorescence data as a function of time acqui
~a! with the UV ionization laser on~MOT decay!, and ~b! during
loading, after the UV ionization laser was turned off. The data
indicated by gray points, while the solid lines indicate the best
curves through the data. Only every other data point is plotted.
fits to Eqs.~4! and~5! give characteristic decay and growth rates
RT50.47 s21 andRL50.29 s21, respectively.
4-3
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s5
RP~hn!

Ī P

, ~6!

where hn is the energy of the ionizing photon,Ī P is the
average intensity of the photoionization beam seen by
atoms in the MOT, andRP is the measured photoionizatio
rate. The average intensity seen by the atoms will depen
UV laser power and beam size, MOT size, how well the U
laser is overlapped with the MOT, and the window transm
sion.

To measure the intensity of the UV ionizing radiation, w
determined the UV beam profile using a knife-edge meas
ment. The beam was an elliptical Gaussian beam, withe22

half waists ofsx5425(2) mm andsy5631(3) mm at the
location of the MOT~2.5–3.5 times the size of the MOT!.
For such a beam, the peak intensityI 0 seen by the atoms in
the MOT is

I 05
2~PT!

psxsy
, ~7!

whereP is the power incident on the vacuum chamber anT
is the power transmission coefficient of the quartz wind
@22#. The intensity distribution is given by

I ~x,y!5I 0expF2
2x2

sx
2 GexpF2

2y2

sy
2 G . ~8!

We find the average intensity seen by the atoms by avera
this intensity distribution with the spatial distribution of th
trapped atoms projected onto a plane normal to the UV be
propagation. We measured the spatial distribution of
trapped atoms by imaging the photons emitted by the M
onto a charge-coupled device camera. Several measurem
of the two-dimensional profile of the MOT indicate that th
atoms are distributed as

FIG. 3. Photoionization rate measurements (m) plotted as a
function of UV laser power incident on the vacuum chamber. T
solid line ~—! is a weighted least-squares fit to a line pass
through the origin, with a slope ofRP /P54.2(2) J21. The fitting
weights are assigned to the data points in several groups, bas
the uncertainty of the measurements made in each group. The
certainty for each group is represented by an error bar on one o
data points.
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N~x,y!5
2N0

ps2 expF2
2~x21y2!

s2 G , ~9!

whereN0 is the total number of atoms in the MOT, ands
5170 mm is thee22 radius of the trap. Defining the frac
tional distribution of atoms asn(x,y)5N(x,y)/N0, we can
write the average intensity of the ionization laser seen by
atom in the MOT as

Ī P5E
2`

` E
2`

`

I ~x,y!n~x,y!dxdy5
2I 0

s2 A 1

ab
. ~10!

We have used the notation here that

a5
2

s2
1

2

sx
2

,

b5
2

s2
1

2

sy
2

.

For the parameters given above, we calculate the ave
intensity seen by the atoms to be

h5
Ī P

I 0
589%

of the peak intensity in the UV beam. Putting all this t
gether, we can rewrite Eq.~6! as

s5~hn!S RP

P D S psxsy

2Th D . ~11!

The first factor in this equation is the energy of the photo
the factorRP /P is the slope of the best-fit line in Fig. 3, an
the last factor is due to the geometry of our experiment.

C. Sources of uncertainty and conclusions

In Eq. ~11!, there are several potential sources of unc
tainty in the measurement of the cross section. Measu
uncertainty in the power transmission of the UV window
266 nm is about 3%. We measured the uncertainty in
factorh to be approximately 5% by looking at the scatter
the excited-state fluorescence seen when the UV laser
overlapped with the trap. The absolute UV power measu
ment has an estimated uncertainty of about 8%. Errors
are less than 1% include: uncertainties in the UV beam p
files, MOT size, and UV laser frequency drift. The statistic
error from the fit is about 5%. From the measurements
Eq. ~11!, we determine that the photoionization cross sect
at l5266 nm is s51.7(2)310220 cm2. This result is in
agreement with previous measurements and is a facto
2–4 times more accurate. It is not in good agreement w
the semiempirical calculation or the twoab initio theories.

In conclusion, we have made a measurement of
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ground-state photoionization cross section of Rb usin
magneto-optical trap. The technique requires no meas
ment of the atomic~or molecular! density or calibration of
ion detection efficiency; it relies instead on monitoring t
time decay of trap fluorescence in the presence and abs
of photoionizing radiation. The single-photon cross section
l5266 nm was found to bes51.7(2)310220 cm2.
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