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Quantum Zeno effect 
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The quantum Zeno effect is the inhibition of transitions between quant.ulll st.a.t.es by rrC'queul. 
measurements of the state. The inhibition arises because the measurement. causes a collapse 
(reduction) of the wave function. If the time between measurements is short enough, the 
wave function usually collapses back to the initial state. We have observed this effect. in an 
rf transition between two 9Be+ ground-state hyperfine levels. The iOlls were confined in a 
Penning trap and laser cooled. Short pulses of light, applied at the same time as the rf field, 
made the measurements. If an ion was in one state, it scattered a few photons; if it was in t.he 
other, it scattered no photons. In the latter case the wave-function collapse was due t.o a null 
measurement. Good agreement was found with calculations. 

I. INTRODUCTION 

The quantum Zeno effect (or paradox) is the inhibi-
tion of transitions between quantum states by frequent 
measurements. I - 7 Misra and Sudarshan1 were the first 
to call the effect by that name, but closely related work 
was done much earlier.8 

Consider the decay of an unstable state, such as an 
unstable particle. An observation that the state has not 
decayed causes a collapse (reduction) of the wave func-
tion to the un decayed state. The probability that the 
state decays after this collapse grows quadratically with 
time, for short enough times. Suppose n measurements, 
spaced in time by TIn, are made. The probability that 
the state will survive for a time T goes to 1 in the limit 
n -+ 00. Hence, Misra and Sudarshan argued, a continu-
ously observed state can never decay. 1 This effect is diffi-
cult to observe in spontaneous decay because the interval 
during which the probability grows quadratically is very 
short compared to the time required to make a measure-
ment. Ghirardi et al.3 have shown, by general arguments 
based on the time-energy uncertainty relations, that the 
dependence of the lifetime on the frequency of measure-
ments, although present in principle, would be extremely 
difficult to observe. Deviations from an exponential de-
cay law, expected theoretically for very short and very 
long times, have not yet been observed experimentally.9 

The term "quantum Zeno effect" is applied also to 
the inhibition of induced transitions by frequent measure-
ments. This effect can easily be observed experimentally, 
in contrast to the inhibition of spontaneous transitions. 
Consider a system made up of two levels, labeled 1 and 
2. Assume that the system can be driven from level 1 to 
level 2 by applying a resonant perturbation for a given 
length of time. Assume that it is possible to make mea-
surements of the state of the system, which project the 
system into one of the two levels, and which take a neg-
ligible amount of time. If the system is initially in level 
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1, and we make n equally spaced measurements while 
the perturbation is applied, the probability of finding the 
system in level 2 at the end of the period decreases as n 
increases. Various cases of this type have been examined 
theoretically. 10 - 12 

II. THEORY 

COOk12 proposed an experiment on a single, trapped 
ion to demonstrate the quantum Zeno effect on an in-
duced transition. Trapped ions provide very clean sys-
tems for testing calculations of the dynamics of quantum 
transitions. They can be observed for long periods, free 
from perturbations and relaxations. Their levels can be 
manipulated easily with rf and optical fields. 

In Cook's proposed experiment, the ion was assumed 
to have the level structure shown in Fig. 1. Level 1 
is the ground state. Level 2 is an excited metastable 
state. Spontaneous decay from level 2 to level 1 is as-
sumed to be negligible. If the ion is in level 1 at time r 
=0, and a perturbation having the resonance frequency 
(E2 - Ed/Ii is applied, a coherent superposition state 
is created. Let PI and P2 be the probabilities for the 
ion to be in levels 1 and 2. Then P2(r) = sin2(Or/2) 

3 --.--
2 

FIG. 1. Energy-level diagram for Cook's proposed demon-
stration of the quantum Zeno effect. 
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and P1(T) = COS 2(OT/2), where 0, the Rabi frequency, 
is proportional to the amplitude of the applied field. If 
a measurement of the state of the ion is made after a 
short time, such that OT « 1, then PI(T) 1 and 
P2(T) « 1. If, instead, the ion starts out in 
level 2, the situation is reversed, so t.hat P2(T) 1 and 
PI(T) t02T2. 

Assume that level 3 is connected by a strongly allowed 
t.ransition to level 1 and that it can decay only to level 
1. The state measurement is carried out by driving the 
1 --+ 3 transition with an optical pulse. This pulse causes 
a collapse of the wave function. The wave function of the 
ion is projected by the measurement into level 1 or 2 with 
probabilities equal to the squares of the wave-function 
amplitudes for being in level 1 or 2. If the ion is projected 
into level 1 at the beginning of the pulse, it cycles between 
levelland level 3, and emits a series of photons until the 
pulse is turned off. If it is projected into level 2, it scat-
ters no photons. The latter case is an example of what 
Porrati and Putterman have called a wave-function col-
lapse due to a null measurement. 13 That is, the absence 
of scattered photons when the optical pulse is applied is 
enough to cause a collapse of the wave function to level 
2. The pulse must be long enough so that an ion in level 
1 would have time to scatter a few photons. It does not 
matter whether a switched-on detector capable of detect-
ing the photons is actually present. The state of the ion is 
recorded in the electromagnetic field. The measurement 
(and the subsequent wave-function collapse) takes place 
after the field has interacted with the ion for a sufficient 
amount of time. 12 ,14 If a measurement finds the ion to 
be in levell, the ion returns to level 1 after the end of 
the measurement, within a time approximately equal to 
the lifetime of level 3. If a measurement finds the ion to 
be in level 2, the ion never leaves that level during the 
measurement. If this measurement is followed immedi-
ately by a second one, the result will almost always be the 
same. Thus the optical pulses make nearly ideal, nonde-
structive measurements. However, since a finite time is 
required to make a measurement, the wave function can 
evolve between measurements. Therefore, it is possible 
for the result of the second measurement to differ from 
that of the first. 

Cook's proposed experiment was to drive the 1 --+ 2 
transition with an on-resonance 71' pulse (a square pulse 
of duration T = 71'/0) while simultaneously applying a 
series of short measurement pulses. The duration of a 
measurement pulse was assumed to be much less than 
the time between pulses. Suppose the ion is in level 1 
at time T = 0. The 71' pulse is then applied. Without 
the measurement pulses, the probability P2(T) to be in 
level 2 at T = T is 1. Let n measurement pulses be ap-
plied at times T = kT/n = k7r/(nO), where k = 1, ... , n. 
The level populations at the end of the 71' pulse are easily 
calculated with the use of the vector representation of 
a two-level system. 15 The equations simplify if we trans-
form to a coordinate system in which the rotating compo-
nent of the rf perturbation is stationary. (We ignore the 

counter-rotating component.) The system is described 
by a vector R == (RI' R2 , R3 ), whose components can be 
expressed in terms of the density matrix p: 

RI == PI2 + P21, 
R2 == i(P12 - P2t}, 
R3 == P22 - Pll == P2 - PI' 

The equation of motion for R is 

dR/dt = w x R, 

(1) 

(2) 

where w = (0,0,0). The geometrical interpretation of 
Eq. (2) is that R precesses about w with fixed magnitude 
and angular velocity Iwl = O. At T = 0, R = (0,0, -1). 
Just before the first measurement pulse at T = 7r/(nO), 

R = [O,sin(OT), - COS(OT)) 
= [0,sin(7I'/n), - cos(7I'/n)). (3) 

The measurement pulse projects an ion into level 1 or 
2. Its effect on the density matrix, which corresponds to 
an ensemble average, is to set the coherences (P12 and 
P21) to zero, while leaving the populations (P22 and Pll) 
unchanged. Hence, RI and R2 are set to zero, while R3 
remains unchanged: 

R = [0,0, - cos(7I'/n)). (4) 

Thus, at T = 71' /(nO), just after the first measurement 
pulse, R is the same as it was at T = 0, except that its 
magnitude has been decreased by a factor of cos(7r/n). 
After the second measurement [T = 271'/(110)), IRI is de-
creased by another factor of cos( 71' / n). This follows from 
the fact that Eq. (2) is linear with respect to R. After n 
measurements, (T = 71'/0), 

R(T) = [O,0,-cosn(7r/n)). 

We use Eq. (1) to express P2 in terms of R3: 

P2 = R3 + PI = R3 + (1 - P2) 
= t(1 + R3)' 

(5) 

(6) 

In deriving Eq. (6), we used the conservation of proba-
bility for a closed two-level system: Pi + P2 = 1. Substi-
tuting the value of R3(T) from Eq. (5) into Eq. (6), we 
have 

(7) 

It can be shown from Eq. (7) that P2 (T) decreases mono-
tonically toward zero as n goes to infinity. For large 11,12 

(8) 

Equation (8) was derived from Eq. (7) by expanding 
cos( 71' / n) in a power series and using 

lim (1- x/nt = e-O:. 
n .... oo (9) 
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III. EXPERIMENT 

Our experiment is very similar to that proposed by 
Cook. Levels 1 and 2 are the (m[,mJ)=(i,!) and (!,!) 
hyperfine sublevels in the ground 28 28 1/ 2 state of 9Be+ 
(see Fig. 2). These levels are separated by 320.7 MHz at 
the magnetic field used in the experiment (B 0.8194 
T). Level 3 is the (m[ = i, mJ = i) sublevel of the 
2p 2 P3/2 state, which decays only to level 1. Spontaneous 
decay from level 2 to level 1 is negligible. 

The experimental apparatus has been described 
previously.16-1S About 5000 9Be+ ions were stored in 
a cylindrical Penning trap. The pressure in the trap was 
about 10-8 Pa. The storage time of the ions in the trap 
was several hours. A frequency-doubled cw dye laser gen-
erated 313-nm radiation to drive the 1 - 3 transition in 
order to optically pump, detect, and laser cool the 9Be+ 
ions. The 313-nm fluorescence from the ions was de-
tected by an imaging photon-counting detector .16 About 
100000 26Mg+ ions were confined together with the 9Be+ 
ions. The 26Mg+ ions were laser-cooled by 280-nm radi-
ation from a frequency-doubled cw dye laser. The 9Be+ 
were kept cold ($250 mK) by long-range Coulomb col-
lisions with the 26Mg+ ions even when they were not 
directly laser-cooled by the 313-nm source. 19 

The polarization of the 3l3-nm beam was perpendic-
ular to the magnetic field. When the 3l3-nm radiation 
was nearly resonant with the 1 - 3 transition and no 
rf field was applied, about of the population was op-
tically pumped to the t) ground-state sublevel (level 
1).20-22 The remaining population was in the (i,-!) 
sublevel. When the 313-nm radiation was on continu-
ously, the populations approached the steady state with 
a time constant of about 1 s. 

The measurement sequence for the 1 - 2 transition 
was as follows: The 3l3-nm radiation was left on for 

B--

FIG. 2. Diagram of the energy levels of 9Be+ in a mag-
netic field B. The states labeled 1, 2, and 3 correspond to 
those in Fig. 1 . 

about 5 s to prepare most of the 9Be+ ions in levelland 
to empty level 2. The 3l3-nm radiation was then turned 
off. The 320.7-MHz rffield was turned on for T = 256 ms. 
lts frequency and amplitude were adjusted to make this 
an on-resonance 7r pulse. During the rf pulse, n pulses of 
length Tp = 2.4 ms and wavelength 313 nm were applied, 
where n was 1, 2, 4, 8, 16, 32, or 64. The pulses were 
long enough to collapse each ion's wave function without 
causing significant optical pumping. The delay from the 
beginning of the rf pulse to the beginning of the first 
3l3-nm pulse was (Tin -1.3) IDS. The time between the 
beginning of one 3l3-nm pulse and the beginning of the 
next one was Tin. 

After the end of the rf 7r pulse, the 3l3-nm radiation 
was turned on and left on to prepare the state. The num-
ber of photons counted in the first 100 IDS was recorded. 
This signal was roughly proportional to the number of 
ions remaining in level 1. However, background counts, 
counter deadtime, and optical pumping during the 100 
ms cause deviations from this proportionality. In order 
to calibrate the signal, known level populations were cre-
ated by applying rf pulses oflengths r = 0,32,64, ... ,544 
ms. The population of level 1 (per ion in the subsystem 
made up oflevels 1 and 2) was then given by cos2(nr/2). 
From these data, the precise value of n and also the cal-
ibration of the signal as a function of the population of 
level 1 were obtained. The deviations of the calibration 
points from a smooth curve gave an indication of the 
measurement errors. 

The 3l3-nm radiation was turned on and off with an 
electromechanical shutter that had a rise or fall time of 
about 0.2 IDS. The 320.7-MHz rf field was turned on 
and off with a semiconductor diode switch, which had a 
switching time of about 150 ns and an on-to-off ratio of 
about 75 dB. The 280-nm beam was left on continuously. 
The measurement sequence was the same for the 2 - 1 
transition, except that first an rf 7r pulse, free from 313-
nm pulses, transferred the level 1 population to level 2 
immediately after the 313-nm radiation was shut off. 

The 1 - 2 transition frequency decreases by 22 Hz 
for a l-J-lT increase in B. If the transition frequency 
shifts by more than a small fraction of liT 4 Hz, the 
observed transition probabilities will deviate significantly 
from the calculated ones. The center frequency of the 
1 - 2 resonance was measured before and after each 
run. If the frequency shifted by more than about 0.1 
Hz, the data from that run were not used. Drift of the 
magnetic field was the main .obstacle to increasing T. 
Relaxations of the ground-state hyper fine levels are very 
weak when the 3l3-nm radiation is not applied. This 
was shown in studies of the (m/, mJ )=( to 
transition. The derivative of this transition frequency 
with respect' to B goes to zero at B 0.8194 T. At this 
value of B, weak relaxation processes due, for example, 
to collisions or to the 280-nm radiation can be studied. 
This transition showed no sign of population or coherence 
relaxations for times up to 550 S.17 

The average number of photons scattered by an ion in 
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TABLE I. Predicted and observed values of the 1 -+ 2 and 2 -+ 1 transition probabilities for 
different values of the number of measurement pulses n. The uncertainties of the observed transition 
probabilities are about 0.02. The second column shows the transition probabilities that result from 
a simplified calculation, in which tlte measurement pulses are assumed to ltave zero duration and 
in wlticlt optical pumping is neglected. 

1 -+ 2 transition 2 -+ 1 transition 
n HI - cosn(1I'/n)] Predicted 
1 1.0000 0.995 
2 0.5000 0.497 
4 0.3750 0.351 
8 0.2346 0.201 

16 0.1334 0.095 
32 0.0716 0.034 
64 0.0371 0.006 

level 1 during a single 313-nm pulse oflength Tp is approx-
imately TpRc/(EdN), where Rc is the observed steady-
state photon count rate, Ed is the probability of detecting 
a scattered photon, and N is the total number of 9Be+ 
ions. The photon detection efficiency Ed was estimated 
from the solid angle of the lens system and the quan-
tum efficiency of the detector to be about 2 x 10-4 . For 
typical experimental values Tp = 2.4 ms, Rc = 30000 
s-l, and N = 5000, the number of scattered photons per 
ion per pulse was therefore about 72, more than enough 
to cause the collapse of the wave function. We empha-
size that it is the number of scattered photons which is 
important, not the number that can be detected by the 
apparatus. The number of photons detected per ion per 
pulse is much less than 1. As a further check that the 
pulses were long enough, some runs were taken with Tp 
decreased to 1.4 ms (the shortest that the shutter could 
make). The results indicated that these pulses were still 
long enough to collapse the wave functions. These data 
are not reported here because the pulse shapes were not 
the same for different pulse repetition rates. This made 
quantitative interpretation of the data difficult. 

With a faster optical shutter, such as an acousto-
optic modulator, the 313-nm pulses could be decreased in 
length and still be long enough to collapse the wave func-
tions. However, the minimum time required for a mea-
surement pulse depends not only on the average photon 
scattering rate, but also on the time required to ensure 
that every ion will pass through the 313-nm beam. The 
9Be+ ions occupied a cylindrical volume with a height 
of about 1000 p.m and a radius of about 350 p.m. The 
313-nm beam was focused to a radius of about 50 p.m. It 
propagated perpendicular to the axis of the cylinder and 
intersected the 9Be+ ions near the center of the volume. 
If the 313-nm beam were expanded radially and directed 
along the axis, so that it intersected the entire volume, 
this problem could be avoided. 

IV. RESULTS 

Table I shows the calculated and observed values of the 
probabilities of making the 1 - 2 and 2 _ 1 transitions 

Observed Predicted Observed 

0.995 0.999 0.998 
0.500 0.501 0.496 
0.335 0.365 0.363 
0.194 0.217 0.209 
0.103 0.118 0.106 
0.013 0.073 0.061 

-0.006 0.080 0.Q75 

for values of n = 1,2, ... ,64. The predicted and observed 
values agree within the measurement error of about 0.02 
estimated from the scatter of the signal calibration data. 
The general decrease of the probabilities with n demon-
strates the quantum Zeno effect. Probabilities must take 
values from 0 to 1. However, with our method of deter-
mining the transition probability, random fluctuations in 
the photon count rate can lead to an apparent transition 
probability which is less than zero or greater than 1. The 
value of -0.006 for the observed 1 - 2 transition proba-
bility for n = 64 just means that the number of photons 
detected was slightly higher than the number expected 
for a transition probability of O. Figures 3 and 4 show 
the probabilities for the 1 - 2 and 2 - 1 transitions, 
respectively. 

The assumptions made in the calculations are as fol-
lows: When the rf field is present and the 313-nm radi-
ation is not, the transition between levels 1 and 2 is as-
sumed to proceed without relaxations. During the 313-
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FIG. 3. Graph of the experimental and calculated 1 -+ 2 
transition probabilities as a function of the number of mea-
surement pulses n. The decrease of the transition probabili-
ties with increasing n demonstrates the quantum Zeno effect. 
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FIG. 4. Graph of the experimental and calculated 2 --- 1 
transition probabilities as a function of the number of mea-
surement pulses n. The transition probabilities for n = 32 and 
n = 64 are higher than the corresponding ones for the 1 -+ 2 
transition because of an optical pumping effect discussed in 
the text. 

nm pulses, the coherence between levels 1 and 2 is as-
sumed to be destroyed so quickly that the rf field can be 
ignored. The 313-nm radiation causes optical pumping 
from level 2 to level 1 with a time constant of about 1 s. 
This rate was measured by using an rf 7r pulse to prepare 
the ions in level 2, turning on the 313-nm radiation, and 
recording the 313-nm fluorescence as a function of time. 
Optical pumping by the 313-nm pulse3 can have an ob-
servable effect on the measured transition probabilities, 
especially for large n. This optical pumping causes a de-
crease in the 1 -+ 2 transition probability and an increase 
in the 2 -+ 1 transition probability. The decrease in the 
1 -+ 2 transition probability is not noticeable in our data, 
since the transition probability is already small for large 
n. The increase in the 2 -+ 1 transition probability is 
noticeable for n = 32 and 64. The predicted transition 
probabilities shown in Table I and plotted in Figs. 3 and 
4 take into account optical pumping, the finite 313-nm 
pulse durations, and the measured value of n. The mea-
sured value of n differed by less than 3% from the ideal 
value n = 7r/T. For comparison, Ml - cosn(7r/n)], the 
transition probability calculated if these effects are not 
included, is also shown in Table I. 

For the larger values of n, the sum of the measurement 
periods, nTp, is not negligible compared to T. Therefore, 
part of the decrease in the transition probability is due 
merely to the decrease in the time during which rf field 
can act. For the most extreme case (n = 64) nTp is 
60% of T. However, even for this case, the decrease in 
the transition probability is much more than could be 
accounted for by the decrease in time. For n = 16, nTp is 
only 15% ofT, but the transition probability is decreased 
by about 90%. 

v. DISCUSSION 

Cook12 originally proposed an experiment with a sin-
gle ion. Such an experiment should be feasible, since 
single ions have been observed in Penning traps21,23 and 
in Paul traps.24,25 The ensemble average, which is needed 
for comparison with calculations of the density matrix, 
would be obtained by repeating the experiment many 
times. In the present experiment, each measurement is 
an average over an ensemble of about 5000 independent 
ions, since their mutual interactions can be neglected. An 
experiment might be done with a single Hg+ ion. Levell 
would be the ground 5dl 06s 2S1/ 2 state, level 2 would be 
the metastable 5cJ96s2 2 D5/ 2 state, and level 3 would be 
the 5d l 06p 2 P1/2 state. The 1 -+ 2 transition at 282 nm 
and the 1 -+ 3 transition at 194 nm have already been 
observed in a single Hg+ ion.2s 

It might be argued that previous observations of ef-
fects such as collisional relaxation of rf transitions al-
ready contain the quantum Zeno effect. This is possible, 
but we know of no experiment in which the effect has 
been demonstrated simply and unambiguously. Colli-
sions cannot usually be interpreted as quantum measure-
ments. That is, they do not necessarily project a single 
quantum system, such as an atom, into one state or the 
other. Rather, in many cases, they perturb the phase of 
the coherence, represented by Rl and R2 in the vector 
model, for each system. For the ensemble average, Rl 
and R2 are driven to zero, just as in our experiment, but 
the underlying physics is different. Collisions may also 
perturb R3 , which is not desirable for a demonstration of 
the quantum Zeno effect. 

Some experiments that involve continuous measure-
ments have, in a sense, already demonstrated the quan-
tum Zeno effect. Although the measurements are contin-
uous, it takes a finite amount of time to make a measure-
ment with a given degree of uncertainty. Thus a contin-
uous measurement might be regarded as a series of mea-
surements, one after the other. In such experiments, the 
measurement times are not separated from the free evolu-
tion periods, so the analysis is more difficult than for the 
present experiment. One example of such an experiment 
is the spin flip resonance of a single, trapped electron. lo 

The spin state is detected by coupling the electron to an 
electronic circuit. As the time required to make a mea-
surement is decreased by increasing the degree of cou-
pling, noise broadens the spin flip resonance. This broad-
ening decreases the rate of transitions induced by a weak 
microwave field. Another example is the three-level Hg+ 
system described previously.25 Radiation resonant with 
the 5d106s 2 S1/2 to 5d106p 2 P1/ 2 (1 -+ 3) transition per-
forms a continuous state measurement. Photons are not 
scattered if the ion is in the 5d96s2 2 DS/2 state (level 2); 
otherwise they are. We have observed a decrease of the 
rate of the 1 -+ 2 transition, induced by a narrow-band 
laser, when radiation at the 1 -+ 3 transition frequency 
is applied. 

Normally, the probability for spontaneous emission of 
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a photon by an atom grows quadratically only for ex-
tremely short times, approximately the inverse of the 
frequency of the emitted photon. However, it might be 
possible to increase this time by placing the atom inside 
a resonant cavity. Jaynes and Cummings26 showed that 
a two-level atom coupled to a single mode of a resonant, 
loss less cavity oscillates between the ground and excited 
states. Suppose an excited atom is placed in a cavity 
that initially contains no photons. Then the probability 
for the atom to be in the excited state is cos2 (gr), where 
9 is the coupling constant (the vacuum field Rabi fre-
quency) and r is the time that the atom has been in the 
cavity. The probability for the atom to be in the ground 
state is proportional to r2 for r short compared to g-l. 

If the atom is coupled to a single damped cavity mode, 
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