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Photoionization-cross-section measurement of the 3°Rb 5 2p; /2 excited state
using microwave cavity resonance spectroscopy

M. A. W. van Ninhuijs ®, J. Beckers

,and O. J. Luiten

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

® (Received 4 August 2022; accepted 21 November 2022; published 23 December 2022)

We present microwave cavity resonance spectroscopy as a technique to determine excited-state photoioniza-
tion cross sections of laser-cooled atoms. We demonstrate this technique by measuring the photoionization cross
section of the 52Ps» (F' = 4) excited state of $5Rb to continuum by creating an ultracold plasma inside a 5-GHz
resonant microwave cavity. We find a photoionization cross section of ~5 x 10722 m? for photon excess energies
of 50, 100, 200, and 500 K above the ionization threshold. The measurements yield a cross section which is
approximately 2 to 3 times smaller than the value provided by existing theory for the 5p excited state of 3°Rb
and two earlier measurements performed with other techniques for similar excess energies.

DOI: 10.1103/PhysRevA.106.063110

I. INTRODUCTION

Photoionization cross sections determine the probability
that an atom is ionized by one or more photons; they are
of fundamental importance for the understanding of many
types of plasmas, such as astrophysical plasmas [1], con-
trolled thermonuclear plasmas [2], and plasmas induced by
extreme ultraviolet irradiation in state-of-the-art photolithog-
raphy tools [3], and for the production of laser-produced
plasmas such as the ultracold plasma (UCP) [4] described in
this paper.

For atoms that are photoionized in a two-step photoion-
ization process, a few experimental techniques have been
developed over the last couple of decades to measure their
photoionization cross section from the excited state to the
continuum. These techniques include the use of a magneto-
optical trap (MOT) [5] and the saturation technique [6]. In the
first technique, atom losses from the MOT by photoionization
are taken into account as an additional loss term in the rate
equations that describe the loading process of atoms in the trap
[7]. By measuring the increase (decrease) of the fluorescence
signal of atoms in the excited state, the photoionization cross
section can be determined.

The saturation technique uses an excitation laser beam that
is operated at intensities higher than the saturation intensity
to create an equilibrium with half of the population of atoms
in the excited state and half in the ground state. Subsequently,
the atoms in the excited state are photoionized with a pulsed
ionization laser with a pulse length that is short compared to
the lifetime of the excited state to prevent excited atoms from
decaying to the ground state. By measuring the number of
ions created as a function of the ionization-laser-pulse energy
and increasing the pulse energy until the ionization laser beam
transition is saturated as well, the photoionization cross sec-
tion can be determined from curve fitting the measured data

*0.j.luiten @tue.nl

2469-9926/2022/106(6)/063110(8)

063110-1

with an exponential fit function. This method allows the cross
section to be determined without having to know the exact
number of atoms present before photoionization, as we will
see later.

The number of ions created in the two-step photoionization
process using the saturation technique can be determined in a
few different ways [1]. For example, Ambartzumian et al. used
two parallel capacitor plates, one held at ground and the other
at a negative potential, in order to collect the ions created from
the photoionization of a metallic vapor between the capacitor
plates [6]. Kallenbach et al. used a setup with a thermionic
diode, in which its cathode was heated [8]. This results in the
thermionic emission of electrons from the cathode and creates
a negatively charged region in its vicinity. By subsequently
photoionizing a metallic vapor of interest in the setup, some of
the emitted electrons are neutralized by the created ions. This
results in an increase of the diode current, which can be used
as a measure for the number of ions created. A third technique
that is being employed is a triple-crossed-beam apparatus, in
which two lasers used for photoionization intersect with a
collimated beam from an atomic oven [9]. The ions created
in the overlap volume of the lasers and atomic beam can be
extracted by a small electric field applied between two electric
grids around the overlap volume. By accelerating the ions
towards a particle detector with the field, the number of ions
in the experiment can be determined. If the ions are, after
extraction, additionally accelerated with a higher electric field
in combination with a drift space, then such a setup can also
be used as a time-of-flight mass spectrometer [10]; this allows
the photoionization cross section of different isotopes of an
atomic species to be determined since ions with a different
isotopic mass will arrive at a different time at the ion detector.

In this paper, we present microwave cavity resonance
spectroscopy (MCRS) as a technique to determine the pho-
toionization cross section. We give a proof of concept of this
technique by measuring the photoionization cross section of
the 5 2P, 2 (F' = 4) excited state of 8Rb using the saturation
technique in combination with a 5-GHz resonant microwave

©2022 American Physical Society
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cavity as a charged-particle detector. For this, we first laser
cool and trap a cloud of 35Rb atoms in a compact magneto-
optical trap, using a diffraction grating chip [11,12] inside a
microwave cavity, and subsequently we photoionize the atoms
in a two-step photoionization process. By using a saturating
excitation laser pulse we excite half of the atomic population
of the 52S1/2(F = 3) ground state to the 52P3/2(F’ =4) ex-
cited state and subsequently photoionize the atoms just above
threshold with a nanosecond pulsed dye laser in order to create
an ultracold plasma. By measuring the shift in the resonance
frequency of the cavity, induced by the ultracold plasma, we
obtain a measure for the number of electrons present in the
plasma immediately after photoionization and thus for the
number of ions as well (since the atoms are singly ionized).
Repeating this measurement for different pulse energies of
the photoionization laser until the ionization transition is satu-
rated too therefore enables us to determine the photoionization
cross section of the excited state of *Rb.

The outline of this paper is as follows. In Sec. I, we briefly
review the theory of the saturation technique. By using rate
equations for the three levels involved in a two-step pho-
toionization process, we derive an expression for the number
of ions created during this process, which can be used to
determine the photoionization cross section from the excited
state. Subsequently, in Sec. III, we discuss the experimental
setup and how our microwave cavity can be used to obtain
the cross section of the 52P;»(F' = 4) excited state of *°Rb.
‘We then show, in Sec. IV, the results of a measurement of the
photoionization cross section for four different wavelengths
of the ionization laser beam and compare them to theoretical
predictions and a few earlier measurements performed by
other groups (Sec. V). Finally, we end with some concluding
remarks and an outlook for further developments.

II. THEORY

Consider a three-level system consisting of a ground state,
an excited state, and an ionized state. The particle number
density of the atoms in the ground state is given by n, the
number density in the excited state is given by n,, and the
number density in the ionized state is given by n;. When an
excitation laser is used to optically pump the atoms from the
ground state to the excited state and an ionization laser is used
to photoionize the atoms near threshold, the change in the
particle number densities as a function of time ¢ for each of
the states is governed by the following rate equations [1,13]:

dl’lc;t(l) = —Rups (1)[n1 (1) — na (1)1, (1a)
d

I”ldzt(l) = Raps()[n1(t) — na(t)] — Rpi(t)nz(t), (1b)
dn;

,;t(t) = Rpi(H)my (1). (1)

Here, R.ns(f) is the photoabsorption rate, and Ryi(f) =
opilpi(t)/Epn 1s the photoionization rate, with op; being the
photoionization cross section from the excited state to con-
tinuum, /,;(¢) being the intensity of the photoionization laser,
and E,;, = hc/A being the photon energy, where A is the wave-

length of the photoionization laser, & is Planck’s constant, and
c is the speed of light.

In the saturation technique, we furthermore assume that the
excitation transition is fully saturated, such that approximately
half of the total atomic number density 7y () = n(t) + na(t)
is in the excited state, i.e.,

na(t) ~ niei(r)/2. 2

Using this fact and adding Eq. (1a) to Eq. (1b) results in the
following differential equation for the excited-state density:

dny (1) _ 1 '
T _ERpl(t)nZ(t)' 3)

Integrating Eq. (3) and using the initial condition n,(0) =
not(0)/2 give the solution for the excited-state density:

1 | .
m(t) = Enmt(O)eXp (—5 fo Rpi(t)dr>. 4)

Suppose the ionization laser pulse, with pulse length 7, starts
to photoionize the excited atoms at time ¢ = 0. The ion density
at time + = t can then be found by substituting Eq. (4) into
Eq. (Ic) and integrating over the ionization-laser-pulse length
7, which gives

ni(t) = /T Ryi(t)na (1)dt
0

= lnmt(O) /T Ryi(t) exp (—l/ Rpi(f)df>dt. (5)
2 0 2 Jo

Equation (5) can be evaluated by integration by substitution
and by substituting the definition of the photoionization rate
Ry into Eq. (5). The particle number density n; of ions created
in the two-step photoionization process then becomes [14]

UpiF
ni(t) = ntot(o)[l — exp <—E>], (6)
p

with
Fe / G )
0

being the fluence (energy per area) of the ionization laser
pulse.

If we furthermore assume that the photoionization laser
beam has a constant fluence F' = Epyisc/A in the overlap vol-
ume of the atoms with the excitation laser beam and ionization
laser beam, with Ep e and A being the ionization-laser-pulse
energy and beam area, respectively, then the number of ions N;
created in the two-step photoionization process follows from
simply multiplying the ion density in Eq. (6) by the overlap
volume V. Hence,

OpiF
Ni = Niat(0)[ 1 — exp e, )| ®)
13

with Ny (0) = ni (0)V being the total of number of atoms at
timet = 0.

Equation (8) is typically used as a fit function to determine
the photoionization cross section with the saturation tech-
nique; by measuring the number of ions created as a function
of the ionization-laser-pulse energy, until the ionization tran-
sition is saturated too, the photoionization cross section can be
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FIG. 1. Experimental setup with the nanosecond ionization laser, laser translation stage, ultrahigh vacuum chamber containing the resonant
microwave cavity (1), and several other parts; a complete description of the setup is given in the text.

obtained from fitting the measured data with this exponential
function.

The advantage of using Eq. (8) as a fit function is that an
accurate determination of the photoionization cross section re-
quires only the wavelength A of the ionization laser and its
beam area in the overlap volume of the lasers and atoms to be
measured; it does not require knowledge of the total number
of atoms present before photoionization since the exponential
behavior of Eq. (8) makes the total number of atoms a fit
parameter as well.

However, in reality, the ionization laser often does not have
a constant fluence in the overlap volume but has a Gaussian
shape, in which the tails of the Gaussian profile can contribute
considerably to the production of ions [15]. This is also true
for the experiment performed in this paper, and we therefore
use an adapted version of Eq. (8), which takes the spatial
profile of the ionization laser beam into account. In Sec. III,
we will discuss this in more detail, together with how the
frequency shift in the cavity, induced by an ultracold plasma,
can be used as a measure for the number of ions present in the
plasma.

III. EXPERIMENT AND METHODS
A. Optical setup

The setup used for the determination of the photoioniza-
tion cross section of S°Rb is depicted in Fig. 1. The main
part consists of an ultrahigh vacuum (UHV) chamber with
a microwave cavity inside (labeled 1) in which a cloud of
85Rb atoms is laser cooled and trapped using a grating chip
MOT, as discussed in previous papers [16,17]. This is done
with a 780-nm cooling laser, which drives the 5 25, p(F =3)
to 52p; ,2(F" = 4) cooling transition nonresonantly and which
enters the cavity through the hole shown in Fig. 1. The laser
also contains sidebands added with an electro-optic modu-
lator to drive the 5 %S 2(F = 2) to 52P;»(F’ = 3) repump
transition to prevent losses of atoms to the 5 25| pF =2)
ground state. To count the number of atoms present in the
magneto-optical trap and to determine the atomic density pro-
file, two infrared cameras are used to image the fluorescence
of the 52p; /2 excited state to the 5 s, /2 ground state: one fast
camera (2) with a zoom lens (3) positioned behind a dichroic
mirror (4) and another camera (5) with a lens (6) that makes a
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one-to-one image of the ultracold atoms from a perpendicular
angle through a 50:50 nonpolarizing beam splitter (BS) cube
).

After the magneto-optical trap has been loaded with atoms,
an ultracold plasma is created by two-step photoionization.
The trapping laser is rapidly turned off with an acousto-optic
modulator to let the atoms in the excited state decay to the
5 28)/> ground state. After 1 us (which is much longer than
the 26-ns lifetime of the excited state), the excitation laser
beam is turned on to resonantly excite the atoms to the 52P3 2
state. The excitation laser beam, which is fiber coupled, is
split off from the trapping laser beam (not shown here) and
enters the setup through a collimator (8). It has a Gaussian
rms size of 3 x 10 um; is linearly polarized, with its angle
of polarization set by a A/2 wave plate (9); and has a typical
power of 1.3 mW upon arrival in the cavity. As a result, the
beam has a peak intensity Iy = 1.3/[27 x (0.03)2] = 2 x 102
mW /cm?, which is much larger than the saturation inten-
sity I = 3.12950 mW /cm? for m-polarized light for the
5282(F = 3)t05%Ps»(F' = 4) cycling transition [18]. This
results in an on-resonance saturation parameter so = I/l =
7 x 10!, and the steady-state excited-state fraction f, will
therefore be f, = %so /(1 +50) & %, which justifies the use of
the saturation technique.

The excitation laser is operated in both pulsed and
continuous-wave (cw) modes. The pulsed mode is used for
performing the measurements of the photoionization cross
section. An excitation pulse with a pulse length of 3 us is
used, which is more than enough for the atoms to reach
the steady-state situation in which half of the atoms occupy
the excited state. In between measurements, when the pulse
energy of the photoionization laser is changed, the excitation
laser is switched to the cw mode in order to monitor the beam
profile and laser power since the energy in a single excitation
laser pulse is not large enough to measure. Monitoring is done
to ensure the laser power is large enough for the excitation
transition to be saturated. To capture the beam profile, an
infrared camera (10) is placed at an optical path length from
the 50:50 BS cube (7), which is the same as the path length
from the 50:50 BS cube to the center of the cavity. The
camera is placed behind a 58:42 nonpolarizing BS cube (11),
which transmits 58% of the light in the forward direction.
The remaining 42% is split off and subsequently divided by
another nonpolarizing beam splitter (12); 50% of the light is
directed to a power meter (13), and 50% is measured with a
fast photodiode detector (14). The latter is used to temporally
overlap the excitation laser pulse with the photoionization
laser pulse in the cavity on an oscilloscope.

After being excited to the 5 Zp, /2 state, the atoms are ion-
ized with a nanosecond photoionization laser. The nanosecond
photoionization laser setup consists of a 1064-nm Q-switched
Nd:yttrium aluminum garnet (YAG) laser used to pump a
480-nm tunable pulsed dye laser at a repetition rate of 10 Hz;
the Nd:YAG laser has two crystals on its output side, used
for second-harmonic generation (532 nm) and sum-frequency
generation (355 nm). Two dichroic mirrors (15 and 16) are
used to filter out the 1064- and 532-nm components, and the
remaining 355-nm pulses are subsequently used to pump a dye
of Coumarin 480 in the dye laser in order to generate 480-nm
nanosecond laser pulses. The exact wavelength of the dye

laser pulses is set by the angle of a diffraction grating inside
the dye laser and is monitored throughout the experiment with
a Fizeau interferometric wavemeter by splitting off 1% of the
output beam power with a beam sampler (17) and coupling
the light into a collimator (18) connected to the wavemeter.
The pulses have a Gaussian beam profile with an rms size
of 1.1 by 0.8 mm? in the x and z directions, respectively
(see Fig. 1), and a pulse energy up to ~500 wJ upon arrival
in the cavity, with a FWHM pulse length of 6 ns. The dye
laser pulses photoionize the atoms with a delay of 250 ns with
respect to the start of the excitation laser pulse in order to let
the atoms obtain a steady-state excited-state fraction f, ~ %
before photoionization.

A computer-controlled translation stage steers the ioniza-
tion laser beam in the xz plane of the cavity (see Fig. 1), which
simplifies overlapping the ionization laser beam with the ex-
citation laser beam considerably, without having to manually
adjust the angles of several mirrors in the optical path before
the cavity. The stage also contains a computer-controlled A /2
wave plate (19) in front of a polarizing BS cube (20) which
can be used to control the pulse energy of the ionization laser
beam by changing the angle of the wave plate.

The ionization laser beam is focused towards the cavity
with a lens (21) attached to the translation stage, and its
beam profile is measured with a camera (22). The camera
was placed behind a 90:10 nonpolarizing BS cube (23) at
a distance that is the same as the optical path length from
the nonpolarizing BS cube to the center of the cavity. This
was done in order to measure the size of the ionization laser
beam, which is crucial for the correct determination of the
photoionization cross section. A fast photodiode detector (24)
is used in combination with another fast photodiode detector
(14) to temporally overlap the ionization laser with the excita-
tion laser beam. A computer-controlled A /2 wave plate (25) in
front of the UHV chamber is used to change the angle of the
linearly polarized ionization laser beam, and a power meter
(26) behind the UHV chamber measures the pulse energy of
the nanosecond laser pulses. Since the UV-grade fused silica
windows of the UHV chamber transmit only 92% of the light
at 480 nm, we correct for the decrease in pulse energy arriving
at the power meter in the analysis.

In order to spatially overlap the excitation laser beam with
the ionization laser beam and the ultracold atomic cloud, the
following procedure was followed. First, the trapping laser
beam was kept on all the time, and the ionization laser beam
was moved in the xz plane with the translation stage un-
til the laser overlapped with the laser-cooled atomic cloud.
Then, the trapping laser beam was turned off just before
photoionization, and the excitation laser beam was turned on.
Subsequently, the excitation laser beam was moved in the
cavity until it overlapped with both the ionization laser beam
and the ultracold atomic cloud. A good overlap was achieved
by maximizing the measured shift in the resonance frequency
of the cavity, induced by the ultracold plasma, at the moment
of photoionization.

B. Microwave cavity resonance spectroscopy

The shift in the resonance frequency Aw of the cavity was
measured as a function of time ¢ with the data-acquisition
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system discussed in previous papers [16,17,19] and is related
to the electron density of the ultracold plasma by [20]

Aa)(t) &2
wo 2meeoa)o

7, (1). €))

Here, wy is the resonance frequency of the unperturbed cavity,
e is the elementary charge, ¢ is the vacuum permittivity, m,
is the electron mass, and the quantity 7, is the field-averaged
electron density, which is defined as

Jy, me(e DIE@®Pdr

ﬁe(l) = fvcav |E(r)|2d3r

, (10)

with n, being the local electron density at positions r in the
cavity; E being the electric field of the used resonant eigen-
mode in the cavity, which is the TMy;o mode in our case; and
V.av being the cavity volume.

Since the electric field is constant in the region V), in the
cavity where the ultracold plasma is created, i.e., E(r) = EyZ,
with E being the electric-field amplitude and Z being the unit
vector in the z direction, it can be taken out of the integral.
This makes the field-averaged electron density at time t = T
(the moment the plasma is created) a direct measure for the
number of electrons in the cavity. Hence,

[y ne(r, )| Eo2|*d*r
,

n.(r) = fvmv |E(r)|2d3r

= CN,(7). (11)

Here, N, is the total number of electrons in the plasma, and the
constant C = EJ/ fvm |E(r)|?d>r is a proportionality constant
that relates the field-averaged electron density to the number
of electrons.

This basically makes the microwave cavity a charged-
particle detector and therefore ideal for the measurements
of the photoionization cross section using microwave cavity
resonance spectroscopy in combination with the saturation
technique.

However, in MCRS, the measured signal (field-averaged
electron density) is related to the free electrons present in
the plasma and not to the ions, as is the case in the satura-
tion technique. To obtain a fit function that, in the case of
MCRS, relates the measured signal to the pulse energy of
the ionization laser and in addition takes the spatial profile
of the ionization laser into account (as discussed in Sec. II),
we rewrite Eq. (11) in terms of the ion density and use the ex-
pressions derived in Sec. II. Since the plasma is quasineutral,
i.e., n, ~ n;, the field-averaged electron density becomes

fie = CN, ~ cf ni(r)d’r, (12)
\%

P

with n; being the ion density given by Eq. (6). Substitution
into Eq. (12) yields

ne = C/ nmt(O)[l — exp <—
v,

P

opiF (x, 2)

dxdydz. (13
) o

The ionization laser in our experiment has a Gaussian beam
profile and enters the cavity along the y direction (see Fig. 1).
The fluence F of the ionization laser in Eq. (13) is therefore

given by

Eouise x2 Zz
F(x,7) = ﬁexp <—— - —>, (14)
X0z X 4

with E,ys being the pulse energy of a single ionization laser
pulse and s, and s, being the rms sizes of the laser beam in
the x and z directions of the cavity, respectively. The atomic
density profile n, of the laser-cooled and trapped atoms in the
magneto-optical trap is given by a Gaussian density profile as
well:

Neot X2y 2 15)
not=——>——exp|l—=>—-——=—1.
© T @rnylooe. T\ 202 207 207

with Ny being the total number of atoms in the MOT before
photoionization and oy, oy, and o, being the rms sizes of the
atomic cloud in the x, y, and z directions, respectively.

Substituting the total atomic density profile [Eq. (15)] into
Eq. (13) then gives

_ CNa / / , ~
e 2700 P 202 20
F
X |:1 —exp(—%—m>]dxdz. (16)

2E

Here, we made use of ffooo exp(—y? /2c7y2)dy = \/an since
the ionization laser pulse propagates in the y direction and can
therefore ionize excited atoms at all y positions along its path.

Equation (16) replaces the original fit function (8) used
to determine the photoionization cross section; it takes the
nonconstant fluence of the ionization laser beam into account
and, since the atomic cloud is not much larger than the ion-
ization laser beam size, the size of the atomic cloud as well.
In the next section, this equation will be used to determine the
photoionization cross section.

IV. RESULTS

We laser cooled and trapped a cloud of 3*Rb atoms with,
on average, ~3.4 x 107 atoms, and rms sizes o, = 0.8 mm,
oy = 0.6 mm, and o, = 0.4 mm. Subsequently, we photoion-
ized the cloud, as discussed in the previous section; we turn
off the trapping laser, wait for 1 us to let the atoms decay
to the ground state, and then turn on the saturating excita-
tion laser. After 250 ns from the start of the excitation laser
pulse, we photoionize the atoms with the nanosecond laser.
We measured the field-averaged electron density as a function
of time for 10 different pulse energies of the nanosecond laser.
In Fig. 2, the measured field-averaged electron density directly
after photoionization is plotted as a function of the pulse
energy for ultracold plasmas with four different initial electron
temperatures: 50, 100, 200, and 500 K. The rf electric-field
strength Ej in the cavity was set to Ey ~ 0.5 kV/m, except
for the measurement of the plasma with an initial electron
temperature of 500 K; in the latter case, Ey ~ 1.0 kV/m,
which results in a better signal-to-noise ratio of the cavity’s
frequency shift and explains why the error bars on the data
points in the 500-K graph in Fig. 2 are smaller than the rest.

From curve fitting the four measurements with Eq. (16),
we found a cross section for photoionizing the 5%P;)»(F' =
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FIG. 2. Black dots: measured field-averaged electron density 7, as a function of the pulse energy Ey. of the nanosecond photoionization
laser for ultracold plasmas with different initial electron temperatures. Blue curves: fits of the measured data using Eq. (16). The error bars in
the 500-K graph are smaller than in the other graphs since the measurements were carried out for an rf electric-field strength Ey ~ 1.0 kV/m
in the cavity, whereas Ey = 0.5 kV/m for the measurements of the other graphs.

4) excited state of ¥Rb of (5£2) x 10722 m?, (6+2) x
1072 m?, (54+2) x 107 m?, and (4.9 +0.9) x 1072> m?
for UCPs with initial electron temperatures of 50, 100, 200,
and 500 K, respectively.

In comparison with theory and two earlier measurements
performed by other groups, we find a cross section that is a
factor of 2 to 3 lower. Regarding the theoretical value, to the
best of our knowledge, the photoionization cross section has
not been calculated for the 52p; 2(F' = 4) state, only for the
5p state of 3°Rb, which gives a cross section with a value
between 12.5 x 1072 and 14 x 1072> m? at the ionization
threshold, depending on the central-field model used [21].
This makes it difficult to quantitatively compare our mea-
surement with the theoretical value, and therefore, the cross
section should be calculated by taking the (hyper)fine struc-
ture of 3Rb into account.

Two earlier measurements performed for the photoioniza-
tion cross section of the 52P3/2 state, one with the MOT
loading technique discussed in Sec. I and the other with the
saturation technique on a collimated atomic beam, yielded
values that are comparable with each other and are slightly
higher than the theoretical value: Gabbanini et al. found a
cross section of 14.8(22) x 1072> m? with the MOT loading
technique [7], while Nadeem and Haq reported a cross sec-
tion of 15 x 10722 m? with the saturation technique, with a
total uncertainty of 16% [22].

V. DISCUSSION DISCREPANCY

Potential sources of error in our measurements that could
lead to a lower value for the photoionization cross section than
in earlier measurements are a slightly detuned excitation laser
beam, a larger photoionization beam area than expected, the
tails of the Gaussian laser-cooled atomic cloud not being
completely saturated due to the finite size of the excita-
tion laser beam, and losses of atoms to the 5 25, pF =2)
ground state due to the absence of a repump laser beam
during the excitation of atoms. Below we estimate the error
for each of those causes, and we find that their individual
influence on the photoionization cross section is rather small
(£28%).

First, the excitation laser might, in practice, have a small
detuning due to a mismatch between the frequency where
we lock the laser and the 5 281 2(F = 3) to 52P;o(F' = 4)
atomic transition frequency. This could decrease the excited-
state fraction f,. However, the laser is typically locked within
one natural linewidth I' of the atomic transition, so we es-
timate f, to be at least f, = %so/(l + 50 + 482/F2) ~ 047,
with § being the laser detuning with respect to the transition,
I'/2r = 6.07 MHz being the natural linewidth of the D,
line transition of ¥Rb [18], and so =7 x 10! as discussed in
Sec. III. Replacing the factor of % in the exponential of the
fit function [Eq. (16)] by 0.47 therefore leads to a maximum
increase of the photoionization cross section by ~7%.
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Second, a difference in the optical path length from the
nonpolarizing BS cube (labeled 23 in Fig. 1) to the center of
the cavity (1) and from the same BS cube to the CCD of the
photoionization camera (22) might lead to an underestimate
of the photoionization laser beam area. However, we estimate
the difference in the optical path length to be less than 1 cm.
Since we use a positive lens (21) with a long focal length of
25 cm to decrease the beam size of the photoionization laser,
the beam area does not change considerably along its typical
40, = 2.4-mm path through the atomic laser-cooled cloud
and changes by maximally 28% along a 1-cm optical path
difference (for comparison, the Rayleigh length is 1.7 cm).
Hence, this will lead to a maximally 28% higher cross section.

Third, since the excitation laser beam size is comparable
to the size of the laser-cooled atomic gas cloud, the fraction
of atoms in the excited state at the tails of the Gaussian
atomic density distribution is less than % To estimate the
influence on the photoionization cross section, we can correct
for this again by replacing the factor of % in the exponential of
the fit function [Eq. (16)] by the excited state fraction f, =
%so(r)/ [so(r) 4+ 1] as a function of position, with so(r) =
Iexc (r) /Iy being the earlier defined on-resonance saturation

parameter and
S
P\ T2

being the spatial intensity profile of the excitation laser beam,
with P being the peak power and ¢, and ¢, being the rms sizes
of the laser beam, respectively. Performing the correction
with the measured P = 1.3 mW and ¢, = ¢; =3 X 107 um
leads to an ~20% higher cross section, so the effect of the
nonsaturated tails of the atomic cloud on the photoionization
cross section is not very large.

Fourth, since the excitation laser beam does not contain
sidebands for the repump transition, atoms could be lost to
the 5 2S5, s2(F = 2) ground state due to off-resonant excitation
of the 52py ,2(F' = 3) state. However, for the given saturation
parameter s) = 7 x 10!, the steady-state fraction of atoms
in the F’ = 3 excited state, which has a detuning §/27 =
120.64 MHz with respect to the F' = 4 state [18], becomes
only %so/(l + 50 + 482 /T'%) = 0.02. Suppose that, in a worst-
case scenario, all atoms from the F’ = 3 excited state decay to
the F = 2 ground state during the 250 ns between the start of
the excitation laser pulse and the start of the ionization laser
pulse; then only 0.02 x (I'/2m) x 250 ns = 3% of the atoms
will be lost. The absence of a repump laser beam during the

Iexc (I') = (17)

27T§v§z

excitation of atoms will therefore not significantly change the
values found for the photoionization cross section.

Finally, the uncertainty in the wavelength of the photoion-
ization laser and the stability of the other parameters in the
fit function (16) seem to have a negligible effect on the pho-
toionization cross section when correcting for this. Hence,
for future experiments the earlier-mentioned effects should
therefore be taken into consideration first when repeating a
measurement.

VI. CONCLUSIONS AND OUTLOOK

We have demonstrated microwave cavity resonance spec-
troscopy as a technique to measure the excited-state pho-
toionization cross section of laser-cooled atoms. We used a
diffraction-grating-based magneto-optical trap inside a cavity
to laser cool and trap a cloud of 3Rb atoms and showed that,
by creating an ultracold plasma with a saturating excitation
laser beam and by varying the pulse energy of a pulsed dye
laser until the dye laser beam transition is saturated as well,
we could measure the photoionization cross section of the
52p; /2(F' = 4) excited state of 85Rb to the continuum. The
measurements give a cross section of ~5 x 1072> m? for
initial electron temperatures of 50, 100, 200, and 500 K. The
found cross sections are approximately a factor of 2 to 3 lower
than the theoretical value for the 5p state of *Rb and two
earlier measurements performed with different techniques.

We investigated several potential sources of error that, in
our case, could lead to a lower value than reported before;
however, we found that their individual influence on the total
photoionization cross section is not very large. Nevertheless,
their combined effect should be considered and reduced when
repeating an experiment. In addition, since the cross section is
known only for the 5p state from the literature and not for
the 52P32(F' = 4) state, a completely proper comparison of
our measurements with the theoretical predictions is not yet
possible. A more extensive calculation should be performed
that takes the (hyper)fine structure of °Rb into account.
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