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Theory of nuclear-spin conversion in ethylene
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A theoretical analysis of nuclear-spin conversion in ethyl&i@CH, has been performed. The conversion
rate was found to be=3x10"* s /Torr, which is in qualitative agreement with the recently obtained
experimental value. It was shown that the ortho-para mixinf@CH, is dominated by spin-rotation coupling.
Mixing of only two pairs of ortho-para levels was found to contribute significantly to the spin conversion.
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I. INTRODUCTION conversion in ethylene with the conversion by quantum re-
laxation. We consider the same isotope speci#8CH,, for
Nuclear-spin isomers of molecules were discoveredvhich the experiment was doré&]. An essential difference
nearly 70 years ago when ortho and para hydrogen isomeg the present study from the well-understood case offcH
were separated for the first time. Although it was realizedmolecules is that now we have to work with an asymmetric-
already at the time of that discovery that many other symtop molecule. This appeared to be much more complicated
metrical molecules have nuclear-spin isomers too, until rethan the case of symmetric-top molecules. We would like to
cently almost nothing was known about isomers of mol-Point out that spin conversion in asymmetric tops was con-
ecules heavier than hydrogen. This is because of the lack §idered theoretically previously for the 8 and HO mol-

practical separation methods. The separation method bas&gulesi8]

on deep cooling was applicable to hydrodand deuterium
but failed in the case of heavier molecules. Presently, a few!. ISOMER CONVERSION BY QUANTUM RELAXATION

new methods for spin isomv_ar separation have b_ee_n pro_pogt_ed Although the spin conversion in molecules by quantum
and successfully tested, which has advanced this field signifi, axation is explained in other publications, we will describe
cantly. Yet we are at the very early stage of this researchyiefy its essence here for the convenience of the reader. At
The list of molecules for which the nuclear-spin isomersyoom temperature, almost all molecules are in their ground
have been separated is rather shog:[H, CHsF [2], H;O  electronic and vibrational states. Suppose that these states are
[3], CH,0 [4], Li, [5], Hy [6], and GH, [7]. separated into two subspaces, namely the nuclear-spin ortho
The CH;F molecule occupies a special place in this listand para states, as is shown in Fig. 1 for the particular case
because it is the only polyatomic molecule for which theof *CCH,. Note that some molecules may have more than
isomer conversion mechanism has been identified. Thg=CH two nuclear-spin isomer forms, e.g., methane or normal eth-
spin isomers appeared to be extremely stable, survivinglene. On the other hand, many molecules, e.g., GH;F,
~10° gas collisions. Nevertheless, the isomer conversiorand **CCH; too, have just two type of spin species.
was found to be based on ortho-para state mixing induced by The relaxation process that we are going to consider has
tiny intramolecular hyperfine interactions and interruption oftwo main ingredients. First, the ortho and para quantum
this mixing by collisions. This specific type of relaxation was States of the test molecules are not completely independent.
referred to as quantum relaxation. It is essential for the physthere is a smalintramolecular perturbation,V, which is
ics of molecular spin isomers to understand which processesble to mix the ortho and para states. This perturbation can
are responsible for the spin conversion in other molecules. mix, in general, many ortho-para level pairs. But in Fig. 1,
Recently the first separation of nuclear-spin isomers othe mixing is important just for one pair of states, as will be
ethylene 1*CCH, has been performef7]. The conversion the case for'®CCH, (see below. Second, the test molecules
rate has been determined and it was shown that the rate iare embedded in an environment that is able to induce fast
creases proportional to the gas pressuptP=5x10"* relaxation inside the ortho or para subspace, but is not able to
s~ YTorr. An understanding of the mechanism of the converproduce direct transitions between these subspaces. This im-
sion in ethylene needs theoretical investigation of the proplies that the relevant cross sectiefforthgpara)=0. The
cess. relaxation by direct transitions is the process opposite to the
In the present paper, we perform a theoretical analysis ofjuantum relaxation.
the spin conversion in ethylene molecules. The purpose is to The isomer conversion by quantum relaxation consists of
verify the consistency of the experimental data on isomethe following. Suppose that at the instart0 a test mol-
ecule is placed in the ortho subspace. Due to collisions with
surrounding particles, the test molecule starts to perform fast
*Permanent address: Institute of Automation and Electrometrymigration among rotational states inside the ortho subspace.
Russian Academy of Sciences, 630090 Novosibirsk, Russia; ElecFhis is the familiar rotational relaxation. This running up and
tronic address: chapovsky@iae.nsk.su down along the ladder of the ortho states con-
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2 4004 FIG. 2. Numbering of atoms ift®CCH, and orientation of the
3 molecular system of coordinates.
states. In Eq(2), I' is the decay rate of the off-diagonal
200 density-matrix elemenp, ,(a’ € parap € ortho) assumed
here to be equal for all ortho-para level pai#s, , is the gap
between the statea’ and a; Wy(a') and W,(a) are the
0. Boltzmann factors of the corresponding states. For the fol-

lowing, it is convenient to introduce thetrength of mixing
ortho para F(a’|a), which sums the intramolecular couplings over all

degenerate states.
FIG. 1. The ortho and para states of tH€CH, molecules. The

bent lines indicate the rotational relaxation inside the two sub-
spacesV,., refers to the intramolecular mixing of the ortho and
para states. The indicated pair of states is the most important one

for the spin conversion iF*CCH. Ethylene is a popular object in high-resolution infrared
spectroscopy. This fortunate circumstance made available
rather accurate data on molecular parameters and position of
h _ ) ~~ molecular rotational levels. The molecular structure, num-
cally close para stater’. During the free flight after this  hering of hydrogen atoms, and orientation of the molecular
collision, para state:’ will bg gdm|xed to the ortho state. system of coordinates are presented in FiglZ.CH, is a
Consequently, the next collision can transfer the molecule t§lane, prolate, nearly symmetric top having the symmetry

IIl. ROTATIONAL STATES OF ETHYLENE

tinues until the molecule jumps in the state which is
mixed by anintramolecular perturbation with the energeti-

other para states and thus Iocaliz_es_ it inside the para SUsint groupC,, . The characters of the group operations and
space. Such a mechanism of spin isomer conversion Wage jrreducible representations are given in Table I. We give
proposed in the theoretical work by Cuet al [8] (see also in Table | also two isomorphic groups, molecular symmetry
[9D. . o . groupC,,(M)[10] and the point group,. The bond lengths

velv d ibed in the f K of the Kinei ion f 3nd angles that were used in our calculation are as follows:
tively described in the framework of the kinetic equation OrrCH=1.087 A ree=1339 A, and the angleay.c.p

the density matrix[9]. One needs to split the molecular =117.4°[11].

Hamiltonian into two parts, The fact that the ethylene molecule is an asymmetric top

Ry i complicates in two aspects the theoretical analysis of the

o isomer conversion. First, the energy levels and wave func-

. S tions for asymmetric tops can be found only numerically but

where the main part of the HamlltornaH,O, has pyr? grtho not analytically, as is possible for symmetric-top molecules.
and para states as the eigenstates; the perturbdtioixes  secong, the rotational quantum numkeprojection of mo-

the ortho and para states. If initially a non.equilibrium CON-|ecular angular momentum on the molecular symmetry)axis
centration of, say, ortho molecul&p,(t=0) is created, the

system will relax then exponentiallyip,(t) = 5po(0)e ", TABLE I. The character table for the symmetry groups, ,
with the rate C,,(M), D, and classification of the basis stat&s.
2I'F(a’|a) C,,(M) E (12)(34) E* (12)(34) ortho ortho  para
= 2 5 [Wy(a) +Wy(a)],
a'epaco "t oy, Cy, E C, o, o)
D, E R; Ry RY Keven K=0 K odd
Fa'la= X Va2 2 '
W epeo A 1 1 1 1 p=0 J,p-even,
B, 1 -1 -1 1 p=1
The sets of quantum numbers ={a’,»'} and a={a,v} A, 1 1 -1 -1 p=1 J,p-odd
consist of the degenerate quantum numbers’ and the g, 1 -1 1 -1 p=0

guantum numbera’,a, which determine the energy of the
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becomes an approximate quantum number in asymmetric Rotational states of>CCH, can be determined using the
tops. Consequently, one should calculate numerically morélamiltonian of Watso12] and the set of molecular param-
ortho-para matrix elements than in the conversion ofeters from Refs[13,14]. The rotational Hamiltonian up to
symmetric-top molecules; see, e.[f]. sixth-order terms has the forfi2]

Ho=3(B+C)J?+[A—3(B+C)]I2—A;(I%)?— Ay J2I2— A J}
+H3(3%)3+ Hy(3%)202+ Hy ;3202 + H 38
+3(B—C)Fo— 830%F¢— 8x F2+ h3(3%)2F o+ hy J?F o+ hgFy, 3)

whereJ, J,, Jy, andJ, are the molecular angular momen- whereAy stands for the expansion coefficients. The summa-
tum operator and its projections on the molecular axes. Théon index, K, is given explicitly in Eq.(6), althoughAx

B, C, andA are the parameters of a rigid top that characterizedlepends on the other quantum numbers as well. All coeffi-
the rotation around the, y, andz molecular axes, respec- cients in the expansio6) are real numbers because the

tively (see Fig. 2 The rest of the parameters account for theHamiltonian(3) is symmetric in the basiky,p).

centrifugal distortion effect§12]. In Eq. (3), the following There are a few schemes for practical classification of the
notation was used: rotational states of asymmetric topk6]. In this paper, we
will use the scheme that is somewhat better adapted to the
Fo=J0(37—30)+(J5—-35)35. (4)  description of nuclear-spin isomers. We will designate the

rotational states of the asymmetric top by indicatng, and

The Hamiltonian(3) can be diagonalized for each value Prescribing the allowed values to the eigenstates keeping
of JandM in the basis of the symmetric-top quantum stategPoth in ascending order. For example, the eigenstate having
|3,k,M) (—JI=<k=<J), whereJ, k, andM are the quantum P=0J=20, andK=0,2,4...,20 in theexpansion(6) and
numbers of the angular momentum, its projection on the mobeing the third in ascending order will be designatedkby
lecular symmetry axis, and on the laboratory quantizatior= 4. (Note the difference between the two characterand
axis, respectively. The Hamiltoniai3) has matrix elements K.) It gives unambiguous notation of rotational states for
diagonal ink due to the first two lines and matrix elements

having |Ak|=2. The calculations of the rotational eigen- 20
states can be simplified if one uses the Wang Has&ikwith = ¢
K=|k|: g
=
5 10
— 1 J+K+p| o\ é‘
Ia,p>—ﬁ[|a>+(—l) |a)], O0<K<J, I
j}' 0 ® ° ° .
_1\Jtp <
|ao,P>=%|ao>, K=0. (5) 0 4 8 12 16 20
1.0 i—.—*—.—‘—.—‘—
Here p=0,1 and the sets of quantum numbers are @ .
={J, KM}, a={J,—K,M}, and au={J,K=0M}. De- 5% 1
pending on the parity of, K, andp, the state45) generate £ o.0m m Ktom
four different irreducible representations of the molecular S oal " ® Sccond term
symmetry grouD, (Table ). The molecular Hamiltonian is § e e
fully symmetric (symmetryA;). Consequently, the matrix § 02 Y
elements between the states of different symmetry disappear. i) 0.0 . o o _
Thus diagonalization of the total Hamiltonian in the basis of .
Egs.(5) is reduced to the diagonalization of four independent 0 4 8 12 16 20
submatrices, each for the states of particular symmetry. The R

rotational states of asymmetric top can be expanded over the

basis states5), FIG. 3. Properties of asymmetric-top rotational states. The up-

per panel gives splitting between the states) €®20/) and (1J
=20X). The lower panel gives squared values of the two terms in

|B'p>:2 Acla,p), (6)  the expansior(6) for the state (@=20K). “ K term” is A%
K “Second term” is the second biggest coefficient in each expansion.
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each of the four specie8;, A, (K even andB,,B, (K 10° %o
odd. This classification establishes the connection with the P
prolate symmetric top for whiciC=K. One should remem- °
ber that the physical meaning of the quantum numfes
clearly limited. To illustrate this, we consider as an example
the rotational states gk, andA, symmetry (C ever for J
=20. The upper panel in Fig. 3 shows that the energy of the
rotational states is not determined solely/@yas it would be
for a rigid symmetric top. The graph shows the difference in
energy between rotational statég andA, having the same
K number but different quantum numbgrsThe stated\,
K=0 andA,, £=0 are omitted from the graph because the
latter state does not exist. As is seen from the data, the split- . ®
ting is significant for low values ok and rapidly disappears 1000 20 30 40
as K increases. Note that th&; and A, states for a rigid
symmetric-top molecule would be degenerate forkall
The low panel in Fig. 3 illustrates the property of the FIG. 4. Collapse of the energy gap between the ortho and para
eigenstate expansions over the basis st@edn this panel, states in ethylene as a function &f The figure shows the energy
the squared magnitude of the twix coefficients in each gaps between the ortho states J(8;=0) and the para states
eigenstate of the symmetik, (J=20) is given. The first (0,J,K'=1).
one (" KC-term” in Fig. 3) is Aﬁ havingK= K. These coeffi-
cients appear to be the biggest coefficients in each expamcules, the spin states of the proton pairs should be either
sion. This adds some physical insight to the proposed classpoth triplet,|t,t), or both singlet statess,s).
fication scheme. The “second term” is the second biggest The para states can be represented as
coefficient in the expansion. Again, at low values there is T ,
more than one significant term in the expansiéh As K lu)y=18".p"Mitziizaic), K’ odd. ®)
grows, the contribution from just one term becomes pre- . . :
dominant. Note that the same graph for a symmetric-toﬂ:or para mo_le_cu_les, one pair of protons is in the smglet, but
molecule would show only one significant terd_, in the other pair is in the triplet state; thus the proton spin states

the expansions of all eigenstates. are|t’,s’) or|s’,t’). In Egs.(7) and(8) and below, we use
unprimed parameters for ortho species and primed param-

eters for para speciep;=0,1 indicates a positive or a nega-
IV. ORTHO AND PARA ISOMERS OF ETHYLENE tive sign of the state, respectively. Equatiof® and (8)
imply that the ortho-para state mixing in ethylene needs cou-
pling of states having different parity &f.

The relative position of ortho and para states is important
tsor the calculation of the conversion rdeee Eq(2)]. In the
case of a symmetric-top molecule, the ortho-para energy
gaps can be expressed as a polynomid afdK. This gives
“accidental” (isolated resonances between the ortho and
para states in a symmetric top. Note that relaxation through
“accidental” resonances is known to be important in small
molecules, e.g., for singlet-triplet interconversion in,Na
Jsﬂ]' In the case of an asymmetric top, one has a phenom-
€non that can be called collapse of ortho and para stétes

It appears in ethylene as a progressive decrease of the ortho-
para energy gaps between the states of identical rotational
momenta,J, asJ increases. This is illustrated in Fig. 4,
which shows the gaps between th&CCH, ortho statesik

Ortho-para gaps (MHz)
L

J

The total molecular wave function is a product of spatial
wave function and spin wave function. The nuclear-spin
states in*CCH, are of A; and B, species, having the sta-
tistical weights 20 and 12, respectively. The ortho spin state
(symmetry A;) have the two hydrogen pairs (HH, and
Hs-H,) either both in the triplet state or both in the singlet
state. The para speciésymmetryB;) have one pair of pro-
tons in the singlet state but the other pair in the triplet state
Each symmetry operation of th@,, group interchanges an
even number of protons iR*CCH,. Consequently, the total
wave function must be unchanged under all operations, th
belonging to the representatidn. In order to have the total
wave function of specieé\;, one has to have the spatial
wave function of symmetrnyA; and B, as the spin wave
functions are. This implies that the rotational sta#gsand
B, should be only positivéeven in parity but the rotational

. . ) =0, and the para statek}' =1, both having positive sign
statesA, an.d.Bz shpuld. be on_ly negativeodd n parity. . (p=0) and the samé. If such ortho-para level pairs would
Summarizing this discussion, we can write all possible

; : ) exist for symmetric tops, they would dominate the conver-
nuclear-spin—rotational states in thiCCH, molecules. The sion. In the case of asymmetric tops, the situation is differ-
ortho states can be represented as

ent. We will see below that this sequence of closed ortho-
o o para level pairs does not produce a significant contribution to
lw)=18.P)i12,13a,ic), i12.iza=t,s, K even. (7)  the isomer conversion iA°CCH,.
The Boltzmann factorsVy(«) and Wy(a') in Eq. (2)
Herei,,, i34, andic designate the spin states of the two determine the relative population of rotational states in the
pairs of protons and the nuclediC (Fig. 2). For ortho mol-  ortho and para families,
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Pa=PWo(@),  par=ppWy(a'), ) Vse= VED+VED+VEN + VER+ VED+ VY. (13)

where p, and p, are the total densities of ortho and paraHere the upper indices refer to the hydrogen nuclei in the
molecules, respectively. Equatiof® imply equilibrium dis- molecule 1. .., 4 and to thewucleus3C, which has a spin
tributions inside the ortho and para subspaces. This is fulequal to3 (see Fig. 2 Calculation of the spin-spin matrix
filled with high accuracy even if the ratip,/p, is out of  elements can be simplified by a few observations, which we
equilibrium because rotational relaxation is many orders otliscuss in more detail for the perturbatiovi§s’ and V).
magnitude faster than the ortho-para conversion. The partFirst, one can prove by applying the proper symmetry opera-
tion functions for ortho and para molecules at room temperation that
ture (T=295 K) are found to be equal to

(' VEQ )= (p' V& ). (14)

Next, the two out of four matrix elements between the ortho
In the calculation of these partition functions, we took intoand para spin states vanish,
account the degeneracy oWdr nuclear spins, including also
spin of nucleus!®C, parity of states, as well as the restric- (t",s'|VESs,s)= (s ,t'|VES)]s,s) =0, (15
tions imposed by quantum statistics.

Zortno=2.66X10%,  Z,= 1.60x 10°. (10)

because in these two cases one has the matrix elements of a

vector (spin operator between the states both having zero

spin. On the other hand, the remaining two matrix elements
In the present paper, we will consider the ortho-para conare equal to each other,

version induced by the two hyperfine interactions, viz., mag- C () ()

netic dipole-dipole interaction between the molecular nuclei (t',s"|Veg'|t, )y =(s",t' |Vt ). (16)

(spin-spin interactionYsg and the nuclear-spin-rotation in- 1, summarize, one can conclude that the variety of matrix

ble to mix the ortho and tates i P
able to mix the ortho and para states IS matrix element, e.g{B’,p,t’,s'|VEY| B,p.t,t). Obviously,

the carbon spin state, which is omitted in this expression for

V. ORTHO-PARA STATE MIXING

V=Vsst V. 1y simplicity, should be unchanged in this matrix element.
. Further, we write this matrix element using an expansion
All matrix elements ofV are diagonal in parity. over symmetric-top statg$),
A. Nuclear—spin-spin coupling (B’,p,t',S’|V(51§1)|,8,p,t,t>
The ortho-para conversion in molecules induced by L , ) (14)
nuclear—spin-spin coupling were investigated[&9] (for =(t",s'| 2 A Ak(a’,p[Vss’|a,p) [[t.t).
other references, see the revigl8]). The spin-spin Hamil- KK
tonian for the two magnetic dipoles, (having spinl () and a7
o (having spinl®)) separated by the distancehas the
form [15] This expression reduces the calculation of the spin-spin ma-
trix elements in asymmetric tops to the calculation of
Vi,=P,T12 [f@) symmetric-top matrix elements. Solution for the latter can be

found in [9], which allows one to express the strength of
T(P=5,-3nn;, Pu=pup/r¥IWI@, (120 mixing in ethylene byVss as

~ A ! — ! 2
wherel™ andi® are the spin operators of the particles 1 Fsda'la)=(20"+1)(23+ 1T
and 2, respectivelyn is the unit vector directed alormgand 7 2 3
i and]j are the Cartesian indices. The second-rank tensor x| > qA|,<+qAK( )
T2 in Egs. (12) represents a spatial part of the spin-spin K>0g -K-q q K

i i - S5 (@ in vari-
interaction. The second-rank tengér1(? acts on spin vari 14(—1)7p , ( 7 2 J)

2
ables. Ao

The total spin-spin interaction ift3CCH, is composed V2 -1 10
from the interactions between all pairs of molecular nuclei. (19)
One can show that the spin-spin interactions between the
protons 1-3, 2-4, 1-2, and 3-4 have a spatial part that can midereq=+1; (: : :) stands for the B symbol, and the fol-
the quantum states only if they haenumbers of the same |owing notation was used:
parity. Consequently, these terms do not contribute to the

ortho-para state mixing in ethylene. The complete nuclear—  72=2|P, 7572+ 2| P, 75| 2+ 2| Pcs 752,
spin-spin interaction in*3CCH, able to mix the ortho and
para states reads T7=45.4 kHz, (19
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where P factors are equivalent to the similar factor in Eq.  The spherical components of the spin-rotation tensor of
(12); 7*2’}1”) are the spherical components of the correspondthe rankl(l=1,2) for theith proton calculated in the mo-
ing T tensor calculated in the molecular frame. The numeridecular frame,Cff&, can be determined using E®3). For
cal value of 7 was found using molecular structure from the ethylene molecular structure from RéL1l] and bare
[11]. The selection rules for the spin-spin mixing in ethylenenuclear charges, these components are
read
CcN=3.8 kHz, C{)=-2.9 kHz,
Ap=0, |AJ|=2, (20)
C¥=-4.1 kHz;, ¢$)=3.2 kHz. 24
and, in addition, the parity of’ and K is opposite. 21 1 4
The differences between the absolute value§{gf andC (%)
B. Spin-rotation coupling appear because of the shift of the molecular center of mass
Ortho-para conversion in molecules induced by spin-caused by the bigger mass bic in comparison with C.

rotation coupling was studied if8,19,2q (more references ~ Similar to the preceding section, one can reduce the cal-
can be found in[18]). Nuclear—spin-rotation coupling in culation of the matrix elements of the spin-rotation coupling
molecules is due to magnetic fields produced by the molecul @Symmetric tops to the calculation of the symmetric-top

lar electrical currents. The spin-rotation perturbation can bénatrix elements. The latter can be found19,20,23. Thus
represented a21,16,2q one has the strength of mixing due to the spin-rotation cou-

pling in ethylene,

N 1 o LA
Vsr=> 2 10.c).J+H.c.|, i=1,234. (21 Fer(@'|a)=2(20"+1)(23+1)
For the spin-rotation perturbation relevant to the ortho-para XE E A,’<+qAK®(i :J',K+q|J,K)
mixing, the index should refer only to the hydrogen nuclei. i |K>0g
The calculation of the second-rank spin-rotation terSor 3+p 2
is rather a complicated problem that is not yet solved com- n 1+(-1) ALAGD(i:37,1)3,0) (25)
pletely. We will use the following estimation &. First we J2 PO T ‘

note that contribution to the spin-rotation coupling arising

from the electric fields in the molecule has been shown to bélere q=+1; i=1,3 denotes the hydrogen nuclei 1 and 3.
very small compared to the part having “magnetic” origin Note that the protons 2 and 4 were also taken into account
and can be neglect¢d?2]. Then, we split the&C tensor arising  because they produce mixing equal to that of protons 1 and
from magnetic fields of the moving charges into two parts, 3. In Eq.(25), the following notation was used:

C=°C+"C, (22 YN LA BN
(i K'|3,K)=> \/2|+1c|<'2]( ) )
produced by the molecular electrons and nuclei, respectively. ! S-KTg K
The nuclear contribution?C, is obtained as a first-order av- 3
erage in the vibrational ground state, and depends only on X y(J)(—l)'[
the nuclear coordinates. In contrast, the electron j&rtjs a 11

second-order series expansion that involves the full elec- [J 7 |”
>< 1

+y(Jd")

tronic spectrum. Fortunately, thez and zx components,

which are responsible for the mixing of states havikg

=1 in G,H, vanish by symmetry20]. o
Therefore, theC tensor effective in ortho-para conversion where {: : :} stands for the p symbol and y(J)

can be approximately writtein Hz) for the ith proton as =_VtJ(‘J+1)(2‘]+.1)' Th?‘ selection ru_Ies_for the ortho-para
[22] mixing by the spin-rotation perturbation in ethylene read

Ap=0, |AJ|<1. (27)

CO=2 b(r:RYL-rR-B,
ki And again, the parity oK’ and K is opposite.

-~ 3
by=2u 0k /ChRY, (23) VI. CONVERSION RATES

whereR is the radial distance from the protorf'Hto the The decoherence rafé is another important parameter
chargek, r is the radial from the center of mass to the for the isomer conversion by quantum relaxati@ee Eq.
particle k, g, are the nuclei charges, ar®lis the inverse (2)]. This parameter is rather difficult to calculate or to mea-
inertia tensor.B is a diagonal matrix having the elements sure. Due to its physical meaning, the valud'ois close to
Bxx="58.6 GHz,B,,=48.7 GHz, andB,,=291.9 GHz. The the rotational state population decay, which determines the
index k runs here over all nuclei in the molecule except forline broadening in microwave rotational spectra. Unfortu-
the protoni. nately, ethylene does not have pure rotational spectra be-
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TABLE II. The most important ortho-para levels and their contributions to the spin conversion in ethyl-
ene. In calculations, the molecular parameters ff@éA4| and molecular structure frofii1] were used. The
total rate combines the contributions from all ortho-para level pairs halsag0.

Level pair Energy wl2m Fss Fsr vIP

p’,J.K'-p,J,K (cm™1) (MHz) (MHZz?) (MHZ?) (10* s Y/Torr)
1,27,7-1,28,6 871.53 1006.7 %00 2 4.4 2.49
0,27,7-0,28,6 871.69 —3435.5 4.10°2 4.4 0.21
0,4,3-0,6,2 53.72 —3180.6 1.x10°° 0 3.3x10°°
1,26,3-1,24,6 680.68 944.3 %304 0 5.3x10°4
0,20,1-0,20,0 356.02 1894.4 908 2.4x10°6 4.8x10°°
Total rate 2.70

cause it has no permanent electric dipole moment, or, to bthe value ofK equal to the value ok chosen for the desig-
precise, a very small dipole moment in the casé@ICH,. nation of the eigenstate in our classification scheme.

In the present calculations, we take the estimatior of The total conversion rate if3CCH,, which is the sum
from the line broadening in infrared spectra, for which theover all ortho-para level pairs havirdg andJ up to 40, was
information is available. Recently, the line broadening wasfound to be equal to
accurately measured for,8, embedded in nitrogeh24].

One should not expect a big difference for the line broaden- yIP=2.7x10"% s YTorr. (29

ing between the isotopic speciesH; and **CCH,. From

the datg[24] one can estimate the decoherence rate as  This rate is close to the experimental value (5®8)
X104 s YTorr [7]. Note, however, that the value fdt

I'/P=2x10" s 'Torr. (29 used[see Eq.(28)] was considered a lower limit. A some-

what higher value of" would make the agreement with ex-

This rate is 10 times smaller than tlhedetermined for the periment even better.

isomer conversion in CHF [25]. This is because ethylene is  The calculations of the conversion rates were repeated

not a polar molecule and thus has slower rotational relaxusing less accurate molecular parameters ffa8). We ob-

ation. Probably, the estimatid@8) is too low for the case of tained essentially the same results. The conversion is again

pure ethylene gas because ethylene has a polarizability largdetermined by the same two level pairs and the value of the

than nitrogen. For the buffer gases having a large polarizabiltotal conversion rate is 3:5610" % s~/ Torr, which is close to

ity, like Kr or SF;, nearly three times bigger line broadening the more precise valu@9).

was found[26]. Nevertheless, we will use the estimation  Our model allows us to determine the pressure depen-

(28), which can be considered as a lower limit or dence of the conversion rate #iCCH, at the conditions of

Now we are ready to calculate the conversion rate in eththe experimen{7]. By comparing the level splitting of the
ylene. The final expression for the conversion rage,is  most important ortho-para level pdit,27,7%-(1,28,6, which
again given by Eq(2), which has the strength of mixing, is ~1.0 GHz, with the decoherence rg@8), one can con-
F(a'|la)=Fgsqa’|a)+Fgg(a’|a). The results of the calcula- clude that the case corresponds to the lifit w. From Eq.
tions are given in Table Il. From these data, we note that
there is no appreciable contribution to the conversion from
the collapsing ortho-para level pairs presented in Fig. 4. An- | °
other observation is that the contribution from the mixing of
states havingAK|)1 is also small. This is the consequence
of the fact that the ethylene molecule is rather close to a
symmetric top. The main contributions to the conversion
come from just two level pairs, both having the same quan-
tum numbers {’,K")-(J,K), but differentp. The most im-
portant ortho-para level paifl,27,%-(1,28,6 has the fre-
guency gap=1.0 GHz. This level pair is indicated in Fig. 1,
from which one can see that this pair of states is situated at I
rather high energies. Nearly 10% of the conversion rate is ©
due to the paif0,27,%-(0,28,6. This level pair has the same -0.40 .
strength of mixing as the first pair but a three times bigger
level splitting, w. The properties of the states %28 /C
=6) and (1)J=27)=7) are illustrated in Fig. 5, which FIG. 5. The expansion coefficient& , for the states most im-
presents the expansion coefficierfig,, for these states. One portant for the spin conversion iR*CCH,. O, ortho state (1,
can note that the biggest coefficient in both expansions has28=6); (®) para state (0=27,'=7).

o
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®

10 20
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(2), one can see that in this limit the conversion raj¢, model as a whole. First, one can turn around the approach
should grow linearly with increasing gas pressiiMote that  and determine which decoherence rEtshould be chosen in
I' is proportional to the gas pressyréhis dependence was order to fit the experimental data. In order to reproduce the
indeed observed in the experiméid. experimental rate of conversion, one should take the deco-
The magnitude of the calculated conversion rate relieherence rate]'/P=3.9x10" s /Torr, which is less than
heavily on the determination of the ortho-para level splitting.two times different from our rough estimatio(28). Of
The gap of the most important level pair appeared to beourse, such an approach will be justified only when the
rather large,=1.0 GHz, and it is unlikely that it has been spin-rotation perturbation in ethylene is known from an in-
determined with significant error. This can be proven bydependent source. There is another point that is worth men-
comparing this splitting with the one calculated using lesgioning. Recently, a new approach was proposed for isomer
accurate molecular parametds3]. These parameters give conversion in which the knowledge &f is not necessary at
the gap 0.914 GHz, which is close to the value given inall [27]. It is based on a fast linear sweep of the molecular
Table II. levels through the ortho-para resonance. Nuclear-spin con-
The two sources of the ortho-para mixing have been anaversion in such an experimental arrangement is dependent
lyzed. The spin-spin interaction between the molecular nuenly on the strength of ortho-para mixing and the population
clei could be calculated rather accurately. The uncertainty obf the mixed states.
this perturbation is mainly due to small errors in the knowl-  Finally, it seems interesting to emphasize the difference
edge of the molecular structure. On the other hand, oubetween the conversion rates produced by the two pairs of
analysis has shown that the spin-spin coupling contribute&lentical rotational quantum numbe(@7,7)-(28,6 but with
less than 1% to the ethylene conversion and is thus negligifferent parity. This peculiarity arises from the asymmetric
gible. There are a few reasons for this reduction. First, théop properties, where the energy of states depends on parity.
spin-spin tensor has a relatively small value due to the bigrhis in turn has the dynamical consequence that the spin
distances between the interacting nuclei and the small magsomers equilibrate first in one parity manifdldere the odd
nitude of the magnetic moment of the carbon nucleus. Semne.
ond, due to high symmetry of the molecular structure, inter-
actions between many pairs of protons do not contribute to
the ortho-para mixing. Moreover, there are no close ortho-
para level pairs at small, where spin-spin coupling can A theoretical model for the nuclear-spin conversion in
compete with the spin-rotation coupling. ethylene #3CCH,) has been developed. The theory of the
We have taken into account also the spin-rotation perturspin isomer conversion in asymmetric tops could be com-
bation. The magnitude of the spin-rotation tensor was estipared with experimental data for isomer conversion. We
mated and it was demonstrated that the main contribution thave found that the two experimental res(it§ namely the
the ethylene conversion comes from the spin-rotation mixmagnitude of the ethylene/{CCH,) isomer conversion rate
ing. The strong contribution from the spin-rotation coupling and its pressure dependence, are consistent with the spin con-
is due to the fact that the strength of the mixigs grows as  version governed by quantum relaxation. The ortho-para
J% in comparison with the slowerJg) growth of the spin-  state mixing is caused in this molecule mainly by the cou-
spin strength of mixing=ss. This makes the “accidental” pling between the protons’ spins and the molecular rotation.
resonance at bid (1,277)-(1,28,6) so important. An extra We have identified also the two pairs of ortho-para states
cause of the efficiency of the spin-rotation coupling is thatwhich almost completely determine the spin conversion in
the spin-rotation tensors of first and second rank both con?*CCH,.
tribute to the conversion. On the other hand, not all close
orth_o—para level pairs contrlb_ute to the conversion. In the ACKNOWLEDGMENTS
particular case of the collapsing ortho-para levélg. 4),
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