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When a gaseous sample'8CH,F is prepared with a spin-isomer population rgtietho and para formdar
from the equilibrium given by nuclear spin statistics, it relaxes towards this equilibrium with an exponential
decay rate. This phenomenon, called nuclear spin conversion, is mainly governed by intramolecular spin-spin
and spin-rotation interactions which couple two pairs of quasidegenerate ortho-para (lBv8I¥K=3;
J'=11,K’'=1) and(J=20,K=3; J'=21,K’'=1). The presence of a static electric field can induce the degen-
eracy for Stark sublevels and yields an increase of the conversion rate. Such a “conversion spectrum” has been
recorded experimentally. The intensities of the peaks are directly related to the intramolecular magnetic inter-
action strengths, and their widths depend on how the collisions break the coherence between ortho and para
levels which is created by the interactions. Such collision-induced rates are directly determined and compared
to the rate of rotationally inelastic molecular collisions.
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I. INTRODUCTION coupled by spin-spin interactions only, start to crea®und
The 13CH,F molecule has two spin isomers: “ortho” with 600 V/cm) and the increase in the conversion rate allows an

; interaction strength measurement. A second incréaseind
para‘I‘IeI m:clear spins of the three hydrogen a“?m?’z? 4000 V/cm) occurs when the Stark levels of the second pair
and “para” when one of the hydrogen nuclear spins is flippe

- . J=20,K=3; J'=21,K'=1) cross. For this last pair, both
(1=1/2). In the gaseous phase, these isomers are not in-spin and spin-rotation interactions are involved and, for
stable as for the hydrogen molecule and they can convert onge first time, information on spin-rotation could be derived
into the other with a nuclear spin conversion rate determinegqy, observationg7].
by previous experiments asy=12.26)x 1073 s/Torr Theoretically, the presence of an external electric field is
[1-4]. A theoretical approach to this nuclear spin relaxationgaken into account by considering, instead of a sole pair of
was proposed in 1967 by Cuet al. [5] and developed in  ortho-para levels, the contribution of all pairs of Stark sub-
1991 by Chapovsky6] with the help of a density matrix |eyels, with the corresponding possible degeneracies. Experi-
formalism. To change the total nuclear spin of a molecule, gnentally, the application of an alternating triangular electric
magnetic field gradient is needed on the molecular scalgield allows one to extract the interaction terms whatever the
Intramolecular magnetic interactions like spin-spin or spin-yejaxation of the coherence rdte , is [7]. These rates were
rotation, which are responsible for the hyperfine structurejniroduced in the nuclear spin conversion model as phenom-
are good candidates. These weak interactions are eff'c'eﬁhological parameters which describe how the coherence of
only if there exists some degeneracy of rotational states withhe mixed state is destroyed by the collisions. They have
different spin symmetries. In such conditions, the quantunheyer been experimentally measured and, in previous studies
states are no longer pure para or ortho states but are m|xefg_4], their values were taken equal to those of the popula-
states. These mixings play the role of gates between orthgon relaxation rates. In our scheme, we propose to measure
and para subspaces. Because of the rotational relaxation,tge conversion rates in a static electric field in order to have
molecule initially in ortho subspace can reach one of thesgccess hoth to the interaction strengths and to the relaxation
gate levels and then its wave function is described by a mixratesl“a o

ing of ortho and para components. The next inelastic colli- - The paper is organized as follows: Section Il presents the
sion will transfer out the molecule of this mixed state, with (agits of the “gquantum relaxation” model in the case of a

some nonzero probability to end up in the para subspace. giatic electric field. Section Ill describes the experimental

For **CHgF, spectroscopic studies have specified thésetup and the processes used to measure all parameters

available pairs of levels in the vibrational ground state whichyich are needed to derive the conversion rates. Section IV

are significantly coupled by intramolecular interactions. The@resents the experimental results. Then, in Sec. V, we ana-

role of two of these pairs has been illustrated in our recen ;e these results in the frame of the quantum relaxation

experiment where a triangular alternating electric field wasyodel and we discuss the derived interaction strengths and
applied [7]. As the electric field amplitude increases, the g|axation rates.

Stark sublevels of the first pa{d=9,K=3; J'=11,K'=1),
Il. THEORETICAL BACKGROUND

The calculation of the conversion rate versus the electric
*Electronic address: Patrice.Cacciani@univ-lillel1.fr field can be done by extending the model of “quantum” re-
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laxation [6]. As this model has been presented in previous *

publications, we will just give in this paper what is necessary

to discuss our results. 04 — P—0.150 Torr
In such a model, the quantitative description of the con-7, | — P=0.300 Torr

version process is given by the relaxation of the nonequilib- :* 03

rium concentration of, e.g., ortho molecules. The excess ol -

ortho moleculesspy(0), created at time=0, decays expo-

02

Conversion ra

nentially:
Spo(t) = Spo(0)e™. 1) M
The ratey IS expressed diﬁ] 00 I ZOIOO : 40‘00 60‘00 80I00 ] lO(I)OO ] 12600 ‘ 14(I)00 ‘ 16000
2T | Vaur|? Static electric field F (V/cm)
y= 2 7 W@+ We(a)]. (2

acortho I +e, FIG. 1. Dependence of the nuclear spin conversion rate in the
aa aa - . - . .
o epara presence of a static electric field. The calculation is done for two

o pressure$=0.150 Torr and®=0.300 Torr to illustrate the pressure
The summation is made over all ortacand paraa” level  gependence vig,, ..

pairs,V,, is the matrix element of the interaction expressed
in 7 units, Wy is the Boltzmann factoriw,, is the energy
difference between the levels of the pair, ahg, is the
collisional decay rate of the coherence which is the off-
diagonal element of the density matpy,,. The validity of
this model holds with the assumption that the interactionSid
strengthV,,, remains small compared to the pair energy o
difference w,, Or to the relaxation rate of the coherence

spherical component of the spin-spin interaction second-rank
tensor7,, and the spherical component of the spin-rotation
tensorC,,.

Improving the hypothesis where the saing,, was con-
ered for both pairg6,9, I' .+ IS supposed to be dependent
the pair through the rotational quantum numbgrd’),

but remains independent of tii1,M’) Stark sublevels.

Faa’ [9] H i ic fi

In the absence of an electric field, the spin conversion rate Equation(2) becomes, in the presence of a static field,
is dominated by the occurrence of quasidegenerate ortho- v N VSV
para pairs in the molecule. As the values of the correspond- Y= 2 ' S (W + W,). 5
ing energy gaps have been determined by the spectroscopy, aM Doar * (@amarmr
the dependence relies then only on the magnetic interaction @' M
strengthsV,,, (spin-spin and spin-rotatigrand on thel",,,, To illustrate this formula, we have calculated for two
parameters. pressures (P=0.150 Torr and P=0.300 Torr, 1 Torr

Analysis of the conversion in an electric field gives the=133 Pa the dependence of the conversion rate versus the
opportunity to measure independently these parameters. klectric field. The set of parameters is the one selected
our previous papef7], we demonstrated the possibility of from our previous paper{7] obtained in a triangular
removing thel’,,,, dependence by using an alternating trian-electric field: T'11 1.9 ='1=1.03xX 10 s/ Torr?, T 1,003
gular electric field. Applying a well-calibrated static electric =I';=0.94x 10° s*/Torr!,  7,,=77 kHz, and C,,
field allows one to measure the whole set of parameters. =1.52 kHz. The curves are plotted in Fig. 1.

When an electric fieldF is applied, formula(2) still
holds if we replace in the sum eadlwa’) pair by the

(2J+1)(2J' +1) Stark sublevels pairs. The energy difference lll. EXPERIMENTAL SETUP AND FEATURES

is then given by The experimental setup has been described in previous
Vo publications[7,10-12.
R o =Rw g — FM( MK ___MK ) After an enrichment of the sample by light-induced drift
’ JU+1) J('+1 (LID) [1], relaxation towards spin statistics equilibrium is

with the possibility that this value could be zero for Someobserved by comparing the differential absorption of the

peculiar electric field strengths corresponding to the crossin _rtho specm‘,:s betwe_en”two cells: a reference cell at equn_lb-
of M sublevels. Since the Stark energy is considered low'Im and a conversion Ce”. connected to the end of a d”ft.
compared to the rotational one, the Boltzmann factor iJube where the enrichment is made. The laser beam is split
equally spread over th®l sublevels.M-selection rules are and modulated by a chopper at the frequency of 200 Hz. The
now considered for the magnetic interaction terms,, two beams enter alternatively the two cells and are then com-
which are replaced by, . [8]. Both spin-spin and spin- bined on a pyroelectric detector. Without enrichment, the la-
rotation terms have toagéaénonsidered' it follows that ser beams after the cells have the same intensity and the
' detector collects a constant power, resulting in a zero signal.

Vam.armr|? = |V2F,’\j|ff§f’,i;‘,|2+ |Vzﬂf;?$§i0“|2. (4)  Enrichment and conversion is observed via the disequilib-
rium between the two arms of the system.
Since the two pairs involved fol*CHF have bothAK| The geometry of the cells has been described previously

=2, the interaction term only involves two parameters: then [7] as well as the specific temporal scheme which has been

032704-2



NUCLEAR SPIN CONVERSION IN THE GASEOUS. PHYSICAL REVIEW A 69, 032704(2004)

104 — formed with the large dots, which lie close to the end of the
1 zero-field period of 9 s.

The analysis of the exponential decrease versus time is
done using these significant points and results in a derivation
of the ratey,,,, This rate contains two kinds of averagés:
the temporal one considering the period with and without a
field, and(ii) a volume one between the volurdg, (between
the electrodesand a dead volum¥, (connexion to the drift
tube) with no electric field. As has been shown previously
[7], two parametersy=Vg/(Vo+Vs) and B=Tg/(Tp+Tsy,
which represent the ratio “with a field” in volume and in
time, respectively, allow one to connect the measurggto

Enrichment signal (arb. units)

T T T T T T T 1T 1 17 . .
(@) ° 100 200 300 400 140 150 160 170 the conversion rate in the abser(cg) or presencdys,) of
a time {in seconds) time (in seconds) the field:

s PN

é ] i Yexp™ 7BYsi+ (1 = 18) vo- (6)

% -F | | | | | | | | | | | | To evaluate the volum¥,.;=V,+ Vg, of the enriched cell,

— e we use the ability of pressure measurements given by a MKS
0 100 200 300 400 140 150 160 170 Baratron gauge and compare the volu¥hg, to a reference

(b) volume. The only way to acces4; is to measure the geom-

etry of the cell—i.e., the surface of the electrodes and the
FIG. 2. Typical recording of the conversion rate in the presencespacing between them. The values ¥g,=1.64360) cm®
of an electric field((a) enrichment signakb) applied electric field, gng Vs=10.9010) X d(cm) cm® where d is the electrode
the electric field being alternatively p_ositive and negative. Largespacing. Uncertainty in the volume determination results in
dots are used to derive the exponential decreagg An enlarge- g yncertainty in derivings, from the measuregt,, There-
ment is shown on the rlght'of thg figure: j[he large points are takeqore, for this experiment, we have built a new cell with ex-
close to the end of the period without a field. treme care on the homogeneity of the electric field. A cali-

designed to allow conversion rate measurement in the pre$ration has been performed by scanning the infrared Stark
ence of an electric field. Briefly, the probe beam goesspectrum of th€(1,1) andQ(2,2) transitions in thes; band
through the conversion cell between the electrodes where tief ?CHzF with 9P(18) CO, laser emission. The resonant
field is applied. As the levels split into their Stark compo- voltages were divided by the resonant field strengths mea-
nents, the absorption changes and can no longer be ortho sured by Freunet al. [13] around 4 and 12 kV/cm, respec-
para selective. Thus the detection becomes inefficient whefively. The ratio is the same for both sets of transitions, en-
an electric field is applied. So the time schedule has beesuring the linearity of the voltage measurement. If this is
modified to keep an efficient detection while applying largeassumed to give an absolute value, we derive a spacing be-
electric fields. The field is applied only on the test cell for atween the electrodes ofi=0.082 465) cm, close to the
certain durationTg, during which the conversion ratgs;  spacer size of 0.0807 cm. The line-shape analysis of the re-
takes place. Then, the field is set to zero during another timeorded spectrum gives a maximum value of 5072 for the
T, to measure the ortho enrichment with an efficient detecinhomogeneity created by a possible nonparallelism between
tion. During this timeT,, the conversion rate ig,. We chose the electrodes. This calibration procedure ensures knowledge
a reference period of,,,=Ty+Ts=10 s, which can be split of the electric field with a relative accuracy o710,
differently depending on the conversion rate to measure. The This value of the spacing giveé;=0.898891) cm® and
signal is recorded every second, but we select only one sigr=0.54626).
nificant point every 10 s; it is chosen at the end of the period It can be noticed that the conversion phenomenon is more
without a field. As the signal is delivered by a lock-in am- demanding than a Stark spectroscopy experiment as regards
plifier with a 300-ms time constant,, is kept greater than the homogeneity: in this latter case, one has to know the field
3 s, giving enough time for the signal to recover. During theonly for molecules located in the laser beam, whereas for the
Tstperiod, the differential absorption becomes very large and¢onversion rate measurements, one has to know the field
overloads the amplifier. To avoid this, the signal is gatedapplied for every molecule present in the cell. In our hypoth-
during the period without a field. esis, we assume that the electric field is strictly zero for the
An example of a recording for a voltage of 314.45 V is volume V,, of the tube connecting the valve. More realisti-
shown in Fig. 2. This value corresponds to an electric field oically, we should have to consider that a small amount of
3813 V/cm for which the Stark sublevels of the second paimolecules are submitted to all intermediate electric fields
nearly cross. The conversion rate was expected quite higbetween zero and the field strength applied between the elec-
(>0.1 s, so we have chosen the following time duty cycle trodes. For this purpose, formul®) was replaced by an
(Ts To)=(1 5,9 3. On the right part, the time scale is en- integration over the total cell volume. In particular, this al-
larged to show the time schedule and the recorded dataws us to include fringe effects near the end of the elec-
points. The extraction of the conversion rajg,, is per-  trodes.
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Further care is taken to avoid any cumulative storing of ™[ f
electric charges on the glass parts of the cell. The electric ¢
field is applied alternatively positive and negative edgh _~osp l

period, ensuring that the time average voltage is zero. The s
drawback is that the positive and negative absolute values o0 .|
the voltage are not rigorously the same because of a sma § N
asymmetry of the amplifier gain. A relative difference of 3 | i 1 :
2Xx 1072 of the electric field strength has been measured,

which has been taken into account.

7000 000 5000 5000 0000 100 000 16000
Electric Field Strength F (V/cm)
IV. RESULTS FIG. 3. Experimentation data for a pressure of 0.180 Torr for

different electric field strengths around Stark sublevel crossing val-
We have performed more than 400 measurements of thes. The plain curve represents the calculation with the quantum

conversion rate at different pressures and electric fieldelaxation model parameters fitted on the experimental data points.
strengths. The three arrows labeled A, B, and C represent the field strengths
In the model, we have considered collisions between molwhere a study has been performed at fixed field by varying the
ecules within the gas sample, but collisions of moleculegpressure.
with the surface of the cell have also to be considgded].
This gives a constant contribution when the pressure is var- To complete the study of pressure dependence, we have
ied, whereas the volume contribution increases linearly. Inmeasured the conversion rates for three fixed field values
order to determine this wall contribution for our cell, we (646.8 V/cm,3838 V/cm,4529.1 V/omat the maxima of
have performed and analyzed conversion rate measurememisaks, the pressure being varied from 0.120 to 0.500 Torr.
without a field for different pressures. From these results, w&hese fields are labeled by A, B, and C in Table | and appear
separate the gas phase contribution from the wall surfaceith an arrow in Fig. 3. The agreement between the data and
one: the calculated rates with fitted parameters is shown on Fig. 7.
P For these maxima, we are exactly at the crossing point for
Yexp= Ywall + Y0P ™ one specified ortho and para Stark level pair; the conversion
rate decreases with increasing pressure, which represents an
YexdS D) = 1.1740) X 10°+11.715) X 10°P, (8)  increase in the number of collisions. This behavior has been

where the pressure is given in Torr. This value is ina/ready described by Nageét al. [14] and interpreted in

agreement with the previous measurements” term of a quantum Zeno gﬁect. Besides formcﬂaqerlved
=12.26) X 1073 571/ Torr [1-4] from the quantum relaxation model, a microscopical expla-

nation can be given. Suppose that a molecule, initially in the

From the volumes(Vee,Vo, Vs, 7) and time schedule E(!)rtho subspace, arrives &0 by collision in an ortho Stark

(Tsu To, Tiot, B), We can derive the gas phase conversion rat
gt at the specific electric field value from the apparent

conversion rateye,, We assume in our model that the wall 0.1
contribution remains the same in the presence of the electric |
field.

For the measurements with an electric field, the evolution 0.08

of the relaxation rate can be observed in two different ways:
(i) versus the Stark field for a fixed pressure ginglversus

pressure at fixed field strength. In this last case, we have 0.06 - (M=-2, M’=-3)
chosen the Stark field strength corresponding to a crossing.

For the first kind of investigation, the pressure was fixed I
at 0.180 Torr; seven crossings were probed for the first pair 0.04 (M=-2, M’=-2)

; -1
Conversion rate Y (s )

of ortho-para levels and eight for the second p&ig. 3).

Figures 4 and 5 show enlargements around the field strengths

F=3500 V/cm and 15 000 V/cm. Thi1,M’ values and 0.02

the corresponding field strength at the crossing are summa-

rized in Table I. The pressure was chosen as low as possible

to have narrow peaks for the determination of the relaxation 0 s | s ! s |

ratesI’; andT',, with the limit of keeping a good enrichment B R Strength F (wifnof

and conversion signal for the accuracy of the conversion rate

measurement. FIG. 4. Conversion “spectrum” @&=0.180 Torr for the cross-
The two first main crossings of each pair have been studngs (M=-2,M’'=-2) and (M=-2,M’=-3) of the first pair. The

ied also at a higher pressure BF0.260 Torr in order to |arge increase on the right is the first main crossing of the second

study the broadening described by the linear dependence @hir with M=20,M'=21. Calculated curves are drawn with the

I'y and T, versus the pressure. This is illustrated in Fig. 6. fitted parameters of the study.

{
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gl 007
| (M=5, M’=5) = 0.06 — §¥ 5_‘
- (M=6, M’=8) 2 005k i
'Tm 0.15 >::5 i SN
5 2 ool
f | 5 = 0.04_
< =
o .S 0031
5 2 |
7] ]
o Z 002~
5 < / st .
3 O / | ® P=0.180torr| 1 pair
e 005 001 @ P=0.260 torr
1 I 1 | 1 | J
%0 600 700 800
Electric Field F (V/cm)
| L | L | ! | L |
93000 15000 17000 04
Electric Field Strength F (V/cm)
FIG. 5. Conversion “spectrum” @&=0.180 Torr for the cross- o~ fi\i ? 2 pair
ings(M=6,M’=8) and(M=5,M’=5) of the second pair. ‘w03 !’ 1 ] “ n
?:U_S ,, ‘ !‘ ll \‘
sublevel which is degenerate with its para partner. At this g i A
specific crossing point, the ortho and para states are strongly £ o2k
mixed (which differs from the zero-field cageThe wave g
function has an oscillatory behavior at a frequency given by '@ L
Q=V. This frequency is low compared 10, ,,, and by in- 2
creasing the pressure, the molecule has less and less time 8 0.1
between two collisions to start the oscillation during which -~ Calc P=0.180 torr
. - . — Calc P=0.260 torr
the para character will be gained and, so, to have a probabil- L
ity of conversion. This explains that, near a specific crossing, gt [ I IR IR I
the conversion rate is roughly proportional to the inverse of 600 3700 3800 3900 4000 4100 4200 4300
the pressure. Electric Field F (V/cm)

All the data have been treated by a weighted least-

TABLE |. Crossings studied.

M M’

Electric field (V/cm)

J=9,K=3;J=11,K'=1

-9 -11 643.08(A)

-8 -10 729.78

-4 -4 1352.%

-4 -5 1459.5

-4 -6 1585.4

-2 -2 2704.3

-2 -3 3170.8
J=20,K=3;J'=21,K'=1

20 21 38458  (B)

19 20 4052.9

17 18 45423 (O

13 14 5988.3

8 9 9946.3

7 6 10120.0

6 8 14667.6

5 5 15048.0

#Spin-spin only.

FIG. 6. Conversion “spectrum” around the two first Stark cross-
ings for the first and second pairs: dependence vs Stark field for two
pressure£=0.180 Torr andP=0.260 Torr. Calculated curves are
drawn using the fitted parameters of the stisge text

squares-fit procedure following the model described by Eq.
(5). Each data point is considered with its corresponding
pressure and electric field, and the weight is derived from the
uncertainty in the conversion rate given by the exponentially
decreasing fit. The fitted parameters are the interactions
strengthsT,, and C,, (spin-spin and spin-rotatiorand the
relaxation rates of the ortho-para coherence created by the
magnetic interactionk; andI’,. As mentioned in Sec. Il, we
have made the assumption that the relaxation rate depends
only on the considered pair and not on tfid,M’) Stark
sublevels. This hypothesis will be discussed later.

In fact, a fifth parameter was required in order to be able
to adjust the electric field position of the conversion rate
maxima. In the model, a constant dipole momemn§
=1.85796)D [13] was first used. But despite accurate cali-
bration of the field and spectroscopic efforts on the knowl-
edge of the =zero-field energy differencesy, .
[130.3518) MHz for the first pair and 351.4@3) MHz for
the second paly a significant shift in electric field strength
subsisted between calculated and experimental points espe-
cially for the crossings corresponding to the second pair.
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0.5 - ' - T T T 7 The fitted parameters reported in Table Il are relevant to
either the strength of the intramolecular interactions
I ] (T,,,Cyy) or the collisional relaxation ratg$’;,1",). We will

first discuss the values of intramolecular interactions and
7 compare them to previous experiments. Second, we will fo-
cus on the role of collisions, their implication in the quantum
] relaxation model, and their ability to describe our experimen-
tal observations.

e
w
I

A. Intramolecular interactions

] The value ofT,,=67.9 kHz is in good agreement with the
theoretical value of 69.2 kHz calculated from the molecular
m structure[17,18 and the previous experimental value of
69.7 kHz[12]. It corrects the one derived from experiment
7 with a triangular alternating field of 77 kHZ]. Compared to
this approach, the two interaction strengths can be separately
- derived from the data; a good example is given in the highest
studied crossingFig. 5, F=15 kV/cm). In the double peak,
. the first componentM=6,M’=8) is driven only by spin-
spin interactions (AM=2), whereas the second peak
00— 0"1 ' 0'.2 ' 0"3 ' ()L‘ ' (,'5 ' (M=5,M’"=5) is mainly (85%) driven by spin-rotation inter-
Pressure (Torr) actions. So the two “intensities” give directly and separately
the two interaction strengths. With the triangular alternating
FIG. 7. Conversion rate dependence vs pressure for threfield method, the spin-spin interaction was first derived from
maxima of the conversion “spectrum” labeled A, B, and(see the increase due to the first pair; then the spin rotation inter-
Fig. 3. action was estimated by subtracting the spin-spin contribu-
tion from the increase due to the second pair. So the error

Then, considering the high values of the involved levels, made in the spin-spin term was transferred to the spin-

we introduced a rotational dependence of the dipole mome; tt?]t'on one. We {nennc_)netdkm thetd_|tsmi§5|ont|_r1 FFEI'tTat f
1= 1o+ 1, )3+ 1)+ K2 Here u, is considered as a IT the spin-spin term is taken at its theoretical value o

! : ) 69.2 kHz, the derived value of the spin-rotation term will be
fifth parameter, assumingi fixed at a constant value 1.85 kHz. So the value ofC,,=1.99 kHz found in the
_ 5 . . . . . - .

3.7X10™ D [15]. This aspect will be detailed elsewhere present work is in agreement with previous measurements.
[16]. . i ) In a theoretical work, Gus’ko{19] introduced the role of

The best adjusted parameters are summarized in Table fye spin-rotation interaction in the model. Considering only

An example of the agreement can be seen in Fig. 3 where thgyin_spin interactions for the two pairs and assuming
curve is calculated for a pressure of 0.180 Torr. The googxperimental values for the relaxation ratdg0] of
agreement is also visible in Fig. 7 where the calculation ig";=1.09x 10® s/ Torr andI',=1.00x 10° s"Y/Torr, a cal-

Conversion rate Y,
o
I T

0.1

done at fixed field strength versus pressure. culated value was found to represent only 40 % of the ex-
The quality of the overall fit is given by the value of the perimental nuclear spin conversion rate fiCH;F. There-
reducedy?=3.8. fore, the author assigned the remaining part to a spin-rotation
interaction strength of 2.12 kHz, qualitatively compatible
V. DISCUSSION with our value.

The agreement between experiment and theory confirms B. Collisional relaxation rates

the validity of the “gquantum” relaxation model and its adap-  The study of the conversion spectrum was mainly focused
tation in the presence of an electric field. on the ability to measure directly the relaxation rates of the

TABLE Il. Best-fitted parameters. The errors in parentheses correspond to one standard deviation of the
values in the least-squares-fit analysis.

Parameter Calculated Referer{@@ This work
To 69.2 kHz 77 kHz 67.9@5) kHz
Cx 2.1 kHZ 1.55 kHz 1.998510) kHz
r, 1.03x 1% sY/Torr 1.54531) X 10° s/ Torr
I, 0.94x 10° s/ Torr 1.34213) X 10° s/ Torr
w3 1.50% 1075 D 2.7(17) X 10°° D

“Derived from experimental value at zero fidlt9].
bReference[lﬁ].
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TABLE llI. Self-broadening of rotational transitions. Errors are +I",,,,,), which corresponds to the nonadiabatic term assum-

equal to one standard deviation. ing that a process that makes the molecule leaves thecstate
or o' necessarily breaks the coherepgg:, and an adiabatic
J,K=J" K Broadening 19s™!/Torr oneFii'? corresponding to processes where the molecule re-
1,1-2.1 112227 ma_ins in its statda or a’) but interacts with the reservoir
0010 137619 which changes from a s_taﬁe to another §tate of equw_alent_
' ' b energyv. This last term is not effective in our case since it
1,0-2,0 1'14-(16)b does not lead to nuclear conversion.
1,1-2,1 1.1421) For the nonadiabatic term, in the absence of a field athe
2,2-3,2 1.01113)° level is degenerated iM. Efficient collisions are those
5,5—6,5 0.80610)° which transfer the molecule from to 8+ a corresponding
7,6—8,6 0.85610)" to a change in thd value. The energy transfer is at least of
55-6,5 0.80610)° the order of magr_1itu_de of the rotational energy. In the pres-
1011 1.0915)° ence of an electric fle_ld, thM deg_gneracy is I|fteq; there-
2021 1.06) forg, we havge to consider, in addition to the previous ones,
i collisions which keep the samkvalues and change onM
*Referencq21]. (reorientation of the moleculeThe energy transfer is lower
bReferencq22). and such collisions are considered to be softer than those
‘Referencg20]. which contribute to the usual relaxation of the population

These collisions which reorient the molecule are at the

ortho-para coherencd® andT’, by the width of individual ~ origin of the phenomena of collisional coupling between
peaks. Our fitted values are found significantly different fromStark transitions observed on the broadening ofEttan-
Ref. [20]. In the quantum relaxation model, the relaxationsitions in the presence of an electric fig@7]. The main
rate of the coherendg, .. is introduced as a phenomenologi- result of this study was the observation of a different colli-
cal parameter describing the breaking of the cohergnge  Sional broadening for a transition degeneratedvinin the

by the collisions[6]: absence of the field from. thg ones of individual Stark com-
ponents where the electric field is strong enough to resolve
9 Paa’ them. Following the first observation of Brechigngz8],
It ==LoaPaar + " 9 precise experimental data showed tledependence of the

collisional broadening29,30 and how to treat overlapping
In collisional relaxation, we consider collisions which re- Stark componentf27]. The “soft” collisions which only re-
move the population incoherently from a particular state; thedrient the molecule are pointed out; they can play a similar
assumption usually made is that the coherence between twole in our nuclear spin conversion process. On purpose, we
states is broken if the molecule leaves one state or the otheiried a least-squares fit of our data, assumingNhédepen-

dence given in[30] for I'; and I',. No improvement was

Taat T observed.
oo = 2 ' (10 Within the model described by Edq5), knowledge of

I', . values is essential to calculate the conversion rate at
r,,andI',, are relaxation rates of the populatien(re-  zero field. Using the four parameters of Table Il derived from
spectively,a’) which are commonly derived by studying the non-zero-field conversion rate data, we found the vatfe
collisional broadening of transitions involving these states=15.5x10°s/Torr at zero field, which lies 30%
Referencd20] is an example of such studies with rotational higher than the commonly accepted value of°
quantum numbed but with noK resolution. Other determi- =12.26) X103 s7Y/Torr. This discrepancy brings up the
nations resolving th& components can be found in the lit- possibility of experimental error sources or some improve-
erature. All are summarized in Table III. ment of the model.

Such an assumption of using the relaxation rates derived The fitting procedure takes into account the positive-
from collision broadening in the nuclear spin conversionnegative disequilibrium of the electric field applied as well as
model was first considered by Nagefsal. [23] studying the  some edge effects at the end of the electrodes but assumes a
collision of 3CHsF with different foreign gases. This was perfect homogeneity of the field in the Stark cell. Let us
the argument to conclude that the “quantum relaxation’remember that lower values bfgive more contrasted peaks
model was the leading mechanism for the spin conversion itthat a possible inhomogeneity could smooth. Coming back to
CHgF. Recently, this interpretation was completely ques-our calibration procedure of the electric field, the shape of
tioned in similar experiments performed on formaldehydethe two Stark spectr@(1,1) andQ(2,2) have been carefully
[24,23 where a nuclear spin relaxation “cross-section” wasexamined. The observed contrast allows us to give an upper
found much larger than the line broadening ones. limit to the relative inhomogeneity of the field around

Beyond these questions, the hypothesis of @@) could 5% 1073, Assuming such a value, we calculated its influence
be refined in the presence of an electric field. In the derivapn the parameters of the fit: the only significant change is on
tion of the Master equatiof26], the relaxation rate of the the second pair wherE, would be overestimated by 10%.
coherencel',,, is the sum of two termsI"***=X(I",,  This effect is not enough to remove the discrepancy men-
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tioned above. With such a correction the conversion rate atelaxation rates. Some remaining discrepancies address the
zero field remains 20% higher than the experimentally meapossibility of refining the model, in particular to have a better
sured one. So an improvement of the model considering, i.edescription of how the collisions break the coherence created
the role of the reorientating collisions has probably to beby the magnetic interactions between ortho and para levels.
considered. The role of soft reorientational collisions is suggested as a
candidate to refine the model and to improve the comparison

between calculated values and experimental data.
VI. CONCLUSION
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