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Measurement of the photoionization cross section of theS,, state of rubidium
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We report the measurement of the photoionization cross section foiSfesate of rubidium, using atoms
confined in a magneto-optical trap. A single-photon rate-a266 nm was found by monitoring the decay of
trap fluorescence after exposure to ionizing radiation from a quadrupled Nd;Yag@r. 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 sechen2&6 nm isoc=1.7(2)
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I. INTRODUCTION and Mg[13-16. This work will use a variation of this tech-

nigue, in which we report measurement of the ground-state
Photoionization of atoms from the ground state is an im-photoionization cross section by alternately chopping the
portant process in many atomic, molecular, plasma, and agrapping and ionizing radiation incident on the MOT.
trophysical phenomena. Photoionization is the inverse of ra-
diative recombination, which is also important in plasma

physics. Measurements of photoionization cross sections can Il. EXPERIMENT
be used to test atomic theory. More recently, photoionization _
has been used to detect trapped atoms and molefiles In this paper, we present the measurements of the photo-

Since both atoms and molecules are photoionized in the trajgnization cross section of theSg, state of°Rb using a
it is important to know both the atomic and molecular crossMOT. Contrary to the vapor cell and atomic beam experi-
sections. ments outlined above, a MOT consists almost entirely of
The first absolute photoionization cross-section measureatoms(i.e., f ;,,<0.3%)[17]. As described below, the cross
ments of ground-state rubidium atoms were made by Mohlesection is determined from the time decay of the MOT fluo-
and Boecknef2] in 1929. The measurements were maderescence, which is a result afomicexcitation to the B3,
using a space-charge amplification method in an ionizatiostate. As such, even if molecules are present in the MOT, the
chamber to measure the photoionization cross section béluorescence measurement will be unaffected. Finally, the
tween 235 and 305 nm. Marr and Crefd extended this cross section is determined by looking at the time decay of
range to 120 nm, measuring the attenuation of photoionizinghe MOT fluorescence, therefore measurement of the atomic
light in an atomic beam. In both experiments, the considerdensity or calibration of ion detection efficiency is not
able fraction of Rb molecules {,,,~0.3%) present may required.
have affected the measuremep$ The 1929 measurement  The experiment was conducted in a vapor-loaded
could not discriminate between atomic and molecular photo-
ionization, although the latter cross section may be 2 orders tag g | A summary of previous ground-state cross-section

of magnitude greater at points in the spectiifih The 1968  \oa5urements and theoretical calculations®hb.
measurement relied on the linear relationship between ah-

sorption and pressure; however, this method requires an agyork o (1072 cnp) Uncertainty(%)

curate knowledge of atomic and molecular vapor pressures:

A 1983 survey[4] found determination of absolute cross Experiment2] 1.8 50°

sections was difficult using the reported data due to Rb derExperiment 1.2 50°

sity uncertainties of 10-80 % for a given temperature. Experiment 3] 1.9 20+10°
Additionally, there have been several theoretical calculaExperiment 1.5 20+10¢

tions of photoionization cross sections, includiag initio  Current work 1.7 12

calculations[6,7] and semiempirical calculationg8—11].  Ab initio [6] 48

The principal experimental and theoretical results are tabuab initio [7] 0.7

lated in Table I. Semiempirical9] 1.3

Dinneen et al. [12] reported a method for measuring
photoionization cross sections of cold, trapped, excited atinferred from plot.
oms. Rubidium atoms in theP5, state confined within a PUncertainty estimated from inability to differentiate Rivom Rb.
magneto-optical trapMOT) were exposed to ionizing radia- “Mohler and Boeckner’s work rescaled by Marr and Crgk
tion and a subsequent decrease in the trap fluorescence méahe 20% error is inferred from error bars at 248 and 297 nm. The
sured to determine the absolute cross section. Subsequelti% is a minimum estimate of the systematic error from use of a
measurements have employed similar trap loss techniques t@por pressure table; this could be as high as 80%.
measure cross sections of exciteéndD states of Rb, Cs, ©®Marr and Creek’s rescaled by Suemitsu and Saniggn
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magneto-optical trap, contained in a stainless-steel vacuum o ~ 105k
chamber maintained at a background pressure of about Loters | |||H||||"H||l """”"""" 0
10~° Torr. The vacuum chamber had six orthogonal optical U 12 5] -
viewports, through which the circularly polarized trapping Trappin mﬂm"m" ”""”""”" -1
lasers passed. It also had additional viewports beyond those Lasefsﬁ My -0

on the trapping axes, including one for a photodiode to mea- -
sure MOT fluorescence, one for a camera, and one with a
quartz window with a power transmission of=89%x=* 3%

at \p=266 nm, through which the UV photoionizing beam
was sent. uv

The trapping laser was a temperature-stabilized diode la- Leser //4,_\_//_:"_!:75/2 .
ser in an external cavity configuratiph8], frequency locked iz/ 1 ” ,
approximately 2.3 natural linewidthd3.8 MH2 below the Trappi
F=3—4 trapping transition. The MOT trapping beams were Lasers ‘I—‘_/‘\—,—_/
spatially filtered through a fiber, expanded to 2 cm in diam- 305 ”S'L_ ';'ms_,|
eter, and produced a maximum total MOT intensity of
8.5 mWicnf in the six MOT beams. A separate temperature- FIG. 1. Typical timing sequence for the trapping laséise
stabilized, frequency-locked diode laser in the external cavrepumping laser is shut off identically to the trapping lasars the
ity configuration provided 0.2 mW/chfor theF=2—3 re-  photoionization laser. The top sequence shows the coarse timing, in
pumping transition. An axial magnetic-field gradient of 12.5which the trapping lasers are on and the UV laser is off to allow the
G/cm was maintained throughout the experiment, resultingaP to_load. The inset_ shows the detailed timing sequence _for _the
in a trap with radius 17um. The trap lifetime wasry,, shuttering of the trapping and UV lasers to ensure photoionization
—3.5+0.3 s, which was limited by background gas colli- °f thé ground-state atoms.
sions.

The UV ionizing radiation was produced by a Coherentincident on the MOT when the AOM shutter is closed. The
Verdi (a doubled Nd:YVQ lase) passed through a Coherent first measurement gives an upper limitfof 5x 10~°. Since
model MBD-266 frequency doubler. The UV laser outputthe excited-state photoionization cross section Xt
was continuous, so an optical chopping wheel was placed ifF 266 nm is about 10" cn [20], this limit indicates a con-
the light path. By passing the UV beam through a mechanitribution of less than 10* to the collected signal.
cal shutter and a chopping wheglice), 275 us pulses at a The ratio of leaked power when the shutter is closed to
1000 Hz frequency were incident on the MOT. The UV pulsepassed power when the shutter is opemtinction ratio
length could be varied from 4fs to about 29Qus, and no  through the AOM was measured to be less thanl® °,
significant change was observed in the photoionization crosghich accounts for scattering losses in the beam transmis-
section as this value was changed. All reported measuresion optics, and ambient leakage into the vacuum chamber
ments were conducted with a UV pulse duration of 2&  from that scattered light. Thus, the intensity of the resonant

In order to ensure only cold ground-state rubidium atomdight incident on the MOT id <1.4 nW/cnf with the AOM
were present during exposure to the UV photoionization rashutter closed. Using the method of Javanairgdn with the
diation, the trappingand repumpingbeams were shut off notation of Pattersort al. [14], we calculate the excited-
using an acousto-optical modulatAOM) approximately — state fraction in the MOT as
45 us before exposure to the UV light. We installed addi-
tional switches to ensure no residual rf power was incident at (

the AOM crystals when we turned the rf drivers off. The
trapping beams were turned back on approximatelyu45
after shuttering off the UV radiation, giving a 3gbs shutter f= I— @
width for the trapping beams. The timing of the trapping and 2
photoionization beams is shown in Fig. 1.

The lifetime of the %5/, state in Rb is 27 ns. For a typical
45 us delay between the extinction of the trapping lasers and . o . . 5 . .
the arrival of the UV photoionization pulse, the excited-stateWhe.reI Is the mmdgnt mtgnsny ants is the saturation in-
population fractionf solely due to spontaneous decay from tensity at the detuning, given by
the 5P, state is f~10 %4 At room temperature, the

excited-state population fraction is expected to be s I[(Zé
S|

18
I's

~10 ?". Clearly, neither of these contribute any population 1&=1g | —=|+1]. 2
into the excited-state. Any significant excited-state popula-

tion must therefore arise from optical pumping into thesp

state. We make two measurements of this fraction: first, wés iS the saturation intensity at zero detuning, which is
measured photoionization rate using a 473 nm laser while thé.44 mW/cn? in Rb. At our detuning,|3=24.8 mW/cn,
MOT beams were shuttered off with the AONI&9]; and  giving us an excited-state fraction 61X 10 ° at the start

second, we measure how much of the trapping laser light isf the UV photoionization pulse, implying a contribution of
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less than 10° (0.1% to the collected signal. Both estimates [ & - T =+ T = 1
of the excited-state fraction give a contribution to the photo-
ionization rate of less than 16 (0.1%). This ensures, we are

nm is approximately 80%, ensuring that we are only measur-
ing trap fluorescence and not the UV laser. The trap fluores-
cence was recorded as a function of time both with and with-
out ionizing radiation present, that is, both trap decay and
growth curves were collected consecutively. Data were
sampled at 1DHz, passed through an amplifiewhich also
acted as a 100 Hz low-pass filtelEach data acquisition
involved the averaging of eight consecutive trials, each of
which contained a pair of 10 s measurements of trap decay i ]
(UV on) and growth(UV off). C ]

only measuring ground-state photoionization. M ]
The photoionization rates were determined by detecting = ]
the decay in trap fluorescence after the UV laser was shut- = N
tered on. The trap fluorescence was focused onto a diode '-s ]
photodetector. Unwanted light was blocked using an interfer- 5 I ‘
ence optical filter placed just in front of the photodetector. o r ji
The interference filter has an optical density\at greater e T s s s 1
than 4 (OD>4), whereas the transmission coefficient at 780 @ Time (s)
=
9
(TR
|_
o
=

0 2 4 6 8 10
Ill. THEORY AND ANALYSIS Time (s)
The number of atoms contained in a MQ@denoted here FIG. 2. Typical fluorescence data as a function of time acquired

asN) is determined by a combination of several characteris(a) with the UV ionization laser ofMOT decay, and (b) during
tics, principally the collisional loss rateR() and the atom |oading, after the UV ionization laser was turned off. The data are
capture rateI(¢). In a vapor-loaded MOT such as ours, the indicated by gray points, while the solid lines indicate the best-fit
collisional loss rate will be dominated by collisions betweencurves through the data. Only every other data point is plotted. The
cold-trapped atoms and the hot atoms in the background gafits to Egs.(4) and(5) give characteristic decay and growth rates of
The atom capture rate is dependent on the density of backR;=0.47 s* andR_ =0.29 s'%, respectively.
ground gas atoms in the capture volume of the trapping
beams. . T o
The presence of photoionizing radiation will alter the nor- ~ To account for any potential drift in the collisional loss
mal balance betweeR, andR, , in a manner that depends rate from experiment to experiment, photoionization decay

on the photoionization rateRp), such that the rate of change @1d MOT loading curves were acquired sequentially. The
in the number of atoms in the MOT is given by photoionization raté&}p was determined by the difference in

the decay and loading rates of these successive measure-
N ments. Figure 2 shows a typical set of decay and growth
UN o curves. The decay and growth data were independently fit to
gt~ Lem (RUFReIN=T = RN, ®  the functions of Eqs(4) and (5), giving decay and growth
rates ofR;=0.47 s 1 and R =0.29 s'!, respectively. The
%:esulting photoionization rate is therefoRp=0.18 s for
these data.

These measurements were repeated at a variety of UV
_ - Y 1 L photoionization laser power®r intensitie$ to ensure that
_FF(RL) " to Nof.FC(RT) " in the presence of ionizing we were not saturating the ionization process. The results of
radiation (the modified atom capture rate accounts for thejhase measurements are shown in Fig. 3. A weighted linear
presence of ionizing radiation in the trapping volymehe it 1o the data indicates th&p/P=4.2(2) J1, and that we

A. Determination of Rp

where we denote the total trap loss rate due to both collision
and photoionization aBr=R, +Rp. The equilibrium num-
ber of trapped atoms will therefore shift froniNg

solutions of Eq/(3) will then assume the forms are far from saturating the photoionization transition. In
these measurements the UV powreiis the average power
N(t)=N{+ (Ng—Ng)e Rt (4)  after the chopper.

B. Determination of o

The photoionization cross sectian is determined from
the photoionization rat&p and the characteristics of both
the UV laser and the MOT. When the intensity of the ioniz-
ing radiation is well below the saturation intensity, as we
for trap decay in the presence of ionizing radiation and traghave shown to be the case, the photoionization cross section
growth in the absence of ionizing radiation, respectively. is given by

and

N(t)=Ng— (No—Ng)e~ o, (5)
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0.20 2Ng 2(x*+y?)
N(x,y)=ﬁex;{—T : 9
0.15
o where N is the total number of atoms in the MOT, asd
T 010 =170 um is thee? radius of the trap. Defining the frac-
o tional distribution of atoms an(x,y)=N(x,y)/Ngy, we can
0.05 write the average intensity of the ionization laser seen by an
atom in the MOT as
0.00
) Ié L 1 1 1 n 1 1
0.000 0.010 0020 0030 0.040 0.050 — w o 2 /1
UV Power (W) lp= J’iwﬁwl(x,y)n(x,y)dxdyz ?\/%. (10)

FIG. 3. Photoionization rate measuremeni) (plotted as a We h d th ion h h
function of UV laser power incident on the vacuum chamber. The e have used the notation here that
solid line (—) is a weighted least-squares fit to a line passing

through the origin, with a slope d®p/P=4.2(2) J*. The fitting 2 2
weights are assigned to the data points in several groups, based on a= ? + ?*
the uncertainty of the measurements made in each group. The un- X
certainty for each group is represented by an error bar on one of the
data points. 2 2
b= > + —-
S ay
Rp(hv) 6
7 |_F> ' © For the parameters given above, we calculate the average

intensity seen by the atoms to be

where hv is the energy of the ionizing photon, is the o
average intensity of the photoionization beam seen by the P

atoms in the MOT, andRp is the measured photoionization n=1-=89%
rate. The average intensity seen by the atoms will depend on
UV laser power and beam size, MOT size, how well the UV
laser is overlapped with the MOT, and the window transmis

o

of the peak intensity in the UV beam. Putting all this to-
‘gether, we can rewrite E@6) as

sion.

To measure the intensity of the UV ionizing radiation, we R
determined the UV beam profile using a knife-edge measure- a'=(h1/)<—P M) (11)
ment. The beam was an elliptical Gaussian beam, with PJ\ 2Ty

half waists ofo,=425(2) um and oy=631(3) um at the

location of the MOT(2.5—3.5 times the size of the MQT  The first factor in this equation is the energy of the photon,
For such a beam, the peak intendigyseen by the atoms in the factorRp/P is the slope of the best-fit line in Fig. 3, and
the MOT is the last factor is due to the geometry of our experiment.

_2(PT)

moyoy,’

. (7) C. Sources of uncertainty and conclusions

In Eq. (11), there are several potential sources of uncer-

whereP is the power incident on the vacuum chamber @nd Le:':rc]teyrt;?n:h(einn:r?:Slé)rv?/?ret?;nosTn:ir]s(asig:lozfs tﬁgcﬂgn\}viwggvsvu;fd
is the power transmission coefficient of the quartz window266 am isy about 20/ We measured the uncertaintv in the
[22]. The intensity distribution is given by o y

factor » to be approximately 5% by looking at the scatter in
the excited-state fluorescence seen when the UV laser was
(8) overlapped with the trap. The absolute UV power measure-
ment has an estimated uncertainty of about 8%. Errors that
are less than 1% include: uncertainties in the UV beam pro-
We find the average intensity seen by the atoms by averagirijes, MOT size, and UV laser frequency drift. The statistical
this intensity distribution with the spatial distribution of the error from the fit is about 5%. From the measurements and
trapped atoms projected onto a plane normal to the UV bearkq. (11), we determine that the photoionization cross section
propagation. We measured the spatial distribution of thet A =266 nm iso=1.7(2)x10 2° cn?. This result is in
trapped atoms by imaging the photons emitted by the MOTagreement with previous measurements and is a factor of
onto a charge-coupled device camera. Several measuremeits4 times more accurate. It is not in good agreement with
of the two-dimensional profile of the MOT indicate that the the semiempirical calculation or the tvad initio theories.
atoms are distributed as In conclusion, we have made a measurement of the

X2

2
I(x,y)=|oexr{——2

X
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