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Quantum Zeno Effect Induced by Collisions
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It is proven experimentally that the ortho-para conversion of the nuclear spin isomét€tefF
molecules can be slowed down by increasing the gas pressure. The observed “freezing” of the
molecular quantum states can be considered as an example of the quantum Zeno effect induced by
collisions. [S0031-9007(97)04332-9]

PACS numbers: 03.65.—w, 34.30.+h

State-to-state molecular relaxation in the gas phase isnvironment do not directly produce transitions between
of fundamental importance. To the authors’ knowledge,f ands subspacest'(s| f) = 0. Even so, relaxation can
in all experiments performed so far in this area the roleake place in this situation if the statég) and |s) are
of the environment surrounding the test particles had almixed by the particle’s own Hamiltonian. Because of
ways one general property, namely, the environment wathe purely quantum mechanical nature of this process one
always able to induce state-to-state molecular transitionsiay call it quantum relaxatiof1]. The reader should
directly. However, the role of the environment can alsobe aware that this type of relaxation is closely related to
be completely different, as will be experimentally illus- processes having alternative names in the literature like
trated in the present paper, using the specific example ahixing of states [2], quantum Zeno effect [3], blocking of
nuclear spin conversion (ortho para) in molecules. states [4], inhibition [5,6], or quantum damping [7].

The problem which we are going to address in this The original model of the quantum Zeno effect [3]
paper can be formulated in a rather general form [1]is based on the decoherence of states due to frequent
Let us consider multilevel test particles embedded in ameasurement. There is one observation of a closely
infinitely large environment. Suppose that the Hilbertrelated effect, viz., the inhibition of radiation-induced
space of the particles’ quantum states is divided into twdransitions by perturbations caused by short radiation
subspaces in which the observalie has eigenvalues pulses [8]. This paper stimulated an intensive discussion
f and s (Fig. 1). Suppose that the test particles are
placed initially, say, in subspacg. How will they - —
subsequently relax to an equilibrium distribution over the — -
two subspaces? —

One can see here two fundamentally different options.
In the first one, the environment can produce direct
transitions between subspacgsands, having scattering E— .
amplitude F(s|f) # 0. In this familiar situation the —
relaxation can be characterized by the relevant cross E—
sections. One can call this type of relaxatidiassical,
despite the fact that in the calculation of the cross section I f> l's>

itself quantum mechanics can be heavily involved. FIG. 1. Two Hilbert subspaces of the multilevel particle.

In the alternative case, which is the subject of theBent arrows indicate the transitions inside each subspace
present paper, collisions of the test particle with theproduced directly by collisions with the environment.
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in the literature (see [9], and references therein) as tover time, equalsP, = (sin* §)/2. Consequently, the
what extent the perturbation used in [8] constitutes aelaxation rate (which isP, multiplied by the relevant
measurement. On the other hand, the decoherence obllision frequencyl’) is proportional to2I'|V,,,|>/w?,
states itself can be considered as the main ingredient déf., proportional to pressure. In this limit the relaxation
the quantum Zeno effect [9—-12]. The decoherence cahehaves as the ordinary, classical type.
be caused, e.g., by frequent radiation pulses [8,9], or by In the opposite caséw < I'), sirt(wt/2) in Eq. (3)
collisions [11] as is illustrated below. has to be substituted by?/2I'> which results from the
In paper [1] the relaxation of the nuclear spin isomers ofaveraging of(w?)> with the Poisson distribution of free
CH;F molecules was proposed as a convenient system ftight intervals. The relaxation rate is then proportional
study the phenomenon of quantum relaxation experimerto 2|V,,,|>/T, i.e., inversely proportional to pressure.
tally. The present paper is devoted to the observation dflenceforth we will refer to this slowing down of the
the most striking feature of this process, viz., the slowingelaxation rate as the /p” dependence.
down of the relaxation rate in case of rapid perturbations. Let us turn now to the relaxation of the nuclear spin
A useful qualitative picture of the quantum relaxationisomers of CHF molecules. As a consequence of the
can be drawn using the wave function formalism. Let ugrestrictions established by spin-statistics relations, the

split the Hamiltonian of a free particle into two parts: CHs;F molecules have two nuclear spin isomers: ortho and
N R . para which have a total spin of three protohs= 3/2
H=H)+V, (1) and’ = 1/2, respectively (see, for example, [13]). The

ortho molecules can have onkyvalues (quantum number
referring to the projection of the molecular angular
momentum on the molecular symmetry axis) divisible by
3: K=0,3,6.... For para onlyK = 1,2,4,5... are

where H, is the part of the particle’s Hamiltonian for
which the states in subspacgsand s are eigenstates
(Fig. 1); V is theintramolecularperturbation able to mix

two statesn andn, belonging to thef ands subspaces, allowed. The ortho and para states of {FHshould be

respectl_vely. Suppose that at time= 0 the partl_cle 'S identified with the subspacgsands in the general picture
placed in staten. Because this state is not an eigenstate

O L . discussed above.
of the particle’s total Hamiltonian, the wave function of X . .
. . . . . A rigorous treatment of the ortho-para relaxation in
the particle will undergo the following time evolution ;
. . e CH;F should be performed in the framework of the
during the particle’s free flight:

density matrix formalism. The result of such calculations
W(t) = {[codwt/2) — icosh sinwt/2)]em in first order perturbatic_)n t_heory is the fol!owing [14]. If
. ) i Ho A H)2 at timer = 0 a nonequilibrium concentration of, e.g., the
— ising sinfw/2),te” TS (2)  ortho moleculesd p, (0) is created, the system will relax
exponentially to equilibriumé p,(r) = 8p,(0)e™ ", with

Here the angled determines the efficiency of the :
the relaxation rate

state mixing: taw = 2|V,..|/(Hum — H,,) and o =
(Hpm — Hpp) V1 + tart 8. We assume the Hamiltonian

Zra’alva’alz
to be written in frequency units. Y= Z 2t ul Wy + Wo). (4
Wave function (2) gives the probability, for the a'Ep.ao Tl wa

particle to be found in the state Here the stateky) are the total molecular states, being

P, = sirt 0 sif(wt/2). A3) antisymmetric under _exc.hange of any two molecular
protons. The summation is performed over all ortho-para
It is clear that we do not haveelaxationso far. Our level pairs, since mixing is not confined to a single pair
particle is shuttling between the statesandn and there in general;I',/, is the relaxation rate of the nondiagonal
is no irreversible transition from one subspace to anothedensity matrix elementp,, (a' € para; « € ortho);
For relaxation to take place it is necessary to take intd/, is theintramolecularperturbation which mixes the
account the interaction with the environment. This cammolecular ortho and para states,, is the energy gap
be done in the present qualitative description by assuminfetween the statda’) and|«) in units of frequencyW,
that collisions just remove the particle from the state is the Boltzmann factor of the stale).
(or n) thus interrupting the quantum oscillations between The solution (4) was obtained under the assumption that
these states (see Fig. 1). If then level pair is assumed the collisions of the test molecule with the environment
to be the only mixed pair, the particles can “funnel” conserve the number of molecules in each spin state,
through that pair from one subspace to the other. as should be the case for quantum relaxation. This can
The relaxation rate (inverse relaxation time) can bebe expressed through the diagonal terms of the collision
easily estimated in two limiting cases. Suppose thatntegral §,.) as
o > T, whereI' is the rate of the level population
decay by coII|S|ons._ Note thdf is propgrtlonal to the Z Sou = Z Suu = 0.
gas pressure. In this case the probability, averaged wCortho aEpara
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The second assumption underlying solution (4) was that If the mixing of only one level pair is dominant and

the nondiagonal element of the collision integral has onlyif we have w = 0 for this pair, the spin relaxation rate

the decay term is inversely proportional to pressure [see Eq. (4)]. The

price to pay for this simplification of the situation is that

the contributions from the othéd’-M level pairs, which

Here p.. is the nondiagonal element of the densityhave w # 0, are still linear in pressure. Consequently,

matrix. the sharp slowing down of the conversion rate upon
Solution (4) gives, consistently with the previous quali-increasing the gas pressure will continue only as long as

tative consideration, the two opposite pressure deperthe nuclear spin conversion is determined mainly by the

dences for small and bib, i.e., for low and high pressure. mixing of the degenerate ortho-para level pair. We will

If I' < w, the ratel’ can be neglected in the denominator come back to this point later.

of Eg. (4) and the spin conversion rajeis proportional The experimental setup is shown in Fig. 2. It is

to pressure. This part of the pressure dependence wassentially the same as was used in Ref. [17]. As in

observed in our previous experiments [14,15]. In the opour previous studies, an enrichment of orth@€H;F

posite limit(I' > w), o can be neglected and the rate molecules in the test cell was achieved using the light-

will be inversely proportional to pressure. induced drift effect created by the strong radiation (5—
One way to observe thé/p dependence would be 10 W) of a CQ laser operating on th@(32) line from

to perform the experiment fo*CH;F at pressures such the 9.6um band of CQ. Such radiation is absorbed by

that I' = w. The closest ortho-para level paiy’ =  theR(4,3) transition which belongs to the; fundamental

11, K' =1) — (J =9, K = 3), which appeared to be vibrational band of CH;F.

the most important for the nuclear spin conversion in The concentration of ortho molecules in the test cell

BCH;F, has a frequency gap of 130 MHz [16]. Conse-was measured using the weak probe beam from an addi-

guently, the experiment has to be performed at pressurgmnal waveguide C®laser operating on theP(32) line.

well above 10 Torr (becausE =~ 1.75 x 108 s™!/Torr ~ This laser was power stabilized and had its radiation fre-

[17]). Performance of such an experiment proved not tajuency locked to the line center of tiRé4, 3) absorption

be easy, mainly because our method of separating the oline of3CHsF.

tho and para CkF isomers based on light-induced drift To avoid possible confusion, we want to stress that

becomes inefficient at such high pressures due to ththe measurement of the ortho-¢Hconcentration decay

broadening of absorption lines. was performed in a cell separated from the strong CO
Instead, a different approach was chosen in the presefrdser beam. One should also realize that the absorption

experiment. Using a homogeneous electric field we splitransitionR (4, 3) does not include the stat¢ = 9, K =

the molecular levels by the Stark effect and decreased), which is mixed with the para molecular staté =

the energy gaps between the releva@H;F ortho and 11, K = 1).

para states. This decrease of the ortho-para level gaps

should allow us to have &/p dependence already at low

pressures (since < I') where the performance of the

experiment is much easier. Separation ' - \
Splitting of the molecular magnetic sublevels produces Laser Separation tube
crossings between the ortho and para states at some ‘l' Val

alve

electric field values. To observe th¢p dependence we
choose the “resonant” electric field at which the highest Stark cell (A etector
peak in the level-crossing spectra occurs (see [17]). This
peak is due to the crossing between the magnetic sublevels N
M' = 11 andM = 9 which belong to the rotational states
J'=11, K'=1) and (J =9, K = 3), respectively.
(M refers to the projection of the molecular angular f  Reforence N\t
momentum on the electric field direction.) This crossing
is found to occur at an electric field of 652.8 &Mm. v
Which particulartM’-M level crossings contribute to the Probe beam
conversion rate and what the amplitude of the particulag|g. 2. Schematics of the setup. The separation, GRer
peaks is depends on the type of the intramolecular pei5—10 W) is tuned into the blue Doppler wing of ti#4,3)

turbation (V) responsible for the ortho-para state mixing.%bsorptlon line in ther; fundamental vibrational band of

The levels(J’ = 11, K’ = 1), and(J = 9, K = 3) are CH;F. After |solat|ng an enncheq s.ample by closing phe_
ixed by the maanetic dipole-dinole interaction betwee valve_rs, back conversion to the equ_|I|br|um abundance ratio is

mlxg y g p pole - "monitored by a differential absorption measurement, using a

the ”CH;F nuclei [16]. This type of interaction imposes probe laser locked on th&(4,3) transition in'*CH;F. For

the selection rule foM: |[AM| = 2. details, see Refs. [15,17].

Sera = ~Twapara (o' € para a € ortho).

Reservoir

(equilibrium
composition)

Valve
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The measurement procedure was as follows. After gairs [17]. As the perturbatioli, which mixes the ortho
few percent of enrichment was achieved, the test cell waand para states, the magnetic dipole-dipole interaction be-
sealed off by closing the valves. Slow equilibration totween the molecular nuclei was taken [16]. At high pres-
the natural abundance ratio (1:1 in the case of;FEH sures the theory fits well to the experimental data. At the
molecules) in the test cell began. After a few secondslow pressures some deviation is observed. This difference
the electric field was switched on in the Stark cell. Acan be attributed to the saturation effect in the nuclear spin
typical decay curve is shown in the inset in Fig. 3. Theconversion [18].
measurements were repeated at various pressures. TheTo conclude, we have shown that the ortho-para nuclear
processing of the decay curve to obtain the spin relaxatiospin conversion in*CH;F molecules can provide an
rate was similar to that used in [17]. example of a peculiar gas phase relaxation having a rate

The results of the measurements are shown in Fig. 3vhich decreases when the gas pressure is increasing. To
It is seen that the CHF nuclear spin conversion rate is our knowledge, this is the first observation of “freezing”
indeed going down when pressure is increased. The exf molecular quantum states by collisions in the gas phase.
istence of the plateau near 0.5 Torr is the consequenddsing an alternative terminology, the observed effect may
of the neighboring\t’-M level pairs which have nonzero be considered as the quantum Zeno effect induced by
frequency gaps at the electric field chosen for the experieollisions.
ment. The intramolecular mixing of these level pairs by This work is part of the research program of the
the same spin-spin interaction produces a relatively smalfoundation for Fundamental Research on Matter (FOM)
contribution to the conversion rate at low pressures. Buand was made possible by financial support from the
their contribution is linear in pressure and above 0.5 TorNetherlands Organization for Scientific Research (NWO).
it becomes important. If it were possible to go to much
higher pressures, the conversion rate should go down
again asl/p. Of course, this slowing down will not con-
tinue indefinitively. The spin conversion due to the direct
collisional transitions (the origin and rate of which we do ~ *Permanent address: Institute of Automation and
not yet know) will finally take over because such a mecha-  Electrometry, Russian Academy of Sciences, 630090
nism, as anylassicalrelaxation, has a contribution to the Novosibirsk, Russia.
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