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Continuous and pulsed quantum Zeno effects were observed using a ’Rb Bose-Einstein condensate.
Oscillations between two ground hyperfine states of a magnetically trapped condensate, externally driven
at a transition rate wp, were suppressed by destructively measuring the population in one of the states with
resonant light. The suppression of the transition rate in the two-level system was quantified for pulsed
measurements with a time interval 6¢ between pulses and continuous measurements with a scattering rate
v. We observe that the continuous measurements exhibit the same suppression in the transition rate as the
pulsed measurements when y 8t = 3.60(0.43), in agreement with the predicted value of 4. Increasing the
measurement rate suppressed the transition rate down to 0.005wp.
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The quantum Zeno effect (QZE) is the suppression of
transitions between quantum states by frequent measure-
ments. It was first considered as a theoretical problem
where the continuous observation of an unstable particle
would prevent its decay [1]. Experimental demonstrations
of the QZE [2-8] have been driven by interest in both
fundamental physics and practical applications. Practical
applications of the QZE include reducing decoherence in
quantum computing [8—10], efficient preservation of spin
polarized gases [3,4,6], and dosage reduction in neutron
tomography [11].

The QZE is a paradigm and test bed for quantum mea-
surement theory[12,13]. In one interpretation, it involves
many sequential collapses of the wave functions of the
system. Quantum Zeno experiments provide constraints
for speculative extensions of quantum mechanics where
the collapse of the wave function is created by extra terms
in a modified Schrodinger equation [14]. It is still an open
question how close one can approach the limit of an infinite
number of interrogations due to the Heisenberg uncertainty
involved in shorter measurement times. These concep-
tional questions provide the motivation to extend experi-
mental tests of the quantum Zeno phenomenon. A major
improvement to a quantum Zeno experiment with ultracold
neutrons [15] is in preparation.

In this Letter we compare the suppression of the tran-
sition rate in an oscillating two-level system by continuous
and pulsed measurements. Our QZE experiments were
carried out with Bose-Einstein condensed atoms [16,17].
The long coherence time and the high degree of control of
the position and momentum of the atoms created a very
clean system and allowed us to observe much stronger
quantum Zeno suppression than before [2,5,7]. In the
experiment with pulsed measurements, up to 500 measure-
ments could be carried out and survival probabilities ex-
ceeded 98%. Furthermore, we have performed the first
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quantitative comparison between the pulsed and continu-
ous measurement QZE. This is important since any real
pulsed measurement is only an approximation based on a
series of weak continuous measurements [18,19].

Let us consider a two-level system which is externally
driven at a Rabi frequency wp. Measurements of the state
of the system project the system into one of the two states
[1), |2). If the initial state of the system is in |[1) and a
measurement is made after short time 8¢ ( << 1/wg), then
the probability that the system is in |[1) is 1 — (wgd1/2).
With N successive measurements the probability that the
system remains in |1) is

P(N) = [1 = (wgdt/2)*]V = exp[—N(wgdt/2)%]
= exp[—(w}5t/4)T] (1)

with T = Né&t the total free evolution time. Instead of
normal Rabi-type oscillation between two states, the initial
state |1) decays with an effective decay rate 1/75p [20].
1/7gp is given by

I/TEP = (1)%51‘/4 (2)

The characteristic time 7gp for the pulsed QZE is much
longer than the characteristic time 1/wg of normal Rabi-
type oscillation . This shows the suppression of transition
by the QZE.

For a continuous measurement, the atoms are continu-
ously illuminated with laser light resonant with the tran-
sition energy between state |2) and another excited state. If
atoms are in state |2), they spontaneously emit a photon at a
rate y. Because of the photon recoil, those atoms are
removed from the coherently driven two-level system.
The population of state |1) decays with the effective decay
rate 1/7g¢ which is given by the optical Bloch equations as

1/7pc = /. 3
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In contrast, for measurements with randomly spaced
pulses, the effective decay rate is 1/7zp =
w%(81%)/4(5t). If the probability for measurement pulse
during a time interval 8t is y8t, (81>) = 2/y? and (8¢) =
1/7v. The effective decay rate for this case is

1/TEP,rarld()rIl = w%{/z'y (4)

Although the continuous beam leads to the same emission
rate 7 of state |2) as a random pulse measurement case, the
wave function evolution from |1) to |2) is faster in the
continuous measurement case than in random pulse
measurement case. The decay rate for continuous measure-
ments 7pc [Eq. (3)] is twice the value of 7Tgp andom
[Eq. (4)].

In our study we have determined the lifetimes 7zp, Tgc
with each type of measurement and used them to verify the
prediction of Eq. (2) and (3) that pulsed measurements
with time interval &¢ produce the same suppression of
decay as continuous measurements with a scattering rate
v when y&t = 4 [20]. In particular, by verifying Eq. (3),
we show that the continuous measurement process cannot
be simulated by a series of random pulses with a rate y.

Our experimental system consisted of magnetically
trapped 3’Rb  Bose-Einstein condensate in the
581211, =1)(|IF, mp)) and 58;,,|2, +1) states [21]. Pure
condensates of N, = 5.0(0.5) X 10* atoms in the |1, —1)
state were prepared in a {63, 63, 6.6} Hz magnetic trap.
Coherent oscillations between state |1)(|1, —1)) and state
[2)(|2, +1)) were then driven at a rate wg by a two-photon
transition (Fig. 1). The |1, —1) and |2, +1) states were
selected because they have the same Ist order Zeeman
shift at a magnetic field of 3.23 G [22].

Measurements of the population in state [2)(|2, +1))
were performed by a laser beam of 780 nm 7 polarized
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FIG. 1. Two-level Rabi oscillation. The two-level quantum
system consisted of the |1, —1) and |2, +1) ground hyperfine
states of ®’Rb. (a) Energy level diagram for relevant 8’Rb ground
hyperfine states. Arrows depict the components of the two-
photon transition between the |1, —1) and [2, +1) states.
6.8 GHz microwaves couple the |1, —1) to a virtual intermediate
state detuned 420 kHz above resonance with |2, 0). Radio
frequency (rf) at 1.68 MHz resonantly completed the transition
to the |2, +1) state. (b) Driven population of the |1, —1) and
|2, +1) states as a function of time. Curves are fits to a two-
photon transition rate of wg/27 = 61.5(0.5) Hz. No population
was detected in |2, 0).

light resonant with the 55, ,[2, +1) — 5P;,,|3, +1) tran-
sition. The 362 nK energy from a single photon recoil
distinguished scattered atoms from the subrecoil u =
15 nK energy range of the condensate atoms. Successive
scatterings would eject measured atoms from the trap.
After each QZE experiment was completed the magnetic
trap was turned off and the population of surviving atoms
in each state was measured. To simultaneously measure the
[1) and |2) populations we used an rf pulse and magnetic
field sweep to transfer the atoms to other magnetic sub-
levels. Parameters were chosen in such a way that each
initial state was partially transferred to a sublevel with a
different magnetic moment. After Stern-Gerlach separa-
tion and 41 ms of ballistic expansion, the atoms were
imaged and the populations in the two initial states could
be read out simultaneously.

We quantified the QZE induced by repeated pulsed
measurements. Optical measurement pulses of 172 uW
(so = 0.15, where sy = I/I, is the transition saturation
parameter) and 7, = 10 ws in duration were applied to the
driven two-level system. Each pulse scattered ~29 photons
per atom and were separated by a free evolution time &t
The lifetime 7gp for a particular measurement rate 1/8¢
[23] was determined by fitting the |1) atom lifetime to an
exponential decay curve over a range of times = 27pp.
Figure 2(a) shows the dramatic increase in the observed
lifetimes (solid symbols) as the measurement rate 1/5¢ was
increased. The measured lifetimes for two different wp
[boxes for 27 X 54.6(0.5) Hz, triangles for 27 X
24.7(0.1) Hz] are plotted along with their expected values
(lower and upper lines, respectively). The measured life-
times were not found to be strongly sensitive to variations
in optical power, pulse width, or laser detuning. The life-
time enhanced by QZE can be compared to 1/wg, which
would be the characteristic time without pulsed measure-
ments. The longest lifetime was 198(16) X 1/wy at
1/6t =25 ms™\.

Previous works [2,7,24] express the QZE in terms of the
survival probability P(N) for number of measurements N
during a 7 pulse (t = 7/wpg), a duration where without
measurements 100% of the atoms would be transferred into
the other state. Figure 2(b) displays our results in this way.
In these terms the greatest Zeno effect is for N = 506(2)
measurements with a survival probability P = 0.984(1).

The most frequent measurements [farthest right solid
symbols in Fig. 2(a)] show significant deviation from ex-
pected lifetimes (lines). For a high measurement rate 1/61,
the pulse duration 7, is not negligible compared to free
evolution time 67 between the pulses, and the process that
occurs while the measurement pulse is on becomes more
important. In our experiment the pulse duration 7, =
10 ws was 20% of the shortest time interval 6t = 40 us.
In such cases the measured lifetime depends not only on
the time interval o7 but also on the pulse duration 7,,.
During the time interval, ¢ the population in state |1)
transfers (“decays”) to state |2) with 75p. During the pulse
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FIG. 2. Pulsed quantum Zeno effect. Increase in the lifetime
(a) and the survival probability (b) of atoms in the initial |1) state
as the measurement rate 1/t is increased. Solid lines indicate
the prediction for the pulsed QZE. Boxes (triangles) are data
points for a transition rate wg/27 = 54.6(0.5) [24.7(0.1)] Hz.
(a) Observed lifetimes (solid line) for |1) atoms measured with a
time interval 8¢ between measurement pulses. Lines indicate the
expected QZE lifetime 75p = 4/(w%5t). Open symbols show
lifetimes after correction for additional loss mechanism by
Eq. (5). (b) The same data are displayed in terms of the survival
probability for N measurements performed during a 7 pulse time
t = 7/ wg (the time it would take to transfer 100% of the atoms
from |1) to |2) without measurements). The solid line is the
expected survival probability P(N) = [COS(%)]ON) for N ideal
measurements.

duration 7, state [1) can decay by different loss mecha-
nisms. We made a separate measurement of this additional
loss. The system was prepared in the same way except
that the measurement pulse laser was kept on continuously.
The lifetime 1/T,, of this system was measured and T,
was 3.41(0.14) s7! for wgi/2m=546Hz [T, =
2.96(0.22) s™! for wg/2m = 24.7 Hz). In order to find
the origin of this additional loss, the measurements of
lifetimes were made with removal of either the rf or the
microwave component of the two-photon drive. The life-
time showed no change when the rf component was re-
moved, but the lifetime increased by an order of magnitude
without microwave component. This suggests that the loss
occurring during pulse duration ¢, is dominated by the
virtual intermediate state |2, 0), which can be excited by
the measurement laser to the excited state 5P5 /2|3, 0).

To obtain the correct decay rate 1/7p for the pulsed
QZE from our measurement this additional loss should be
corrected. The observed decay rate 1/7 is split into two
components and can be written as

1 &t t
1o — I, —, ®)
T Tppt,t+ Ot t, + 6t

where ¢, is pulse duration. Data points in Fig. 2(a) where
this correction had a significant impact on the lifetime are
indicated by open symbols. The predicted lifetime is
Tep = 4/(w%51), slightly larger than the measured 75p =
0.836(0.014) X 4/(w%8t). The discrepancy is possibly due
to collisions between recoiling atoms and the remaining
condensate leading to additional loss.

The same initial system was subjected to a weak con-
tinuous measurement instead of repeated strong measure-
ments. Figure 3 shows the increase in lifetime with
increasing measurement laser power. While showing this
qualitative relationship is straightforward, several issues
complicate a quantitative measurement of the continuous
QZE. If the measurement laser is detuned from the optical
resonance it will have a reduced scattering rate and also
induce an ac Stark shift 8, in the resonance between |1)
and |2), reducing the transfer rate from [1) to [2). In
addition, imperfections in the beam can affect the intensity
at the atoms. These issues are not important for the pulsed
measurement as long as atoms scatter multiple photons.
However, they are critical to properly characterizing the
weak continuous measurement experiment.

We were able to address all of these issues simulta-
neously by measuring the ac Stark shift at several different
laser detunings. For each laser detuning (8;) and optical
power (s3) we determined the ac Stark shift ,; by max-
imizing the reduction of atoms in state |1) as a function of
rf frequency. Measurements of continuous QZE lifetime
Tgc [EqQ. (3)] were then made varying saturation parameter
5o and detuning 6; of the measurement laser. Equation (3)
can then be rewritten as

Saturation sg
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FIG. 3. Continuous quantum Zeno effect. Lifetime dependence
on optical power with wg/27 = 48.5(0.9) Hz for laser detuning
6; = 0 MHz (W) and §; = —5.4 MHz (A). Gray bands indi-
cates range of expected lifetimes which are calculated from
measurements of ac Stark shift for §; = 0 MHz (upper) and
6; = —5.4 MHz (lower). Inset highlights data from lower opti-
cal powers. The saturation parameter s, has an uncertainty of
17%.
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FIG. 4. Continuous quantum Zeno lifetime as a function of the
measurement laser detuning §;. Gray band indicates range of
expected lifetimes [Eq. (6)] from separately measured ac Stark
shift parameters. The predicted linewidth is slightly Zeeman
broadened by imperfections in the polarization. Data are for
3.5 uW laser power, wy = 45.5(1.0) Hz.
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which is a function of s, and &, with Rb D, transition
decay rate I'. Figure 4 verifies Eq. (6) for various detunings
6. Figure 3 shows increasing lifetime with increasing
measurement laser power, the signature of the continuous
QZE. Similar to the longest lifetime point in the pulsed
QZE data [upper right solid triangle, Fig. 2(a)], the data
point with highest power in Fig. 3 shows significant devia-
tion from the lifetime expected from Eq. (6). By matching
the observed lifetimes for pulsed and continuous QZE
measurements we find that each measurement type has
the same QZE when y&r = 3.60(0.43), which is in agree-
ment with the predicted ratio of 4 [20] but rules out
randomly repeated pulse case in Eq. (4). Equation (4) gives
the ratio of 2 instead of 4. The observed large quantum
Zeno suppression dramatically illustrates the modification
of a wave function by a null measurement, i.e., the obser-
vation that no light has been scattered [25]. The large
fraction of atoms in the initial state|1) is caused by repeated
measurements without scattering any photons.

We have extended previous work in pulsed QZE mea-
surements [2,5,7] by exploiting advantages inherent to
Bose-Einstein condensates. While in theory the Heisen-
berg uncertainty principal limits how frequently meaning-
ful measurements can be performed, in practice imperfec-
tions in real measurements are the limiting factors [24,26].
In ion experiments optical pumping between states during
the measurement pulses changed the observed population
transfer [2], requiring significant corrections for the N =
32 and N = 64 pulse measurements (Table I in [2]) to
observe a maximum survival probability P(64) =
0.943(20) [2] [7gp = 54(30) X 1/wg]. Previous demon-
strations of the continuous QZE [3.4,6] observed qualita-
tive but not quantitatively characterized QZE suppression
effects up to 80% [4] with increasing laser intensity. Our
observed quantum Zeno suppressions are substantially
larger then both previous pulsed [2] and continuous [4]

results, and is also greater then that expected from pro-
posed experiments [11,15,24,26] in neutrons.

In conclusion, we have used a Bose-Einstein condensate
to demonstrate the QZE for both continuous and pulsed
measurements. Lifetimes for both cases were substantially
enhanced by QZE to values close to 200 X 1/wp. Pulsed
and continuous QZE were quantified and compared. We
observe that the continuous measurements exhibit the same
suppression in the transition rate as the pulsed measure-
ments when y&r = 3.60(0.43), which agrees with the pre-
dicted value of 4 [20] and rules out a simple model when a
continuous measurement is replaced by a series of random
pulses. A next generation experiment could demonstrate
even stronger quantum Zeno suppression and study the
transition from pulsed to continuous QZE by using pulse
duration and intervals approaching the spontaneous emis-
sion time.
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