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State-selected rate coefficients for the capture of ground and rotationally excited homonuclear
molecules by ions are calculated, for low temperatures, within the adiabatic channel classical
(ACCI) approximation, and, for zero temperature, via an approximate calculation of the Bethe limit.
In the intermediate temperature range, the accurate quantal rate coefficients are calculpted for
=0 andj=1 states of hydrogen isotopés,, HD, and D,) colliding with hydrogen-containing ions,

and simple analytical expressions are suggested to approximate the rate coefficients. For the ground
rotational state of diatoms, the accurate quantal rate coefficients are higher compared to their ACCI
counterparts, while for the first excited rotational state the reverse is true. The physical significance
of quantum effects for low-temperature capture and the applicability of the statistical description of
capture are considered. Particular emphasis is given to the role of Coriolis interaction. The relevance
of the present capture calculations for ratesoaho-para conversion of H in collisions with
hydrogen-containing ions at low temperatures is discusse20@ American Institute of Physics

[DOI: 10.1063/1.1889425

I. INTRODUCTION processeé.The AC approach ignores nonadiabatic effects
which arise from the relative radial and rotational motion of
The rates of many barrierless exothermic reactions aréne partners. The implication of this approximation was dis-
determined by the rates of complexes formation in collisionsussed recenty* It was argued that for ion-diatom colli-
of the reagents. The most simple method for calculating thgjons at very low temperaturé¢say, below 1 K, the capture
rates of complex formatiofor of capturg, at not too high  dynamics simplifies in two respects: the AC potentials can be
temperatures, is the adiabatic chan(®C) approact. It is  calculated in the perturbed rotor approximation and the ra-
based on the assumption of adiabatic relative motion of theial nonadiabatic coupling can be safely neglected. On the
colliding partners across central AC potentials. The latter argther hand, the relative motion of the partners should be
defined as eigenvalues of the matrix of the total potential ofreated quantum mechanically rather than classically.
the interacting partners in representation in which the colli- In the present paper we report the results of calculations
sion axisR is taken as quantization axis of the intrinsic an- of capture rate coefficients for rotationally excited state-
gular momenta of the partners. Thus, the total projection oelected homonuclear diatomics by ions at temperatilires
the intrinsic angular momenta is assumed to be an exact which are substantially below the characteristic rotational
quantum number. If, in addition, the relative motion is temperature of a diatomid;,.;=B/kg, whereB is the rota-
treated ClaSSica.”y this AC approach, which will be abbreVi'tiona| constant of the m0|ecu[m energy unit$ An interest-
ated by ACCl(adiabatic channel classi¢abecomes espe- ing feature of these collisions is a long-range anisotropic
cially simple. It has been used for the calculation of statetharge-quadrupole interaction for rotationally excited mol-
specific rate constants of many practically importantecyles which would cause a divergence of the ACCI rate
coefficients at the limit of zero temperature. This divergence
“Dedicated to Professor J. Wolfrum at the occasion of his 65th birthday. is an artifact of the ACCI approximation, the range of valid-
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ity of which can be established by comparing ACCI raterotational transitions an@i) the full interaction potential can

coefficients with estimated correct quantum zero-temperaturke simplified by making use of the perturbed rotBR) ap-

rate coefficients. The accurate bridging between ACCI ratgroximation.

coefficients and the correct zero-temperature limit is per- The property(i) follows from the Massey parameter for

formed in the present work for collisions of hydrogen isotoperotational transitiong=BAR/%v wherev is the collision ve-

diatomics(H,, HD, D,) in j=0 andj=1 states with diatomic locity andAR is the range of the potential. Taking the latter

and polyatomic hydrogen-containing ions. The choice ofas the Langevin capture radi& =(q?a/2E)Y4, whereE is

these systems was motivated by the fact that such processt collision energy, and estimatingas a~r3 with r, being

play an important role in atmospheric and interstellar chemthe “complex radius,” we write

istry, for instance, in cascading down the rotational ladder of

hydrogen in cold translational environmértit should also _BAR BR. (B)3I4<q_2)3/4

be noted also that collisions of hydrogen molecules are the T hy kv roB/

best candidates for the manifestation of specific low-

temperature features of complex formation, and thafThe first factor on the right-hand sidens) of Eq. (2) at T

hydrogen-containing ions are partners that provide the inter<T,, obviously is larger than unity. The second factor is

esting opportunity to investigate effects originating from thealso larger than unity, sinc@?/r,B) represents the ratio of

identity of protong(the so-called exchange symmétf'yand the Coulomb energy at the place of the radius of the complex

relating to the intramolecular conversion of nuclear spingo the rotational constant. The conditig® 1 means that

(nonconservation of the total spin of protons in thethere are no transitions between rotational states of the dia-

complex). tom on the way to complex formation.

This paper is arranged in the following way. In Sec. Il Property(ii) follows from the comparison of the interac-

we discuss different regimes of low-temperature capture antion energyU at the capture distand®_with the rotational

we comment on some general aspects of the statistical theogpnstant

of capture. In Sec. Il we report the results of ACCI capture

calculations for arbitrary rotational quantum numbjeaos the UR) ¢’ E

diatom. In Sec. IV we consider the zero-temperature limit of B @ ~B < L )

the quantum capture rate for arbitrgryln Sec. V we con-

sider the qualitative behavior of capture rate constdts The conditionU(R )/B<1 means that the expression 1dr

across the very low-temperature range, present accurate rean be simplified by using the PR approximation. The PR

sults fork;-o andk;-; of hydrogen molecules, and also sug- interaction energy is calculated by using the collision &is

gest simple analytical expressions for the rate coefficientas the quantization axis for the intrinsic angular momengum

that bridge the gap between the zero-temperature and thehich is assumed to correspond to a good quantum number.

classical adiabatic channel limits. Section VI concludes therhe projection quantum numberserves, together with in

paper with a qualitative discussion oftho-para conversion  specifying the adiabatic channel potentidg(R) and the

of hydrogen molecules in collisions with hydrogen- matrix of centrifugal energg:j;fw,(R). The diagonal elements

containing ons. of the latter are the centrifugal potent'ﬁﬂfw(R), while the
off-diagonal elementﬁﬂ;{wﬂ(R) correspond to the Coriolis
interaction between states with differesat Within this ap-

Il. DIFFERENT REGIMES OF LOW-TEMPERATURE proach, the capture is described by the solution of half-

CAPTURE collision quantum scattering equations, which in the total
angular momentum representatidjw can be decomposed

The interaction energy between a homonuclear diatonito two blocks with dimensions df+1) andj, differing in
and an ion at long range is determined by isotropic chargeparity. The explicit expressions for the matrix elements,
induced dipole and anisotropic charge-induced dipole plugyhich enter into the scattering equations and which are gen-

charge-quadrupole terms. The interaction potential dependsrated by the potential in E¢L) and by the relative rotation,
on the interfragment distand®and the angley between the g

molecular axis and the collision axis:

E (2)

o Ao — (7 DL __ qz_a
UR,y) =- 2?4 + (— q3R4 + g) P,(cosy). (1) Vg(R) = <‘]Jw|U(R’ 'Y)"]Jw>|]=0,w=0_ R
4
Here a=(oy+2a,)/3 ig th(le. mean polarizlabilityAa:aH VI (R) = Qjo|UR,yjw)]=o @
—a, denotes the polarizability anisotrop, is the quadru- 5 o 5 ,
pole moment of the molecule,is the charge of the ion, and e, [iG+1) - 3w ]<_ qAa @)
P, is the Legendre polynomial. The produg may be posi- 2R* (2j-1(2j+3)\ 3R R
tive or negative(the so-called even case fqQ>0 and odd
case for qG<0). and

Considering the low-temperatur@T) region, T<<T,y .
=B/kg, we note two features that simplify the capture dy-  ~J; R) =<Jjw|f2/2MR2|Jjw) _ JJI+1)-2w°+j(j+1)
namics:(i) the capture proceeds adiabatically with respect to o 2uR? ’
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J,j — . "2 2 . h4
Cw,w+l <JJ(1)|| /2/.LR |J]0) + 1> TVLT = m . (9)
_ W@+ - w(e+ DVj( +1) - o(w+1) o
= =3 ) We then conclude that in the temperature rafiger

<T<T,, the capture rate coefficient is adequately repro-
Note that Eqs(4) represent AC potentials in first order of the duced by the ACCI approximatiotSec. Ill), while in the
PR basis. If necessary, the AC potentials can be corrected bgnge T<Ty, 1 the capture rate coefficient is close to its
making use of the general “weak field” approximati%‘ﬁé zero-temperature limiSec. 1V). In the intermediate range,
which use the ratio of the anisotropic part of the interactioncentered aff=T, 1, the capture rate coefficient should be
to the rotational constant of the molecule as an expansionalculated through the solution of the scattering equations
parameter. In particular, the second-order correctivfy(R) (Sec. V.
to the PR potentials in Ed4) reads We consider one more aspect of the statistical descrip-
, , tion of complex formation at very low temperatures. The
AVi (R) = az(Lw)lF(— qAa + @)} , current statistical theory of chemical reactions, which oper-
@ Bl2\ 3R R
uses an averaging over the collision enéfyiNamely, the

ates with the notion of capture probabilities after Belthe,
where the coefficienta,(j, w), as given by Eq(A4) in Ref.  cross section is averaged over an energy spéadround

(6)

8, are the collision energyE; SE is assumed to be small enough
e oo compared to the collision energy itself, but big enou_gh to
oy, ) = - [+~ o ][( +2)" - o] accommodate for many levels of the complexean spacing
2(2j +1)(2j +3)%(2j +5) AE). Within this procedure, the individual Breit-Wigner
[( - 1)2- 0?](j2- 0? resonances are regardedd&inctions centered at resonance

(7) energies, and individual widths are replaced by mean widths
I'. For thermal processes one can roughly idendiywith

lav bet the attractive int . d the attractive/ keT, andAE with the inverse density of states at the collision
play _ewe_e;n_ € attractl interaction and the attraclivel y, o ghold 1p.. The necessary condition for an applicability
repulsiveR™ interaction. The switching between these two —

types of interaction occurs at a certain interaction energ)Pf standard type statistical theodfz> AE, can be written as

From dimensional considerations we define the characteristiteks 1> 1. Clearly this condition is not fulfilled for low tem-
temperature of the low-temperature range as peratures, and the question arises whether the appearance of

quantum effects in complex formatiofo be discussed in
Tir = QYRaks. (8)  Secs. llI-V) is compatible with the restrictive condition
pcksT>1. Consider, for instance, the complex,Hvhich is
The temperaturd, + marks the switching of the interaction assumed to be an intermediate species irottigo-paracon-
for partial capture channels w that affect the partial rate version of H in collisions with protons. The densities of
coefficientsk; ,; because of the compensation effects beresonance states ofsHhave been estimated in Refs. 15 and
tween differenk; ,,, the switching in the total rate coefficient 16, and calculated quite accurately fbr0 in Ref. 17. Ac-
k; can occur at substantially lower temperatures. Note alsgording to the latter reference, there are 20 states between the
that the two temperaturés,; and T, 1 are not related to each threshold of dissociation of Hinto H,(j=0)+H* and into

other since they include different parametguarameters of H,(j=1)+H*, with a mean spacindE,, of about 10 crit
interaction inT r and the molecular constant ). between the levels of the same total nuclear spin. Taking as a

It is generally expected.that for not too Iow.coII|S|o_n rough estimate for a rotating compl&E, ~ AE,.o/(23+1),
energies, when the de Broglie wavelength of relative motion —

X(E)=h/\2uE is substantially smaller than the Langevin we write the cond|t|okaBT>1 as kBT(Z‘]+1)/,AEJ:0>1'
capture radiu® (E)=(q2a/2E)Y4, the capture cross section The quantum effects in the capture rate coefficient show up

can be calculated in the quasiclassical version of the A t aboutT=Ty,r when the max+|mal value o is several
approximation. The latter, i.e., the ACCI approximation, de-Units andT is aboutTy,r(H,+H")~0.04 K. Putting these
scribes the relative motion of partners classically and nevalues into the ratikgT(2J+1)/AE,=, we find that the con-
glects the Coriolis interaction between channels differing indition pckgT>1 is not fulfilled, implying that the statistical

. The validity of this approximation was verified earlier by theory in its current version cannot be used for the descrip-
the comparison with classical trajectory calculations in thetion of quantum effects in the capture of,Hy H*. One,
upper-temperature region of the LT rafgahere the con- therefore, should resort either to a more detailed statistical
servation of the intrinsic angular momentum is still a goodtreatment that considers individual Breit—-Wigner resonances,
approximation. With decreasing collision energies, the ACClor to quantum dynamical calculations such as done in the
method is expected to perform well unki{E) becomes com- context of electron-molecule collision. This situation
parable toR, (E). The relationx(E) ~ R (E) determines the changes, however, when the number of atoms in the complex
energy where quantum effects become apparent in the capicreases. As a qualitative guide, we estimpgewithin a
ture, and it defines characteristic temperafliyg; (VLT for simple oscillator model ap.~ (D/%w)¥(s!) Y(fw)™ %, where
very low temperatune w is the mean harmonic frequency of the oscillat@ss the

22j-3)(2) - 1%2j + 1)

An interesting feature of the AC potentials is the inter-
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1 T T y T " a l [ll. ACCI CAPTURE RATE COEFFICIENTS IN THE LT
REGION

For temperatures well abovig, 1, the capture rate coef-
ficientsk{- can be calculated within the ACCI approach yield-
{1 ing KA. For the statg =0, KG" is just the temperature-
independent Langevin rate constdat with a presumably
small increment due to a second-order charge-quadrupole
correction to the zero-order term in Ed). The value of this

A}

2+

_4 - -
correction can be inferred from earlier calculations. For in-

5 b stance, for H+Ar* collisions[see Ref. 8, Fig. JLthe frac-

sl ] tional increment is below 5% &t=T,,. For heavier diatoms,

it might be higher due to the smaller rotational constant of
the diatom. Therefore, we write the expression for the

log (T, (N) /K) > log (Typr (N)/K)

-7

4 N 8 8 capture rate coefficientk’s™ as the sum of the
» mumber of atoms in complex Langevin rate coefficienkt=2m\/g?a/u and an increment

isti ull i AKS e

FIG. 1. Characteristic temperature of the level den3jtyfull circles) and j=0 1 =

VLT temperatureTy, 1 (open triangles vs the number of atomd in

hydrogen-containing complexebl=3 (for H3), N=4 (for Hy), N=5 (for kACCl L kACCI

HZ), andN=6 (for CHZ). The dashed lines connect the points for guiding the =0 ~ kK-+A j=0 - (10

eye. The full vertical lines mark the temperature range, where quantum

effec_:ts of capture are adequately dESCI’IbEd by conventional statistical theor-yhe incrementAkA:%C' is due to a second-order attractive

at different values of the paramet@rD/% w. . J . .
correction to the zero-order channel potential. The former is
of a shorter rangg<R ™8, see Eq(6)] compared to the latter

dissociation energy of the complex into the reagents, sind («R™), and thereforeskf:%c' is expected to havle a positive

. . . ; cc
=3N-7 with N being the number of the atoms in a temperature dependence. The mcrememfzo can be

complex®® Figure 1 shows the dependence of the mean encalculated by a perturbation approach such as indicated in
ergy spacing in the complex in temperature units, charactefRef- 11.

- T For j>0, in view of the higher spacing between rota-
istic temperature of the level densiff;=AE/kg=1/pcks g energy levels, the second-order corrections will be

versus the number of atonféfor ©=1000 cm* and differ- |0 compared to the case=0. Since the result of the

ent values ofd=D/%w. Values ofN=3, 4, 5, and 6 corre- gecond-order correction to the AC potentials decreases with

spond to collisions of K with ions X*=H", H3, Hz, and  temperature and since it is completely hidden behind the

CH;, respectively. Note that this estimate yields the correcfirst-order charge-quadrupole interaction, here we completely

order of magnitude forT¢(N)[y=3=Tc(H3) if one takes the neglect it. Thus, forj >0, K*°“' is a weighted sum of AC

known dissociation energy of Habout 40 000 cnt. Also  partial capture rate constank§S”, each calculated for an

shown in this figure are th@, ;(N) temperatures for the AC potentialV}, from Eq. (4):

capture of H(j=1) by different ionsX*. Quantum effects in

the capture can be described by the statistical approach pro- 1

vided thatT(N) < T< Ty, 1(N). We see that, for the collision i A= j,gCI' (11
¢ .. (ZJ + 1) =—j

partners H, H3, and CH, the statistical theory can be used o=

in the region of quantum capture for not too low tempera-

j

tures [T(N)<T]. We note also that the temperatufg is For coII|5|o_n energies in the LT regime, some partial capture
cross sections vanish when the collision energy becomes

extremely sensitive to details of the complex ion model, s . . -
that the Zbove estimate 0f throughp, ShOFL)Hd be accepted qowgr than the height of th? potential bar-”E{"" created by
} the interplay of the attractive and repulsive parts of the po-

with some caveat. tential which are proportional tB™* andR™3, respectively, of
For the reason of reference, in Table | we list the tem+ne potential. The maximal potential barrl‘q’}maxfor a given

peraturesT,qy, Tyr, TyLr, and other parameters for two rep- j corresponds either to the chanmst 0 (even casegQ>0)

resentative systems,,HiX" and N,+X" with a positive ion  or to the channels»=+j (odd caseqQ<0). For instance,

X* of mass of 10 amu. for j=1, the barrier heights in the first approximation are

TABLE I. Characteristic parameters for systems considered in this [ffgpex positive ionX* of mass 10 amu
interaction parameters andQ, characteristic temperatur@g,, T, 1, andT,, 1, and dimensionless parametegs
and .

System a(a.u) Qa.u) Trot(K) Tir(K) Tur(K) g0=Tir/ Trot B=uQ? ah?

H,+X* 5.44 0.474 85.3 98.8 6.2010°% 1.16 126.2
N, +X* 11.7 —-1.09 2.88 278 14910 96.5 1368
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TABLE II. Barrier heightsEJlemaX(in kelvin) and positiongin atomic unit$ for initially repulsive AC states for collisions of 4fj =1) + positive ion(VJ::l0 AC
potentia) and Ny(j =1)+ positive ion(V{:jl AC potentia) in successive “weak field” approximations. The first entry in each column corresponds to full
anisotropic interactioficharge quadrupotecharge- induced dipojethe second entry to charge-quadrupole interaction only.

Hx(j=1)+X", aQ>0 Na(j=1)+X", Q<0
Barrier height Barrier Barrier height Barrier

System Ejet madK) position (a.u) Ejoy madK) position (a.u)
First order 1.59 2.14 21.10 19.15 0.444 0.376 33.8 35.8
Second order 1.55 2.06 21.40 195 0.286 0.259 41.6 42.6
Third order 1.55 2.06 21.40 19.5 0.280 0.255 42.1 43.0

. 1/(3\%1 (sQ* two characteristic temperaturds, and Ty, t are marked in

i=Lmax~ 70\ 5 @(a+ 4sAal15)3’ (12) Fig. 2; the latter depends on the collision partner which here

corresponds to ki Hj collisions.
, . In the attempt to provide more general results for ion-
where s=[1+3signqQ)/4, i.e., s=1 for even case and ia1om capture rate coefficients in terms of a small number
s=-1/2 for the odd case. The values of the barrier heightg parameters and for arbitrary signs of the prody@ we

for collisions of H+ positive ion(even caseand No+ posi-  peglect the anisotropy of polarizability of the diatav and
tive ion (odd casg calculated in successive orders are Pré-introduce a scaling of the energy and the distance
sented in Table Il, in which the third order virtually coincides ’

with the accurate AC potentials such as presented in Fig. 1 of

Ref. 11. The much lower value of the barrier height for the

latter case is related to the small factb= 1/16that appears

in Eq. (12) for the odd case. We see that the second-order

correction noticeably changes the barrier height foribin

collisions. This table also illustrates the convergence of the

Egrznz;greolgsrt-]s and the barrier positions within the perturba:l_he scaled AC potentials in first order contain no parameters
One expects that fof > T, r, the rate constark/““' is and can be written as

dominated by the temperature-independent Langevin limit

E=Ege with Eo=Q%q%?

R=Ryp with Ry=«|q/Q|. (14

K-, while for T<T,y, the rate constarkfc_c' is determined v3(p) = VA(R)/E, = _1 (15)
by the attractive charge-quadrupole interaction so that 2p
kiC“'ocT-16, For instance, fofj=1 and the even case, the
explicit form of the latter relation readfef. 8, Eq.(22)] and
T o [
1= 1=L0= ox ACCl T /T
3 s X j=1,0=11 forH,| |-
2 k.T\~1/6| 2 2/3 =2 :
~fram \/E(i> o) 13 ;
3 m 2 5 T<Tir %;; y A b
i :
Since all ACCI rate coefficients display the same depen- - :
dence on the reduced massversely proportional to/w), it Gi —C L
is expedient to introduce the mass-independent reduced raf<y X?:C(;:l Accl :
coefficient x/““(T)=kF°“(T)/k" which applies to all the ! Xj=1,0=0 E
collisions studied in this work. Figure 2 shows the first-order s Tm/T* .
reduced rate coefficientg:G” and x5 (with the partial for H, +H; 5
contributionsyX5%) across the LT range as a function of the . i
reduced temperatu® T", T'=E; . /s for H,+ion capture. 107" . 10 100
This figure is similar to Fig. 1 from Ref. 8, save for a differ- T/T

ent scaling of the temperature that emphasizes the opening of
; ; T ; G. 2. Partner-independent total and partial scaled ACCI rat fficient
the channel with a barrier and a logarithmic abscissa choser artner-independert total and partial sca’e rate coeflicients

or Hy+ion capture x259'=k3/kt and x25% =kASC /KL, respectively, vs
to better reproduce the extreme left of the LT range. A rathefegyced temperaturd/T across the LT rangeT" from Sec. il). The

unexpected feature in this figure is the quite small deviationiashed vertical line at the right-hand side of the figure corresponds to
of /\/J.A:%Cl from unity for temperatures close to and abaVe =T, and the full vertical line at the left-hand side correspond3dy,

; s CCl ; ; for H,+Hj3 collisions. ForT>T,,, the perturbed-rotor approximation may
although partial coefficient j=1w are quite far from their not be valid and folf <T, 7 (the shaded ar¢ahe ACCI approximation is

; C cal i
asymptOt_'C values. A ShaHOW_ minimum Q‘G‘A:_l originates ot expected to be adequate. Note that the scaling factor for the temperature
from the interplay of capture in two adiabatic channels. TheL/T", is the same for different collision partners.
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i+ i+ l 1 3(1)2 1
vl (p) = VLA (R)Eg = - 200" %p

where the plus and minus signs correspond to the even an -&
odd cases, respectively. The second-order correction depenc g‘

only on one dimensionless parametey=Ey/B=T /T
and reads
i 9 . €p
Avy(p.e0) = J29(],0) 75, (16)
p

wherea,(j, w) are given by Eq(7). For instance, the explicit
expression folj=0 andw=0 readsAvd(p, o) =—&o/ 30p°.

For the potentials of Eq(15), the reduced rate coeffi-
cients can be represented as the inte(gak the Appendjx

=L [y
’ 2\2mJg
et - 3(et) ol )
xexpl-[p(vl®)’ +201%] /26}dp  (17)
and
ACC| i( ) (21 +1) _] XACCli,
where the integrand functions are’*=uv!*(p), (vl

=dvl*(p)/dp, (VFH)"=d%!*(p)/dp? O is the Heaviside
step function, and is the reduced temperatuge=T/T 1.
For large values of, Eq. (15) can be rewritten as

,(1-3¢)

24_ v (18)

=v¥(p,x) ==

with x=w/ . Then the total rate coefficient is expressed as
—3/2
XST(0) = f dx f p*(v*) [ p(v*)"
- 3(vi)’]®[(vi)']

xexpl~[p(v*)’ +20*]/26}dp,

with the functions of the integrand*=v*(p,x), (v)’
=dv*(p,x)/dp, and (v*)"=d?v*(p,x)/dp>.

(19

Figure 3 compares first-order ACCI capture rates for dif-

ferent rotational quantum numbers in the even a@de-0
(superscript 4"). It is seen that, with increase ijy the

X[°“** converge to a limiting curve which can be considered

as the fully classical AC limit(j>1) of the state-specific
(fixed j) low-temperature(T<T,,) capture rate constant,

such as obtained when both the relative motion and molecug ..,
lar rotation are treated classically. Similar results for odd

caseqQ< 0 (superscript =") are shown in Fig. 4.

The given results can also be used for the illustration ong,<

. Phys. 122, 184311 (2005)

ACT],

"
I

ACCl+

*’\

T/TLT

FIG. 3. Universal scaled first-order ACCI capture rate coefficigafs™*

for homonuclear diatomics in the even c&g©>0) vs reduced temperature
T/T_ 7 across the LT range in first-order PR approximatfiaith polarizabil-

ity anisotropy neglected Note that the scaling factor for the temperature
1/T, 1 is the same for different collision partners.

barrierE; , for j=1is a sensitive function of the polarization
anlsotropy(see Table I, the latter only insignificantly af-
fects the total rate coefficients. This is related to the fact that
inclusion of the polarization anisotropy affects the partial
rate coefficients in opposite directions. Therefore, we will
disregard it. However, the situation is different for the
second-order correction to the interaction potential, which
affects all partial rates gf=1 in the same directiofsee Egs.

(4) and (7) for ay(j,w)].

The plots of the capture rate coefficients forl, for
both even and odd cases are calculated with the first-order
PR potentials for M-g" and N,—q~ systems without polar-
ization anisotropy and shown in Fig. 5. Also given are the
capture rate coefficients fogr=0 in second order and the
points for the same systems from Table Ill of Ref. 11 such as
calculated with accurate AC potentials f6=0.5, 1, 2, 4 K.

We see that forj=0, the second-order capture rate coeffi-
cient x[X5°** smoothly passes through the data points from
Ref. 11, averaged between even and odd cases in order to

]
=

-

kOC

CClL,—

the capture rates of the effects of the polarization anisotropy
and higher-order charge-quadrupole interactions. As an ex
ample we take collisions of )j=0,1) with positive (the
odd casg and negativeleven casgions, which is a quite
unfavorable case for the application of the weak field ap-
proximation because of the rather small valueBofAt the
beginning we note that, although the height of the potential

0.5 1 ! PP RPN |
—6 ~5 —4 -3 —2 -1

10 10 10 10 10 10 1

T/TLT

FIG. 4. The same as in Fig. 3 but in the odd c&3©<0).
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T (K) smaller for the capture of Hwhich is characterized by a
107 107 10” 1 5 better applicability of the first-order charge-dipole approxi-
35 T T T r .
. ! ] mation.
< sof T.(N,)—i 1
%; ACOL IV. ZERO-TEMPERATURE LIMIT OF THE CAPTURE
_n Xj=t,0=0 RATE COEFFICIENTS
%E; For temperatures well belowW,, 1, the capture rate co-
oe efficients at T—0 approaches, according to the Bethe—
= Wigner law?° constant values, denoted by iy kj(T)=k?
N (superscript “B” stands for BetheAny difference between
I ACCI and accurate quantum rates, which arises in this tem-
%; perature range, is due to the following simplifications inher-
ent in the ACCI treatment: the neglect of quantization of the

relative and total angular momenta, the disregard of overbar-
rier reflection and underbarrier transmission, and the omis-
sion of the Coriolis coupling between AC states for 0.

. B .
FIG. 5. Comparison of ACCI capture rate coefficients foi(ji#0, 1) +X* Forj=0, the value Oki=0 can be derived from the solu-

collisions (the even case corresponds to a negative ion and the odd case td@n of thes-wave zero-energy Schrddinger equation for cap-

positive ong with accurate ACCI results from Ref. 11. The dashed vertical ture with a central potentiaj'{;fo, To the second order in the

line corresponds t@=T,,(N,)=2.88 K. The heavy solid line corresponds PR basis, which includes the lowest order of the charge-

to first-ordery S, the light solid lines to its partial componentdS' . . .
X5 9 P Ponentii.co uadrupole interaction, the potential reads

and x/\S%.2,, in first order, the heavy dashed linecorresponds to first-orderd

XSO, and the heavy dots tg5™ in second order. The open triangles and . a1 RQ?

circles give the accurate results in the even and odd casgs foand the VJ:_OO(R) = — - — (20
filled circles represent the averaged odd-even casg=forfrom Ref. 11 for @z 2R 30 BRP

four temperaturesf=0.5, 1, 2, 4 K, respectively. Also shown are accurate . . . .
partial rate coefficients for the odé=1 case af=0.5 K (open squargs The zero-energy capture solution for this potential is

known?! leading to the following expression for the Bethe

rate coefficient:
eliminate third-order effects. Fgre1, the first-order rate co-

efficient x;5°* nicely hits the first point from Ref. 1tri- ko= 2k"F(\eo/58). (21)
angle, implying that at this point and to the left of it the Here £y=E,/B=0Q* ¢2a®B is the dimensionless parameter
first-order PR approximation performs well. To the right of already introduced earliel3=Q?u/a%? is yet another di-
this point, the first-order approximation performs progres-mensionless parameter and the functiii) is given bfl
sively worse, such as follows from the comparison of our =
graph the data points from Ref. 11. This is expected on the F(x) = <;>1/2F(1/2) LG4 _WEM'X)
basis of a comparison of the pointsTat 1, 2, 4 K while the I'(3/2) | 1(1/4 -iv3/4x)

N
rotational temperaturé&,,(N,) equals 2.88 K. The odd case, = I'(3/4 —i\s“§/4x)
for j=1, is different such as noticed by the shift of the first- Xsin 2 a m . (22)
order plot of /5%~ relative to the first accurate point @t h\alax
=0.5 K. In order to elucidate the origin of this discrepancy, In the limit of vanishing charge-quadrupole interaction,
we also present the plots of the partial rate coefficientso/ 8— 0, F tends to unity, and Ed21) reduces to the Vogt—
j:Cl§u[v‘, We see that the discrepancy is due largely to théNannier resuf kJ-B:O:ZkL discussed also in Refs. 18 and 23.
underestimation of the rate coefficient for the capture chanFor instance, for capture of\by an ion of mass 10 amu, we
nel with the activation barrier. As follows from Table II, the have e9=96.5, =1368, i.e.,Veo/58=0.12, such that the
height of the activation barrier for the odd case diminishescorrection to the Vogt-Wannier result is quite smatnount-
quite noticeably when one goes to higher-order perturbatiofld tO less then 19 For the capture of b it is even smaller.

H B
terms. Actually, if one calculates the partial rate coefficient . 07 =0, the value ok should be found from the so-
ccl,- ution of the coupled zero-energy Schrddinger equation in

i=1.0-+1 IN third order, the respective plot passes through th«% . :
first paint The same correction only slightly modifies the he total angular momentum representation for a manifold
. corresponding to thEljw) states withJ=j. We have recently

plot Of. J=(:1?°L;°' This shows that ar=0.5K, the_ hlgh-or_der shown, for thej=1 state that this solution can be well ap-
corrections to the AC potentials for,Mq collision are im- proximated by the solution of uncoupled equations in the
portant; however, it is also clear that with decrease in temgy_gj1ed axially nonadiabatic channel bdswithin this ap-
perature the first-order PR approximation will become ad'proach, the zero-energy capture is described by a single
equate simply because the contribution from tfel,  equation that contains the attractive effective potevigR)
w==x1 channel disappears, like in the case wjithl,w=0  which, in turn, is the lowest eigenvalue of the matrix com-
channel for the even case at substantially higher temperaosed of the first-order AC potential and the Coriolis inter-
tures. Because of the higher rotational temperaturection between differenb states. Now we introduce yet an-
[T.ot(H2)=85.3 K], this kind of discrepancy will be much other approximation that allows one to calcula(R)
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analytically in the perturbative approach. The justification for

this approximation is the following. Capture in the limit of

zero energies is dominated by the channel with orbital quan-

tum number =0. Thought is not an exact quantum number

J. Chem. Phys. 122, 184311 (2005)

& 4mad J 2i(j+1)
j.pert ™ i i :
h 15(2j - 1)(2j + 3)

Though the interaction that leads to Eg8) is of Langevin-

(28)

and has only asymptotic significance, it can be considered agpe (proportional toR™%), the functional form of this expres-

a good quantum number in the limit of zero collision ener-

sion is the same as expected from an effective isotropic in-

gies since capture occurs at very large distances. One cderaction of the form x|qQ|/R®, where X is a certain

thus calculate the effective potential in teechannel using

numerical coefficient. The value af can be found from the

the perturbation approach in the basis of the asymptotic funczomparison of Eq(28) with the Bethe expression for the rate

tions in thej € J representation. The perturbative approxima-

tion to V4(R), i.e., Vi, ,o(R), which is valid up to the second
order, reads

Vhper R = Qi€ [UR P} O],

Qj ¢ JUR, pje’)?
AE((/(R) J=j=1,
{=

(23)

where AEy»(R) is the difference between the relative rota-
tional energy for¢=0 and{’=2 orbital states:

AE,(R) = 6A2/2uR2. (24)
Using the standard formuth
. . . -1 jG+1)
€J|IPy(cosy)|j€') i=) =—=\|——F—————,
(j € J|Py(cosy)]] >;,:_02 EVai-v2+3
(25
we write
) q2aj,eff
Vfa,perl(R):_ R
(26)
e = a<1 N 2_3&)
152j-1D(2j+3)/°

We thus see that the anisotropic interaction decreasiijas
is modified into an isotropic interaction decreasingRag

which results from the gyroscopic nature of the rotational

coefficient for the potential MqQ|/R® from Ref. 23 which
yields\ = 1/107=0.03. We see that this value pfis much
smaller than the coefficient that corresponds to maximum
attraction forj=1 (1/5 for the even case and 2/5 for the odd
case or j>1 (1/2 for the even case and 1/4 for the odd
case, see Eq(4). The small value oh reflects the effect of
the partial averaging of the charge-quadrupole interaction.

V. QUALITATIVE BEHAVIOR OF CAPTURE RATE
CONSTANTS k; ACROSS THE VLT RANGE
AND ACCURATE RESULTS FOR kj-g AND kj-;

Comparing Eqs(10) and (13) with Egs. (21) and (27)
one sees that, with decrease in the temperature, the accurate
rate constant foy=0 exceeds its ACCI counterpart while the
opposite is true foj >0. This means that, within the VLT
range, the accurate capture ratesjfod andj >0 are closer
to each other than given within the ACCI approach. The
reason for this is the partial averaging of the anisotropic in-
teraction as a result of the Coriolis coupling between AC
potentials, or, in other words, by the rotation of the collision
axis. This explains Wh}(iB increases withu: the rotation of
the collision axis, which persists even at zero collision en-
ergy because of the coupling of the relative and intrinsic
angular momenta, is slower for heavier partners; this results
in a less efficient averaging of the RY potential and an
increase of the rate coefficient. Our analysis shows that, in
the VLT regime, one can speak of a quantum amplification of
the ACCI rate coefficient foj=0 and a quantum suppression
of the ACCI rate coefficient foj > 0.

The transition from the Bethe to the ACCI limits can be
accomplished by solving the coupled quantum equations that

motion. In other words, we can say that the strong CorIOIISdescribe capture. The explicit form of the equations and the

coupling appearing in th¢wJ representation modifies the

first-order charge-quadrupole interaction, making it of a

shorter rangg>=1/R* instead ofx1/R%). The net result of
this modification is the replacement afby «°" in the ex-
pression fork", see Eq(10), which results in the following
expression for zero-temperature limit:

a2
(%

— ol 28 j(G+1)
- \/1+ 1502~ (2 +3)

B __ B

j,pert™

(27)

boundary conditions, were discussed in Ref. 3. For different
homonuclear diatomion collisions these equations in the
dimensionless form differ, for the first-order PR potentials,
only in the values of the parametg= uQ?/ a4 and in the
sign of the producgQ.

In what follows, we will consider collisions of § HD,
and D, with hydrogen-containing iongthe even case,
gQ>0) within the first-order PR approximation. The capture
rate constants fof>1 as functions of a properly scaled tem-
perature, are qualitatively similar to the rate coefficients for
j=1. Therefore, we consider the cage0 andj=1. In our
numerical calculations the range of the collision energies was

We see that the zero-temperature limit of the capture rateaken from a region corresponding to a linear dependence of

coefficient in the perturbative approakﬁpert does not de-
pend on the sign ofQ, i.e., for a givenj, it is the same for
even and odd cases.

In the limit of prevailing charge-quadrupole interaction
Eq. (27) yields

the capture probability on to the wave vect&ethe limif)

and the region where the accurate capture rate coefficients
converged to their ACCI counterparts. Within our error lim-
its, this convergence was found to be satisfactory, before the
capture in thew=0 AC channel becomes noticeable. We
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TABLE IlIl. Langevin capture rate coefficientin 10°° cm® molecule®s™) and characteristic parameters en-
tering into the expressions for amplification and suppression factors,(Ejsand (32).

No. Collision K- Tt (103 K) B=nQ?/ ah? n KL,/ k-( Ky per/ K-
1 Hy+H} 2.10 17.2 75.80 3.3 4.281.49
2  HD+H; 1.91 12.0 90.95 3.2 4.604.84
3 Dy+H; 1.81 9.70 101.0 3.2 4.8(5.06
4 Hy+HD* 1.91 12.0 90.95 3.2 4.601.84)
5  HD+HD 1.71 7.65 113.6 3.1 5.06.32
6  D,+HD" 1.60 5.86 129.8 3.1 5.36.63
7 H,+D; 1.81 9.70 101.0 3.2 4.8(5.06
8 HD+D; 1.60 5.86 129.8 3.1 5.36.63
9  D,+D; 1.48 4.30 1515 3.1 5.7¢6.03
10 Hp+H3 1.91 12.0 90.95 3.2 4.60+.84
11 HD+Hj 1.71 7.65 113.6 3.1 5.06.32
12 Dy+Hj 1.60 5.86 129.8 3.1 5.36.63
13 H,+H,D* 1.81 9.70 101.0 3.2 4.8(5.06
14  HD+H,D* 1.60 5.86 129.8 3.1 5.36.63
15 D,+H,D* 1.48 4.30 151.5 3.1 5.7¢6.03
16  H,+HD;j 1.75 8.43 108.2 3.1 4.96.20
17 HD+HD; 1.53 4.90 142.0 3.1 5.56.86
18  D,+HD; 1.40 3.48 168.3 3.0 6.0%.32
19  H,+D} 1.71 7.65 113.6 3.1 5.06.32
20 HD+D} 1.48 4.30 1515 3.1 5.7¢6.03
21 D,+D} 1.35 3.00 181.8 3.0 6.206.55
22 H,+CH;j 1.58 5.53 133.7 3.1 5.4(%.70
23 HD+CH; 1.33 2.75 189.5 3.0 6.36.67
24 D,+CH; 1.18 1.73 239.3 3.0 7.007.42
25  H+CyH; 1.54 5.00 140.8 3.1 5.5%.83
26  HD+GH; 1.28 2.38 204.0 3.0 6.56.89
27 D,+CH; 1.12 1.43 262.8 3.0 7.3¢.75

therefore do not consider quantum effects that arise in theable to any collision andy, t is the only system-specific

region of classical opening of the AC with=0. parameter which is calculated from the interaction param-
The most economical representation of accurate numerkieters, see Eq9). The list of Ty, 1 for all systems studied

cal results is given by two functions, the amplification andhere is presented in Table Ill. The accurate and ACCI rate

suppression factors, which are defined as coefficients as well as the quality of the approximation by
A(T) = K;o(T) /kffoc' T, ::hlg a6mplificati0n factoA(T) from Eq.(31) are illustrated in
ccl (29) Suppression factoiThe chosen form of the suppression
S(T) = k= (MK, factor is
respectively and which possess the following asymptotic
properties: kB KB, \M|
ST = CCI ca : (32
1, T > TVLT kA (T) k‘JA:_‘]_ (T)
AM=\58 L
kiig/k-=2 T—0,
(30)  There are two system-specific parametdxf;l andn. First,
1, T> Tyt we observe that the values daf:l found from the zero-
S(M B KACOT) T 0 temperature extrapolation of the numerically determined rate
j=1/"j=1 ’ .

coefficients are quite close to the estlmkﬁe1 pent S€€ last
The optimal results foA(T) and S(T) were found to be the column of Table lli(for all the coII|S|onsk Z1 pert!S @bout 5%

following. higher thank: l) Therefore, within the accuracy of about
Amplification factor The suggested expression for the 5%, kB ~, can be regarded as a system-specific nonfitting pa-
amplification factor is rameter As fom, it remains an empirical fitting parameter.

The list ofkiLy, Kiiy pen andn for all system collisions stud-
ied here presented in Table III.
Figure 7 shows accurate and ACCI rate coefficients as
)*‘2-075- (3D well as the functionsS(T) for H,+Hj, Hp+H35, and H
+CHj; collisions over the VLT range up to temperatures
Here, the numerical coefficients are fitting parameters appliwhere convergence with the ACCI limit is obtained. A shal-

A(T) = 2 - Ltant{0.925 +0.182+0.047],

=10010 T

VLT
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i mensionless rate coefficienig'°“"* for the even and odd

cases(superscriptst), calculated in the first-order PR ap-
proximation, are universal functions of the reduced tempera-
_ ture T/T 1 with T,+=Q%¢’a’kg. In the second-order PR
approximation,x““"* contain one diatom-specific param-
eteregy= Q4/q2a3B The second-order PR approximation pro-
vides reliable values of the rate coefficients up to the rota-
tional temperaturd,,=B/kg. The ZT analytical expression
for the capture rate constag™* contains yet another param-
. eter 8= uQ?/ ah® which depends on the collision partner. In
the region of VLT, which bridges the gap between the LT
region and the ZT limit, the capture rate coefficients should
0.0 Lot —ttsssad sl sssind i Ltssn s ssand be calculated from the solution of the coupled wave equa-
107 107 10" 107 107 100 1 10 107 10 tions, or, within a good approximation, from the solution of
T/TVLT uncoupled wave equations in an axially nonadiabatic basis.
This is exemplified by the capture of hydrogen molecular
FIG. 6. Partner-independent accurate scaled total capture rate coeﬁicieq@otopes molecules in the ground and the first excited rota-
for Hy(j=0), xj-o=ki-o/k’, vs reduced temperatui®Ty,y across the VLT 01 states with some hydrogen- and deuterium-containing
range, full line. The dashed line corresponds to the first-order ACCI approxi-
mation x;G”' while the open circles provide the amplification facfofrom ions (see Table Ill. Simple analytical expressions of the rate
Eq. (31). Note that the scaling factor for the temperaturd 4 is different  coefficients are derived which are valid in the whole tem-
for different collision partners. perature range below the rotational temperature.

The rate coefficients for hydrogen-ion collisions can be
low minimum in kXG™' at the right-hand part of the figure, used for calculating the low-temperatures rate constants of
which is mentloned in Sec. lll, is not discernable on theortho-para conversion of hydrogen molecules in collisions
chosen scale of the vertical axis. with polyatomic hydrogen-containing ions, which proceeds
through the formation of an intermediate complex:

VI. CONCLUSION Ho(j=1,i=1) + X*(j* {n"},i")

=Ko /K"

er=0

The rate coefficients for complex formation of homo-  — [H,X]* — Hy(j' =0,i’ =0) + X*(j'*,{n"*},i’""). (33
nuclear diatomic molecules in specified rotational states in
collisions with ions are calculated within the ACCI approachHere i is the total nuclear spin of fHand X" is the ionic
for LT region and by the perturbative approximation at zeroCollision partner. The state of Hs completely defined by

temperaturgZT, the Bethe limit. In the LT region, the di- tWo quantum numberjsandi, with the latter being redundant
in view of the exclusion principle. The state Xf is speci-

7 (e e fied by a set of quantum numbers, namely, by the total an-
WA acar @ H,+H! | gular momentumj*, a manifold of other internal quantum
Xj= ® H,+H! ] numbers{n*} and the label" of one of the irreducible rep-
resentations of the permutation group of identical particles

o, 5 spanned by the spifor coordinatg wave function$® For
= protons inX* (particles with spin 1/2 the permutation prop-
o 4 erty is completely defined by the total spin of nucléj
I which explains the appearance of the quantum numpers
o> 3 {n*}, i* in Eq. (33).%° For low temperature&vith partnersx*

in thermal equilibriun, the reaction in Eq(33) is a two-

I SN channel process with respect to transitions ig bt is a
1F T.(CH;) T(H;) T.(H)) B ngages multichannel process with respect to transitionsXin The
Tor Tor Tyir number of final states ifX*, populated as a result of the
010_;“"1";_,' 1;‘ 1(‘), 1;, 1('), : 1; 1; a— energy release in the reactive rotational deactivation gf H

depends critically on the density of statesXh In the gen-
T/Tix eral case, thertho-para conversion rate constakf.y° 232

o » can be written as
FIG. 7. Partner-specific accurate scaled total capture rate coefficients for

Hy(j=1), Xj:]_:kj:l/kLv vs reduced temperatur€/T,, across the VLT kortho para_ Cortho pargcapture (34)
range. Results for kHj, H,+H3, and H+CHj, collisions are shown by j=1—]=0 j=1-j=0%j=1

the full lines; triangles on the ordinate aX|s mark scaled zero-temperature capture -

limits of the capture rate coefficientsl; o=k, pod k- [see Eq(27)]. The where kiZP™ refers to the capture rate coefficient ob(H

dashed lines correspond to the ACCI approxmat,\@ﬁ while the open  =1) by a structureless ion and the dimensionless coefficient
circles correspond to the rate coefficients recovered from the suppressu:@Ortho paradescnbes the decay of the complex which depend

factor S from Eq. (32). Note that the scaling factor for the temperature rtho-para
1/Ty, 7 is different for different collision partners. The vertical arrows indi- On the Strucwre of the ion. Explicit calculation Gr 1-j=0"

cate the limits below which the statistical description of the capture may no¥Vhich is outside of this Stl{d)’a represents an interesting prob-
be valid. lem, addressed for a particular ca$e=H" in Ref. 27.
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APPENDIX: AN INTEGRAL EXPRESSION 0
OF THE CLASSICAL CAPTURE RATE (AB)
CONSTANT FOR AN ARBITRARY POTENTIAL

Passing from the variable to the variableR,, with the help

When calculating the capture rate coefficient within theof Eq. (A2) we obtain

AC approximation, one has first to calculate the partial rate o
coefficients, .ea'lch for a sp'ecmc AC potential. The s.tandard k(T) = - \"TZ,u(kBT)‘m f mR?nUr,n
way to do this is to determine the capture cross section for a 0
given potential first, and then perform thermal averaging ,
over the collision velocities. For an arbitrary potential, the xexp~ (RaUm+ 2Un)/2kgT]
first step does not yield an analytical expression for the cap- X (Ul R+ 3U})dRy, (A7)
ture cross section as a function of velocity and the second
step requires a numerical integrati@veraging in velocites ~ Where  Un=U(Ry),  U;=dU(Ry)/dR, ~ and Uj,
of the numerical integranetross section as a function of the =d°U(Ry)/dR;. The upper integration limit in EA7), R;,
velocity). It would be useful to skip the first stage and to corresponds to the distance at which the potefid®) at-
express directly the capture rate constant as an integral frofi@ins its maximuniif the potentialU(R) is repulsive at large
an expression that contains only the potential. For any giveflistances and attractive at smaller distafcksthe case of
potential, the integral can be calculated numerically momenpure attractionR,=<. The use of the integration variatit,
tarily. The following shows that it is indeed possible to de-iS convenient since it allows one to easily monitor the impor-
rive a formula of this kind. We begin with the capture con- tant integration range and, therefore, to judge to what extent

ditions the neglect of a short-range part of the potential is meaning-
ful.
2 2
m_,U.= P Sometimes, it is convenient to replace the upper integra-
2uR?, " 2u’ tion limit in Eq. (A7) by infinity making use of the Heaviside
(A1) step function®. Then Eq.(A7) assumes the form
2
~Ltn,yr =0, k(™) = =\l 2u(kg T) 2
MRy oc
whereU,,=U(R,) andU! =dU(R,)/dR,, Ly, is the capture X f RoUn(UnRn +3U1)0(U})
angular momentum, anR,, is the coordinate of the barrier 0
maximum. From Eq(Al) we get Xexfd— (RyU/l, + 2U)/2kg TIAR,.. (A8)
2 _ 311/
L= #RyUnm, This is the final formula which expresses the capture rate
(A2) coefficient directly through the arbitrary interaction potential
PP/ = (RpUp+ 2Upy). without intermediate determination of the capture cross sec-

Equation(A2) is now used to provide a parametric Olepen_t|on and which is convenient for numerical calculations.
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