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A single Ba' atom was confined in a radio-frequency ion trap and cooled by near-resonant laser
light. Quantum jumps into and out of the metastable 5d 2D, level were observed that followed the
expected exponential distribution in dark periods to good agreement. Measurement of quantum-
jump distributions together with careful measurements of the absolute partial pressures of all resid-
ual gas species enabled accurate measurements of the quenched 5d D5, lifetime as a function of
quenching gas pressure. Measurements of quenching were observed at pressures where the mean
collision rate was on the order of 1 s~!. The results yielded quenching rate constants for the meta-
stable level for a series of gases that typically make up the residual gas environment of ultra-high-
vacuum systems (H,, He, CH,, H,0, CO, N,, Ar, and CO,) together with an improved value of the
5d 2D, radiative lifetime of z,=34.5+3.5 s. The above quenching rate constants were then com-
pared with classical ion-molecule collision theory. It was found that the quenching rates for molec-
ular gases were comparable to the classical collision rates, while the rates for atomic gases were con-
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siderably lower.

I. INTRODUCTION

The realization of the confinement and observation of
single ions has provided new opportunities in laser spec-
troscopy and studies of atomic physics at the single-atom
level.'? Long interrogation and confinement times for
the ion allow the possibility to examine transitions with
very narrow linewidths without transit-time broadening.’
The use of laser cooling has enabled reductions in the ion
kinetic energy into the millikelvin level thus avoiding
problems encountered with Doppler broadening and
shifts. Some transitions for trapped ions have been sug-
gested as frequency standards.® > In addition, studies of
single ions have enabled the observation of ‘“quantum
jumps” into and out of the ion’s metastable state by mon-
itoring the interruption of fluorescence from the ion cy-
cling on a strongly allowed transition.®”® Not only has
this effect been a source of theoretical discussion,” ™! it
allows the unique possibility of monitoring the ion’s
internal state. It is possible to observe whether the ion
has undergone an excitation into the metastable level via
a weak transition with near unity detection efficiency.’
By being able to monitor the single ion’s internal state
under such well-controlled conditions, one is also able to
study the effects of the ion’s external environment upon
the atomic system. Previous observations of quantum
jumps from the Ba™ atom by Nagourney, Sandberg, and
Dehmelt® and Sauter er al.'? have shown a sensitivity to
quenching collisions affecting the long 5d 2D ,» metasta-
ble lifetime (1 =35 s). In our present work, we have ex-
amined the effect of background gas collisions on the ion
by observing the quantum jump statistics of the barium
ion subject to the presence of buffer gases at pressures
(1078-107° Pa) where the mean binary collision time is
on the order of the 5d 2D, radiative lifetime. From this
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work, we have obtained a value for the natural radiative
lifetime of the 5d °Ds,, level and accurate quenching
rates of the metastable level for gases which typically
make up the residual gas environment of high vacuum
systems (H,, N,, CO, CO,, CH,, He, Ar, and H,0). The
determined quenching rate constants were then com-
pared with classical ion-molecule collision theory. The
results show that the quenching rates for molecular back-
ground gases are comparable to the classical ion-
molecular rates, while the observed rates for atomic gases
such as He and Ar are two orders of magnitude below the
classical collision rates.

II. EXPERIMENTAL PROCEDURE

A. Experimental apparatus

The confinement of the single Ba* atom is provided by
a small radio-frequency (rf) trap. The construction of the
trap is similar to that used by others®!>!* in single-ion-
trapping and laser-cooling experiments and is shown in
cross section in Fig. 1. The ring and endcap electrodes
are formed from nonmagnetic stainless steel with the end-
cap electrodes (type 303 stainless) possessing a hemi-
spherical surface of r =1.4 mm radius of curvature, while
the ring electrode was formed from a 2-mm-thick plate
(type 304 stainless), which had a 1.4-mm hole drilled and
later machined into semicylindrical cross section. The
characteristic trap dimensions from trap center to the
endcap and ring electrodes were z,=1.0 mm and r,=1.4
mm, respectively. An applied rf drive voltage of ¥;=300
V amplitude at a frequency of f,=5.0 MHz was em-
ployed. Under such conditions, the effective pseudopo-
tential well depth!® in the axial and radial directions is
calculated to be D,=15.9 V and D,=8.0 V. A nearby
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FIG. 1. Cross-sectional view of ion trap electrodes together with laser excitation beam and ion fluorescence collection angles.

oven biased negative (¥V=—60 V) relative to the ring-
electrode potential produced beams of both neutral bari-
um and electrons which provided a simple technique for
the formation of single ions in the trap under high vacu-
um conditions (P <1077 Pa).'® Laser cooling and fluores-
cence excitation of the barium ion was provided by exci-
tation on the 6p 2P, ,,—6sS,,, (A=493.5 nm) and the
6p *P,,,-5d *D, ,, (A=650.0 nm) transitions (see Fig. 2)
from two commercial ring dye lasers (Coherent 699-21).
The 493.5-nm radiation was provided by pumping a Cou-
marin 102 dye solution using multiline violet radiation at
3.0 W from a commercial Kr™ laser thus providing 100
mW output power. The desired 650-nm light was provid-
ed by pumping a dye solution of DCM with 5.0 W at 514
nm from a commercial Ar* laser, giving a dye laser out-
put power of 300 mW. With the use of these pump
sources and laser dyes, operating periods of up to 50 h
could be achieved without dye change and observed ion
storage times up to 12 h were obtained. Characteristic
linewidths from the dye lasers were on the order of 1
MHz. The output from the two dye lasers were attenuat-
ed and collinearly overlapped before being focused within
the trap vacuum chamber. During the present experi-
mental work, an excitation beam of diameter of D =250
pm was used to illuminate the trap center with incident
laser powers being 10—100 uW. The detection of the ex-

~«——» Co0l
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FIG. 2. Partial energy-level diagram of Ba® showing laser
excitation and cooling transitions together with the lamp excit-
ed transition used for excitation into the 5d 2Ds , level.



41 QUANTUM JUMPS AND THE SINGLE TRAPPED BARIUM . ..

cited Ba* atom was achieved by blocking all but the
desired 493-nm S-P fluorescence with a narrow band
filter and by imaging the trap center on a pinhole aper-
ture, which was located in front of a photon counting
photomultiplier (Hamamatsu R646) system (see Fig. 3).
The output from the photomultiplier was fed into a
matched preamplifier (Hamamatsu C716) and the result-
ing signal was sent into a single channel analyzer (Can-
berra 2015A). Detected counts were then converted into
an analog count rate signal via a ratemeter (Canberra
1481L). The effective ratemeter time constant was
t.=0.4 s. The output photon counting rate from the ion
could then be stored by computer or displayed on a chart
recorder. The total efficiency of the system including
light collection solid angle, filter losses, and photomulti-
plier sensitivity is estimated to be 2X 1073,

For efficient laser cooling,!” both lasers tuned to the
S-P and P-D transition were detuned slightly below line
center by approximately —20 MHz. Due care was exer-
cised to avoid the condition of equal detuning of the S-P
and P-D transitions where coherence effects between the
two driving fields interacting with the atom produce a
null in the P state population and reduce the detected S-P
photon rate.'*!® Examinations of the P-D line shape
were performed by fixing the frequency of the 494-nm
source near line center and scanning the 650-nm laser fre-
quency through the resonance. It was observed that the
line shape envelope followed a smooth Voigt-type profile
for frequencies up to the resonance line center. The
fluorescence rapidly dropped for detunings above line
center corresponding to laser heating of the ion. No evi-
dence of micromotion broadening or line splitting of the
line shape'* (due to the ion being displaced from the
center of the rf quadrupole field) was observed, and possi-
ble resulting Stark effects on the metastable D level are
considered negligible. From the line-shape measure-
ments, an upper limit to the kinetic temperature of
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T <10 K has been determined. As a final note, a weak
magnetic field of 5X107° T was present along the in-
cident laser direction. This field is employed to prevent
optical pumping of the Ba™ into the m; = +3 sublevels of
the 2D3/2 State.l4

Excitation into the 5d 2D ,, metastable level was pro-
vided by weak excitation of the 6s2S,,-6p 2P,
(A=456 nm) level, which can relax into the 5d 2D ,, lev-
el by radiative decay. A commercial barium hollow
cathode lamp was used to provide the desired excitation
at 456 nm. The light from the lamp was filtered and
weakly focused into the ion trap chamber. The lamp pro-
vided excitation into the metastable level at a rate of 0.1
s~!. Mechanisms of excitation into and out of the level
by Raman-Stokes transitions of the driving laser fields
(see the Appendix) were of negligible effect.

B. Measurement of gas partial pressures
and calibration of gauges

One of the most critical parameters required in the
present study was the accurate measurement of the abso-
lute partial pressures of the gas species present during a
particular quenching study. In our vacuum system, the
ion trap was housed in a chamber formed from a stainless
steel block which has three orthogonal channels of
r=1.7 cm bored, thus allowing six access ports into the
chamber. Two ports possessed Brewster windows for the
input and exit of the excitation and cooling radiation,
while a third window was used as the port for fluores-
cence detection. At the rear of the trap chamber, a mul-
ticross port of r=1.7 cm was connected. This port led
individually to the vacuum gauges and analyzer, the ti-
tanium sputter-ion triode pump (Varian No. 911-5030,
rated at 15 1/s for N,), and a low-flow-rate leak valve
(Varian No. 951-5106). The individual lengths of the tub-
ing from the center of the multicross port were 10 cm to
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FIG. 3. Schematic diagram of experimental setup.



2624

the trap chamber, 13 cm to the gauges, and 32 cm to the
ion pump. During experimental runs the total pressure
and gas composition were monitored by an ion gauge and
mass spectrometer. The ion gauge used was a nude
Bayard-Alpert type (Granville-Phillips No. 274 023),
which we fitted with a thoria coated tungsten filament
designed for low operating temperatures, while the gas
analyzer (Anatek Dycor M100) was a quadrupole mass
spectrometer. The gas leak valve opened directly into the
multicross port, thus the only pressure difference from
pumping the inlet gas was due to the pumping of the
gauges across the impedance of the 13-cm tube and of
outgassing of the trap chamber across the impendance of
the 10-cm tube. Measuring these effects and taking the
system conductances into account yielded the result that
these effects were negligible ( < 1% of gauge readings) in
comparison to the relative and absolute errors of the
gauges.

During experimental runs, a particular gas was em-
ployed from the ones used in our study (H,, He, CO,
CH,, N,, H,0, Ar, and CO,, >99% purity) and intro-
duced through the leak valve. At each setting of the
valve, the ion gauge was read and an analyzer scan was
taken of the individual masses of interest. The lowest
pressures attained in our study were in the vicinity of
3% 1078 Pa. In most gas studies, pressures in the region
of 1077-107° Pa were used. For He and Ar, the quench-
ing rates were found to be quite low (10° s™'Pa™!), thus
pressures in the range of 107%~107° Pa were employed.
In order to obtain reliable absolute pressure readings for
our residual gases in the experimental chamber, a calibra-
tion of our system was performed in conjunction with our
Laboratory for Basic Standards pressure group. A de-
tailed description of the calibration procedure has been
given elsewhere.!® Briefly, initial linearity and calibration
of our ion gauge were measured over the range of
107-107?% Pa in N, using a Knudsen expansion ap-
paratus. Linearity of the mass spectrometer was per-
formed by calibrations of the mass spectrometer versus
ion gauge for the gases used. Absolute calibration of the
individual gas pressures were obtained using a spinning
rotor gauge transfer standard. The spinning rotor gauge
was calibrated relative to the Knudsen expansion ap-
paratus over the range of 10”*~100 Pa. An intercompar-
ison of the ion gauge and the rotor gauge was performed
in our experimental chamber using all gases employed in
the present quenching measurements by taking compar-
ison readings of three per decade from 6X10™* to 107!
Pa. The ion gauge was then used to transfer the rotor
gauge calibrations down into the ultra-high-vacuum re-
gion (1077-107° Pa). In summary, the best one-o repro-
ducibility of the mass spectrometer was +10% over
0.1-20 uPa. The accuracy of the calibration overall is
+13% of total pressure.

C. Experimental procedure and correction
of observed dark periods

In the present experimental study, the quenching rate
coefficients for the 2Dy, level of Ba* were determined by
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measuring the lifetime of the metastable level as a func-
tion of the partial pressure of a particular quenching gas.
Due to the presence of a number of residual gases at high
vacuum, partial pressures of all mass species were mea-
sured during each experimental run. Quantum jump data
sets recording the duration of each dark period of ap-
proximately 50 jumps were taken at each applied pres-
sure. It was possible to control the excitation rate into
the 5d 2D »2 level by adjusting the intensity of the reso-
nant 2S,,-2P;, light being emitted by the hollow
cathode lamp. Typical excitation into the 2Ds,, level
during these studies were 0.05-0.1 s~!. With any one
particular gas study, at least ten data sets were collected.
Measurement of the dark period duration was performed
by a computer monitoring the fluorescence signal provid-
ed by the count rate meter. Due to the time constant of
the counting system, a transition from the fluorescing
state at count rate r; +r; to the dark state r; (r; is due to
the background scattered light into the detector) is con-
sidered to occur when the observed count rate is less than
r;/e +ry. Return to the fluorescing state is defined as the
time the count rate returns to r;(1—1/e)+r,;. For an
ideal system with a time constant ¢., the observed time
T, corresponding to an actual dark period duration T
would be

To=tIn[exp(T /t,)—1] . (1)

For our system, the time clock is updated only at 0.1-s
intervals. The count rate meter has filter circuits as well
as a count integration time constant. Due to these fac-
tors, observed dark times shorter than 7, <0.5 s were
not recorded by the system. It can be shown?®® that for an
exponential distribution W =R _exp(—R_T) the
mean of values T larger than ¢, is

pL=1/R_+1, . 2)

(The modified distribution remains exponential in form
and the mean is simply shifted by the new origin #,.) We
may thus correct for our measured mean by simply sub-
tracting our chosen lower limit period .. Although for-
mula (1) may be used in correcting the measured dark
times for our quantum jump data, a further calibration
was performed of the count-rate meter using a 1-kHz
pulse train (simulating the 1500 cps of the ion fluores-
cence), which was interrupted for known periods 7. A
calibration curve of the observed versus applied dark
times was obtained and used to obtain actual dark times
from the observed values. A similar calibration was per-
formed for short bright times. From this calibration, the
estimated error in calculating T from T, is 0.05 s for
T,>0.5s. Finally, if the strong fluorescence bright times
between two successive quantum jumps were to be so
short that it was not registered, the result would yield a
dark time of improper long duration. It can be shown
that the probability of an undetected double jump® into
the D5, level is
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R,R_{[ty(R,—R_)—1lexp(—R _t;)+exp(—R . t;)}

Py(1,)=
2ta (R, —R_)?

where R ;. and R _ are the excitation rate into and out of
the metastable level and t; is the minimum high fluores-
cence period detectable. In our case t;=0.6 s and for the
values of R ; and R _ used in our experiment, the correc-
tions arising from this effect are less than 2%, much
smaller than the statistical uncertainty of the lifetime due
to the finite data set.

For the studies with CO,, a number of anomalous dark
periods were observed. This effect has been explored in
detail®® and has been ascribed to the Ba™ being “shelved”
into a long-lived metastable complex which is then des-
troyed by a subsequent collision and returns to fluores-
cence (see Sec. III D). To remove these anomalous dark
times from our data, we note that the mean of an ex-
ponential distribution W =R _exp(—R _T) truncated
above T=u /R _ is

—exp(—u)(1+u)

_ 1
py =(1/R-) l—exp(—u)

4)

Dark periods much larger than 1/R _ may be separated
from the 2D, dark periods by an appropriate choice of
u. A x* test was used for this purpose.?’ The most prob-
able lifetime of the metastable state may be calculated
from the jumps by setting ¥ =4.5 and employing values
below T=u /R _.

III. RESULTS

A. Observation of quantum jumps

An example of the observed quantum jumps in fluores-
cence signal of the ion excited into the 5d 2Ds ,, level is
shown in Fig. 4. As can be seen, the ratio of the detected
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FIG. 4. Observed quantum-jump dark periods in the
6p 2P, ,,—6s S, ,, fluorescence due to excitation into and out of
the 5d 2Ds,, metastable level at background pressures of (a) 30
nPa and (b) 4 4 Pa. The time constant of the fluorescence detec-
tion system is 0.4 s.

f

ion signal (r;) of 1100 s~ ! to the background scattered
signal (r;) (about 400 s !) is very good, enabling unambi-
guous identification of the fluorescing and dark periods
for the ion. Figure 4(a) shows a portion of the observed
jumps in fluorescence at the lowest pressures used in our
study (30 nPa). The quantum jump durations are typical-
ly on the order of tens of seconds for these pressures and
the average dark period for this data run was =32 s,
very close to the determined natural radiative lifetime of
the 5d 2Ds,, level (34+3 s). Figure 4(b) illustrates the
effect of quenching gases added to the chamber. The to-
tal pressure during trace (b) was 4X10™° Pa with the
principal gas constituents being N, and H,. A dramatic
reduction in the mean dark period is observed due to col-
lisional quenching reducing the lifetime to t =5 s. The
incomplete descent of fluorescence levels in the short
quantum jumps are due to time constant effects of the
counting system. For our quenching measurements,
pressures were selected such that the mean dark period
was much longer than the time constant of the system
and time constant effects were corrected and accounted
for using the method outlined in Sec. II C.

B. Quantum jump distributions

The theoretical discussion of the observation of quan-
tum jumps and their anticipated distribution of dark
times have been the subject of a number of analyses.” !!
For our case of weak, broad bandwidth excitation into
the metastable level,'® the distribution of observed “dark
periods” in the strong fluorescence is given by

Wae=R_exp(—R_T), (5)

where T is the dark period duration and R _ is the rate of
decay out of the metastable state. This decay rate is the
sum of the natural radiative lifetime (1/¢,) and the effect
of the individual quenching gases

R_=(1/t9)+ 3 Ry,P; , ©6)

where R, ; is the quenching coefficient and P, is the par-
tial pressure of the individual gas. For an exponential
distribution such as in (5), the mean value is equal to
1/R _ and possesses a statistical variance of R 2. An ex-
ample of the observed distributions is shown in Fig. 5.
The figure shows the observed dark period distribution
obtained from our data in the lowest pressures utilized in
our study (4X 1072 Pa). 2 tests of the data for these and
other quantum jump data sets gave probabilitimes of fol-
lowing an exponential dependence in excess of 0.95. As
an illustration of the linearity of the quenching rate, Fig.
6 shows the determined rate of decay from the 5d ?Ds ,,
level as a function of partial pressure where H, was used.
The dashed line shown is the fitted curve using final
values of our quenching rate coefficient for H,. Due to
the presence of a number of other residual quenching
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P=4x10"% Pa
= 30s
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FIG. 5. Distribution of dark periods for a single Ba™ atom at
low pressure showing single exponential character (mean
=pu=30s).

gases at high vacuum, gas pressures of all mass species
were measured during an experimental run and a full
multivariate linear regression fit was performed on our
quantum jump data (about 10* jumps comprising studies
with eight different gases). In the multivariative fit, the
quenching coefficients of H,, He, CH,, CO, and N, were
employed as free variables. Due to the presence of anom-
alous dark periods in the CO, data (see Sec. II1 E), the
CO, quenching coefficient was determined separately and
the correction for CO, partial pressure was applied to the
multivariate fit. The H,O partial pressure was kept
sufficiently low so that its effect could be ignored except
when it was the gas being studied. Also, an estimate of
the quenching rate coefficient of Ar for the 5d 2D, level
was made based on the determined quenching rates for
the other gases.
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FIG. 6. Plot of observed 5d D5, metastable level lifetime as
a function of hydrogen background pressure. The dashed line is
the fitted value using the final determined quenching rate
coefficient for hydrogen.

C. Quenching coefficients of the 5d 2D,
and the natural radiative lifetime

The results of the multivariate fit for the quenching
coefficients are given in Table I and plotted in Fig. 7.
The temperature of the background quenching gases in
this study were T=298+3 K. Also given in Table I are
the determined quenching rate constant and the cross
section for quenching. The uncertainties for the rate con-
stants for most gases were dominated by the uncertainty
in the absolute pressure calibration (13%). For the case
of CO, there existed slightly higher uncertainties in the
absolute pressure calibration'® resulting in total uncer-
tainties of 18%, while for He the statistical uncertainties
in the fitting resulted in a higher ascribed uncertainty of
25%. From the results, the largest quenching rates are
observed for CH, and H,0 at 1.5X10° s~ ! Pa~!. H, also
possesses a large quenching rate coefficient due to its low
mass and CO,, CO, and N, appear to have comparable
rates. As expected, the quenching rate coefficient for He
is very small [2400%+(25%) s~ ! Pa™!]. Also from the mul-
tivariate fit, it was possible to extract the natural radia-
tive lifetime of the metastable level at zero total pressure.
A value of t;=34.51+3.5 s was obtained in agreement to
the values obtained by Nagourney, Sandberg, and
Dehmelt® of 32£5 s and Plumelle et al.?! of 47£16s.

D. Estimate of the quenching rate coefficient of Ar

For Ar, the quenching rate was of such a small magni-
tude ( <2000 s~ ! Pa~!) that large partial pressures of Ar
were required (P > 10~ Pa) so that the quenching contri-
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R B
Q
(S—ipa—l) : CH4
1x10° JL
:} H,0
-H {
— 2
5x104 % i co
— CO N 2
. 2
— He
0 [

QUENCHING GAS

FIG. 7. Summary of 5d 2Ds ,, quenching coefficients for gases
used in the present study.



41 QUANTUM JUMPS AND THE SINGLE TRAPPED BARIUM . ..

2627

TABLE 1. Summary of quenching data for the 5d2Ds,, level of Ba™ including quenching
coefficients, rate constants, and cross sections for quenching. Also given is the mean velocity {v,) of
the quenching gas atom relative to the Ba* atom. The numbers in parentheses represent the error.

Quenching Rate Mean Cross
coefficient constant velocity section
Ry (ov) (v,) (o)

Gas (s"'Pa”!) (107" m3s™) (ms™1) (1072° m?)
H, 84 000(11 000) 3.5(0.5) 1776(9) 193)
He 2400(600) 0.10(0.03) 1256(6) 0.79(0.26)
CH, 145 000(19 000) 6.0(0.8) 628.0(3.1) 95(13)
H,0 145 000(48 000) 6.0(2.0) 592.1(3.0) 101(34)
(6(0) 53 000(7000) 2.2(0.3) 474.7(2.4) 46(6)
N, 55 000(7000) 2.3(0.3) 474.7(2.4) 48(7)
Ar 1600(1300) 0.07(0.05) 397.1(2.0) 1.7(1.3)
CO, 65 000(12 000) 2.7(0.5) 378.7(1.9) 71(13)

bution of this gas was comparable to other residual gases.
Unfortunately, when employing such high pressures, it
was found that the mass spectrometer sensitivity to Ar
became nonlinear with respect to the ion gauge!® and that
the mass spectrometer sensitivity to the residual gases
were perturbed due to the presence of the large back-
ground of Ar. In order to obtain an estimate of the
quenching rate coefficients for Ar, the 5d 2D, lifetime
was measured for various proportions of residual back-
ground gas while keeping the total Ar pressure approxi-
mately constant. In these studies, the quenching due to
H, dominated (forming an estimated 60% of the quench-
ing events) with residual CO contributing approximately
23% to the quenching. The effects of other residual gases
are small compared to the remaining quenching caused
by the Ar, atoms which made up about 12% of the total
quenching. If we assume that the presence of Ar has
changed the mass spectrometer sensitivity by a such that
Pr,=aP, ;, where Py is the true pressure of gas species
i, and P,, is the measured pressure, and a is constant for
fixed Ar pressure, the observed quenching rate is given by

Robs=(1/t0)+RQ,ArPAr+2RQ,iaiPm.i ’ @)

where the summation over the residual gas species i are
dominated by H, and CO. Assuming the increasing sen-
sitivity a does not vary much between H, and CO, we
may thus plot (Rops—1/t) /Py, versus
3i(Rgy P, ;)/P,, and extrapolate to 3,(Rg P, ;) /Py,
being zero, obtaining an estimate of Ry »,- The obtained
R, values for the other gas species from Table I were em-
ployed together with our previously determined value for
the radiative decay rate (1/¢,) and a linear regression fit
was performed to obtain the quenching rate coefficient
for Ar. Our estimate for the quenching rate is
Ry ar=1600£(80%) s~ ' Pa™".

E. Observation of anomalous dark periods
in the quantum jump statistics for H,O and CO,

In the presence of CO, and H,0, the quantum-jump
dark periods were observed to possess an additional dis-
tribution of anomalously long dark periods which were

greater than several times the natural radiative lifetime of
the 2Ds,, level. An analysis of these anomalous events
together with their separation from the quenching and
radiative decay events are described in detail in a previ-
ous work.?® A number of possible mechanisms were con-
sidered for this phenomenon and it has been concluded
that for these systems, a metastable bound complex of a
quenching gas atom and Ba™ is being formed. For CO,,
durations of up to 11 min were observed and although
the rate of such anomalous dark periods were low (2000
s~ !'Pa™), it was possible to collect a sufficient number of
events for a study of the distribution of dark times. The
distribution of all quantum jumps > 10 times the dura-
tion of the quenched 2Ds ), lifetime at a CO, pressure of
P=3X10"% Pa is shown in Fig. 8. As can be seen, the
distribution appears exponential. y? tests of the data
show a probability of 0.91 that the data is following an
exponential distribution.’ Hence Ba™ is being shelved
into a long-lived metastable complex with CO,, which is
later destroyed by subsequent collisions allowing return
to fluorescence. It turned out that removal of these
quantum-jump durations from the data sets for quench-
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FIG. 8. Distribution of anomalous dark periods observed in

the presence of CO, (P=3X10"° Pa) showing long period ex-
ponential character.
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TABLE II. Review of previous 5d 2D quenching measurements together with the region of quenching gas pressure employed dur-

ing the study.

Rate coefficient

(ov) Pressure regime

Reference Gas (1071 m3s™!) Level (Pa)

2 He 0.12 5d2D; 10

23 H, 0.08-0.8 5d2D, 10!

6 unknown 8 5d D, 1078

24 He 0.0030(0.0002) 5d 2D3/2 , 2D5/2 10‘_4— 10 !

24 Ne 0.0051(0.0004) 5d2D, ,, 2Dy, 107410~

24 H, 0.37(0.03) 5d 2D} 5, Dy /s 1074-10""

24 N, 0.44(0.03) 5d 2D, ,, *Ds 1074-10""

ing was straightforward since the mean anomalous dark
period was much longer than the mean lifetime of the
quenched ?Ds,, level and the two distributions can be
well separated (see Sec. II C).

Experiments with H,O also showed anomalous dark
states for the ion; however, due to presumably more per-
manent binding, the ion does not return from the dark
state (however, its presence within the trap was
confirmed®). As with the results for CO,, the rate of for-
mation of the dark state was an increasing function of
partial pressure. An order of magnitude estimate has
been determined using our observations and is deter-
mined to be 6000 s~ ! Pa~l.

IV. DISCUSSION

A. Comparison of present experimental quenching
results with those previously obtained

A summary of previous measurements of the quench-
ing rate coefficient as a function of pressure (Ry) for
background gas at 7=300 K and the quenching rate
constant ({ov)) of the Ba® metastable 5d 2D levels are
given in Table II. The quenching rate constants for the
D5, level should be quite similar to that of the 2D,
state. With the exception of the results by Nagourney,
Sandberg, and Dehmelt,® previous work employed the
use of large trapped ion clouds of 10°-10° ions within the
trap with quenching gas pressures in the range of
107 1-107* Pa. In Ref. 6, the experiment employed a sin-

gle trapped Ba*t atom in a pressure regime of 10~% Pa,
where it was found that the 2Dy, lifetime of =30+3 s
at P=1.1X10"% Pa decreased by 25% when the back-
ground pressure as increased to 6.0X107% Pa.® The
background gas composition, in this experiment was not
analyzed, but in analogy to most ultra-high-vacuum sys-
tems, would be primarily composed of hydrogen.

When a comparison of the previous results is made
with the present study, it would appear that the trapped-
ion-cloud experiments performed at a factor of 10* higher
pressures indicate a lower quenching rate constant. The
results by Schneider and Werth?? for He agree very well
with the present result, while the results by Hermanni
and Werth?* seem to indicate a much lower rate constant
by a factor of 33 for He, 9.5 for H,, and 5 for N,. The re-
sults by Nagourney, Sandberg, and Dehmelt would be
quite consistent with the present results, since the sensi-
tivity of ion gauges to gases such as hydrogen [0.3 for H,
(Ref. 19)] is lower than the standard calibration relative
to nitrogen.

B. Comparison of present quenching results
with classical ion-molecule collision theory

A quantitative comparison of the obtained quenching
results from the single, trapped Ba™ system was made
with current classical ion-molecule collision theory®® for
all quenching gas species used. For all species, the col-
lision rate constant due to pure induced polarization of
the quenching gas by the stationary Ba™ atom (Langevin

TABLE III. Comparison of calculated classical ion-molecule collision rate constants with the ob-
served 5d Ds,, quenching rate constants for various quenching gases used.

Polarizability Dipole Collisional Quenching
ability moment rate constant rate constant

a Hp <UU )coll <UU >quench
Gas (1072 cm?) (D) (1071 m¥s™) (1071 m3s™) Ratio
H, 0.80 15 3.5(0.5) 0.23
He 0.20 5.3 0.10(0.03) 0.02
CH, 2.6 10. 6.0(0.8) 0.60
H,0 1.5 1.9 20. 6.0(0.8) 0.30
CO 2.0 0.11 7.0 2.2(0.3) 0.31
N, 1.7 6.6 2.3(0.3) 0.35
Ar 1.6 5.3 0.07(0.05) 0.01
CO, 2.9 7.0 2.7(0.5) 0.38
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reaction rate coefficient) was calculated using available
values for the molecular polarizability,zﬁ’27 which are
given in Table III. For such pure polarization cases, the
rate coefficient is given by

k=(ov)=2mq(a/u)"?, (8)

where ¢ is the charge of the ion in esu, a is the polariza-
bility in cm?, and u is the reduced mass of the Ba*-
quenching gas molecule system in g. In the case of H,O,
and CO, the presence of a permanent dipole moment for
the molecule necessitated the inclusion of ion-dipole at-
traction. In this case, the average dipole orientation
theory?>?%2° (ADO) was applied for the calculation of an
additional increase in the rate coefficient. Calculation of
the slight increase in the rate coefficient for CO, due to
the presence of a permanent quadrupole moment was also
performed.?*>3° Corrections in the above rate coefficients
were made to account for the fact that the massive Ba™*
atom (m =138 amu) has been laser cooled to a much
lower temperature ( < 10 K) than the lighter background
gas (298+3 K), which resulted in small corrections to the
rate coefficient ( <5%).

When a comparison is made between the present ex-
perimental results for the quenching of the 5d 2D, level
and the classical ion-molecule collision rates, it is ap-
parent that for the molecular quenching gases, the values
are quite comparable. In the case of H,0, CO, N,, and
CO,, the ratio of the classical collision rate to the deter-
mined quenching rate yields a similar ratio of 0.3 within
15%. For these molecules, a quenching event thus
occurs on average after three classical ion-molecule col-
lisions. For H, being considerably lighter than the other
molecules the ratio is slightly smaller, while CH, appears
to possess extremely efficient quenching (ratio =0.60), in-
dicating that on the average most classical ion-molecule
collisions, a quenching of the 2D ,, level will occur. The
greater efficiency of quenching by CH, is presumably due
to the many degrees of freedom in the pentatomic mole-
cule which aid in the quenching of the Ba* metastable
atomic state. In contrast, it can clearly be seen that
atomic gases such as He and Ar display a much smaller
observed quenching rate to classical collision rate by al-
most two orders of magnitude. Since the first excited
electronic state transitions for He and Ar like at xuv and
vuv transition energies, it is clear that internal energy
transfer between collision partners does not take place
and subsequent quenching efficiency is substantially re-
duced.

V. CONCLUSIONS

In summary, a single barium ion was held in a radio-
frequency trap and excited by continuous wave laser light
which provided laser cooling and strong fluorescence
emission from the ion. By indirect excitation into the
5d ’Ds ,, level, quantum jumps in the fluorescence were
observed. By exposing the ion to well-characterized
background gas environments at low pressure
(107%-107° Pa), collisional quenching of the metastable
level resulting in shortening of the mean dark periods
were studied. An analysis of the quantum-jump dura-
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tions for gas pressure variations with H,, He, CH,, H,0
CO, N,, Ar, and CO, yielded accurate quenching rate
constants of these gases for the 5d 2Ds,, level of Ba™.
The present results provide the first quantitative measure-
ment of individual gas collisional quenching rates for a
single-atom system. In addition, by extrapolating the ob-
served quantum-jump results to zero pressure, an im-
proved value of t;=34.51+3.5 s was obtained for the nat-
ural lifetime of the 5d 2D, level in agreement with pre-
vious results.

Theoretical calculations of the classical ion-molecule
collisional rate constants were performed using current
theory including pure polarization and ion-dipole effects.
A comparison of the experimental quenching rate and
calculated classical collision rate constants show that for
the molecular gases studied, the quenching rate constants
are comparable to the collision rate with a ratio of
quenching to collision rate being 0.3 for most molecular
gases, while CH, yielded a ratio of 0.6. For the atomic
gases of He and Ar, the quenching rate constants were
found to be two orders of magnitude below the theoreti-
cal collision rates showing the inefficiency of these sys-
tems in quenching.
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APPENDIX: CALCULATION OF RAMAN
SCATTERING RATE OUT OF THE 5d 2D,
LEVEL BY THE DRIVING LASER FIELDS

It has been shown by Sauter and co-workers”!? that
the presence of the 6p2P,,,-6s%S,,, (493 nm) and
6p *P,,,-5d *D; ,, (650 nm) excitation and laser cooling
fields may induce Raman transitions into and out of the
5d 2D, state if these fields are sufficiently intense. In
this section, the Raman induced transition rate for a sin-
gle Ba* atom in the 5d 2D, level subject to excitation
on the S-P and P-D transitions is estimated.

For the Ba™ system, the 493- and 650-nm photon ener-
gies are near only the first five energy levels of the atom.
Other levels are sufficiently distant that contributions via
Raman scattering are negligible. Hence the levels in-
volved are those depicted in Fig. 2. For Raman scatter-
ing, enhancement via coupling from the initial state to a
nearby intermediate level must be electric dipole allowed.
In our case, the sole nearby intermediate level, which
couples from the 5d 2D , state, is the 6p P, , level. Via
this intermediate level, scattering to the 6s >S,,, ground
state or the 5d 2D , level can occur. It has been shown?!
that the cross section for Raman scattering for a single
atom, including the finite linewidth of the state, is

2 v
Yaby (A1)
(0;—w)+y;

_ <« 6mc
o=3 5
) ;
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where scattering takes place from initial state |1) via in-
termediate state |i ) to final state |f). y,; is the decay
width from state i to j and ¥, is the total decay width out
of state i. The transition frequency from state |1) to
state |i ) is w;, while w is the actual driving field frequen-
cy. By relating the decay width in terms of the
spontaneous-emission rates out of the levels A; I and
converting our cross section into a rate for induced tran-
sition out of the metastable level, we have

_ 6mc? Ai,lAi,fIa)
Rtot“zh 2 .\ 2
fo0 f00; Ho;—0) + A;

(A2)

where the intensity of the driving field at frequency w is
I,,. From the spontaneous-emission rate for the 6p 2P,
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level provided by Gallagher® and the transition frequen-
cies for the energy levels, we have calculated the total Ra-
man transition rate out of the 5d 2D, to be

R, =(2.6X10"3Ip , +(1.3X 107 ) p , (A3)
where Ip and Igp are the light field intensities in
W m 2 of the ion for the P-D and S-P transitions, respec-
tively. Using our beam diameter of D =250 um and the
maximum incident laser powers used of P =100 uW, the
total transition rate due to Raman scattering out of the
5d ?Ds,, level is R=6X107° s~ !, which is small com-
pared to the natural radiative decay of the 5d ’D; , level
of 1/t,=0.03s" L.
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