RAPID COMMUNICATIONS

PHYSICAL REVIEW A

VOLUME 37, NUMBER 11

JUNE 1988

Precise test of quantum jump theory
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Quantum jumps due solely to spontaneous Raman scattering between the Zeeman sublevels of
a single Mg ion have been observed in the fluorescence emitted by the ion. A theory of quan-
tum jumps for this system predicts that coherences between excited levels cause the ratio of the
mean duration of the “fluorescence-on periods” to the mean duration of the “fluorescence-off
periods” to be independent of laser intensity. The measured value agrees with the predicted one
to within the measurement precision of 2%. The distribution of the durations of the off periods

also agrees with theory.

A few groups have recently observed “quantum jumps”
between the energy levels of a single atomic ion as sig-
naled by an abrupt change in the fluorescence emitted by
the ion.!™® In another experiment,* quantum jumps were
inferred from the statistics of the fluorescence emitted by
neutral atoms in a weak beam. In these experiments, the
quantum jump was a transition (either stimulated or
spontaneous) into or out of a metastable excited state.

In this paper, we report the observation of quantum
jumps due solely to spontaneous Raman transitions into
and out of ground-state sublevels. As opposed to the ear-
lier experiments, we quantitatively compare the predic-
tions of the theory with the experiment. A particular real-
ization of the process’ is illustrated in Fig. 1. It employs
just one radiation source which is tuned between a pair of
Zeeman levels of an atom or ion with a 25/, ground state
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FIG. 1. The energy-level structure of the Si/2 and P3/; states
of an atom in a magnetic field (not to scale). A laser of frequen-
cy ® is assumed to be tuned near the Sy, my=—§ <P,
my=— 3 transition frequency wo. The energy separation of ad-
jacent Py (S1/2) sublevels is ha/2 (3ha/4). The indicated
Lorentzian widths and detuning A, which are much less than a,
have been exaggerated for clarity.
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and an excited 2P3, state (for example, an alkali atom or
singly ionized alkaline earth atom). The frequency @ of
the radiation is tuned near the S, my=— § <P,
my;=— % transition frequency wo. The atom cycles near-
ly continuously between these levels since the dipole selec-
tion rules allow spontaneous decay only to the original
ground level. A steady stream of fluorescence photons,
which are readily detected, is emitted by the atom during
this period. However, if the radiation is linearly polarized
with the polarization direction perpendicular to the direc-
tion of the magnetic field, the Si; m;=— 5 <Py,
my =+ transition is also allowed, although it is far from
resonance. This transition is indicated by the dashed ar-
row in Fig. 1. A spontaneous decay from the upper
my;=1 level can then leave the atom in the m; =%
ground level. This spontaneous Raman transition into the
my=7% ground level takes the atom out of the
my=— % <>my;=— 3 cycling loop, causing the emitted
fluorescence to suddenly stop. The off-resonant S/,
my=-+ 5 «<>P3p, my=—3 — Syp, my=— 1 spontane-
ous Raman transition (not shown in Fig. 1) will return the
atom to the cycling loop where it will resume scattering.

In a previous paper,® we calculated the behavior of this
system when the magnetic field strength is large enough
that a>y, Q, A, where ha/2 is the energy separation be-
tween adjacent excited-state sublevels, 3Aa/4 is the sepa-
ration between the ground-state sublevels, y is the excit-
ed-state spontaneous decay rate, Q is the on-resonance
Rabi frequency for the Sy, my=—% — P3j, my=— 3
transition, and A = — e¢ (see Fig. 1).

We have used a single Mg ion confined by the static
magnetic and electric fields of a Penning trap’ to demon-
strate this process. The magnetic field for the data
presented here was 1.39 T which gives a=(2rx)52
GHz==1200y, where y=(27)43 MHz. Therefore, the
condition a>>y, Q, A is quite readily achieved in our ex-
periment.

For the trap used in this work (Fig. 2), we achieved a
large collection solid angle (> 1% of 4x sr), compared to
an earlier apparatus,® by splitting the ring electrode into
two halves in the plane perpendicular to the magnetic field
direction.® The relative trap dimensions were chosen,
with the aid of a computer, to make the potential nearly
quadratic at the trap center.'® The pressure of back-
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FIG. 2. Cross-sectional drawing of the Penning trap used in
the experiment. The shaded regions are ceramic support rods.
The end-cap separation is 1.38 cm and the inner diameter of the
ring electrode is 1.63 cm. The two ring electrodes and the two
compensation electrodes were grounded and the two end caps
were at +12 V for this experiment.

ground gas in the apparatus was less than 10 ~% Pa.

The 35/, to 3P3; transition wavelength for Mg* is
280 nm. We generated up to 200 uW of 280-nm radia-
tion by frequency doubling the output of a single-mode,
continuous-wave dye laser in a deuterated ammonium
dihydrogen-phosphate crystal. The frequency width of
this radiation was much less than the natural width y of
the transition. The laser beam was focused near the
center of the trap with a beam waist wo=45 um. The
ions were laser cooled when A < 0, and since the beam was
directed at an angle of 74° relative to the magnetic field
axis all of the ion’s degrees of motion were cooled directly.
The equilibrium temperature of the ion was only a frac-
tion of 1 K when A= —y/2.!! Under these conditions, the
Doppler broadening of the transition frequency was much
less than 7, as verified by a scan of the laser frequency,
and the ion was confined to dimensions which were much
less than wo. In order to laser cool in a Penning trap, it is
necessary to position the center of the laser beam radially
outward from the trap axis.!! With a displacement of ap-
proximatel;/ 20 pm and our value of wy, the saturation pa-
rameter Q %/y? was equal to 1 at the position of the ion for
a laser power of approximately 50 uW. From the
definitions of Ref. 6, the ion spends twice as much time in
the ground m; = — + sublevel as in the excited my = — 3
level when Q@ =y and A=0. The fluorescence photons
were collected in a direction perpendicular to both the
magnetic field and laser beam directions by focusing onto
a photomultiplier tube. The maximum detected photon
count rate was 2% 10°/s for a single ion.

Data exhibiting quantum jumps are displayed in the in-
set in Fig. 3. The horizontal axis is divided into time in-
tervals of 0.5 ms duration. The vertical axis indicates the
number of photons counted during each time interval and
the points representing each interval are connected by
straight lines. The sudden changes in fluorescence level
are due to quantum jumps between the ground-state sub-

PRECISE TEST OF QUANTUM JUMP THEORY

RAPID COMMUNICATIONS

4545
100 T r T .
100
5 I's0
e75\.  L° -
o 0 L |
a A 0 80 160 240 320
S 50 ¢t Time (ms) 1
©
0
€25t ]
=
0 —aeneeen
0 4 8 12 16 20

Off duration (ms)

FIG. 3. A histogram of the duration of fluorescence-off
periods for a data run. The number of off periods which have a
particular duration are plotted vs the duration. This data run
had 512 off periods in 20 s. The solid line is a fit of the data to
Eq. (2). Inset: A portion of a data run showing quantum jumps
in fluorescence F as a function of time.

levels via spontaneous Raman transitions.

For other realizations of quantum jumps, the dynamics
of the population evolution and, therefore, the statistics of
the emitted fluorescence are governed by effective two-
state rate equations.'? That is, there are rates R+ and
R _ for the atom to make transitions out of or into the en-
ergy levels which comprise the strongly fluorescing or
“on” system and the system of levels which comprise the
“off” system. (R4+) ™! and (R-) ™! are equal to the
mean duration of the fluorescence on periods, (T, and
off periods, {Tof), respectively. Although the system con-
sidered here is substantially different than those investi-
gated before, it was shown in Ref. 6 that the dynamics of
this system should also be governed by effective two-state
rate equations. The expressions for the rates R — and R 4,

R4 =(To) " '=02y/(18a2) ,
1)
R-=(Tox) "' =802y/(9a?) ,

are simple because of the off-resonance nature of the exci-
tation, in contrast with the previously considered sys-
tems. '?

A consequence of this type of dynamics is that the dis-
tribution of fluorescence-on and fluorescence-off times
should be exponential. In Fig. 3, we plot the duration of
fluorescence-off periods versus the number of periods in
the data run which are off for this duration. The solid line
is a fit to the equation

Wor(t) =(Tox) ~'exp(—t/Tom)) . )

The data are consistent with a distribution of this form.
An important prediction of Ref. 6 is that the ratio of the
mean duration of the fluorescence-on periods to the mean
duration of the fluorescence-off periods should be a value
which is only very weakly dependent on the variable pa-
rameters of the system, such as laser power and frequen-
cy. This is in contrast with the rather strong dependence
of this ratio on system parameters in the other experi-
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TABLE I. A summary of the data for seven runs with different values of the saturation parameter
Q?%/y% Also shown are the calculated results when the stimulated Raman coherences between excited
states are either included or neglected. Each data run contained 60000 time intervals whose length was
either 0.25, 0.33, or 0.5 ms. (Tog) ranged from 9.5 ms for run 1 to 2.3 ms for run 7. Data runs in which
the laser frequency varied excessively have been omitted from the table.

Calculated Measured
(Ton) (Ton) (Ton)
(Tom (Tom (To)
Run a?/y? —Aly (without coherence) (with coherence)

1 0.65 £ 0.09 0.67+£0.03 19.1+0.2 16.09 15.76 £0.84
2 1.82%0.16 0.22+318 25.8%0.5 16.03 16.02 £ 0.67
3 1.89+0.16 0.20*313 26.1 0.6 16.03 15.52+£0.58
4 2.02*0.16 0.84 +£0.05 21.7%0.3 16.11 16.58 +£0.59
5 2.4510.25 1.07 +0.05 21.0+0.2 16.13 16.13 £0.70
6 2.61+0.20 0.60 £0.05 2442X0.6 16.08 17.35%+0.70
7 2.64X0.16 0.50 +0.06 25.2%0.6 16.07 16.26 £ 0.69

ments.!™ Reference 6 shows that, for a>> 7, Q, A,
(T T =16+ 0(A/a) . 3)

We might intuitively expect that (T,p)/{T o) would in-
crease by a factor of 2 when the S/, m;=— 1 Psp,
my=— 3 transition is saturated, since approximately
half the population which was available in the m; = — }
ground level to be transferred to the m; = 3 ground level
is “stranded” in the excited state. However, the stimulat-
ed Raman coherence between the m;=— 3 and m; =+
excited-state sublevels, through the my;=— % ground-
state sublevel, compensates for the depletion of population
in the ground state. 5

We have investigated this phenomenon by measuring
(Ton)/{T o) for various values of the saturation parameter
0?/y% Table I shows the results of analyzing seven
different data runs with saturation parameters ranging be-
tween 0.65 and 2.64. The value of the saturation parame-
ter and its uncertainty were obtained by fitting the distri-
bution of fluorescence-off time durations to Eq. (2) to find
(To) and its uncertainty. Equation (1) then relates (T o)
to 0. This procedure gives results which are consistent
with estimates of the expected saturation parameter from
independent measurements of the laser power and the
laser beam waist wq. The rate of fluorescence emitted by
the ion during the fluorescence-on periods depends on the
average population in the exited m; = — % level, which
depends on the detuning A.® Therefore, if the count rate
for A=0 is known, then A for each data run is determined
by the mean detected count rate for the fluorescence-on
periods of that run. The count rate for A =0 is found from
the maximum detected rate when the laser is scanned
through the resonance.!>!* The uncertainty given for A in
Table I is due to the uncertainty in the count rate for
A=0. The fourth column gives the expected (T on)/ATox)
ratio if the coherences between excited states are neglect-
ed.® The fifth column is the expected value of the ratio
when the coherences are included in the calculation.
Since A#=0, there is a small departure from the value of
16. The uncertainty in this calculated ratio is small com-
pared to the uncertainty in the measured value of
(T'on)/{T o) and is therefore not reported. Finally, the last

column is our measured value for {(To,)/{Tq) for each
run. This quantity was extracted from the data by fitting
the distribution of detected counts per time interval for
each run to a sum of two Gaussian curves, one corre-
sponding to the fluorescence-off periods and the other to
the fluorescence-on periods. The ratio (Ton)/{Tog) is then
equal to the ratio of the areas under the Gaussian curves.
The uncertainty given is estimated from the uncertainty in
determining the fitting parameters. The mean for the
seven runs is 16.23 and the sample standard deviation is
0.60. Combining the seven runs (weighted equally) gives
(TonX/{Tox)=16.23 £0.26. A comparison of columns 5
and 6 reveals that our data are quite consistent with the
result of the coherent theory, which for the given set of
values of A gives a mean value for the ratio of 16.08.

In this experiment, spontaneous Raman transitions in-
duced by a single laser are responsible for quantum jumps
into and out of the long-lived “shelving” level.! The
shelving level is a ground-state sublevel rather than an
electronic excited metastable state as in the previous
demonstrations. The properties of this level structure
have allowed the theory of quantum jumps, in which the
dynamics of the jumps are described by effective two-level
rate equations, to be tested with high precision. This ex-
periment is a realization of “single-atom optical pump-
ing.” Ordinarily, the effects of optical pumping are evi-
dent only in the time-averaged values of the level popula-
tions. However, in single-atom optical pumping, the
dynamical evolution of the level populations is revealed by
quantum jumps in the fluorescence intensity. Finally, the
existence of stimulated Raman coherences between excit-
ed states has been shown to play an important role in both
the population dynamics and in the steady-state values of
the level populations.
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