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A new N,—He intermolecular potential with vibrational coordinate dependence is presented. Rate
constants for the vibrational deactivation of(dN=1) by He in the gas phase have been calculated
over the temperature range 5-300 K. Accurate values of the rate constants for this process are
known down to 100 K. We have now extended these measurements down to 70 K for the
deactivation of**“N,(v=1) by “He and down to 50 K for the deactivation éiN,(v=1) by

%He. Agreement between the theoretically calculated and the experimentally determined rate
constants is excellent with the calculated values reproducing the experimental measurements within
their error bars. An investigation of the low impact energy regime is also presented. While this
focuses on collision energies of less than 20¢nand vyields rate constants which are in a
temperature region inaccessible to our experimental method, it gives further insights into the
influence of the attractive well on vibrational energy transfer processed.99%7 American Institute

of Physics[S0021-960807)04031-3

I. INTRODUCTION energy surface calculated by Bandtsal, hereafter denoted
the CEPA (coupled electron pair approximatipsurface®

Experimental and theoretical studies of the vibrational . : . .
relaxation of CO¢ = 1) by light mass collision partners have glthough providing a convenient starting point, revealed ma-

shown that, at temperatures below the Lennard-Jones o olf deficiencies in the interaction surface especially in the
depth, attractive forces influence the collisional deactivation® Kinetic energy region with which we are interested.

processes. The experimentally determined rate constants for A recent paper by Hu and Thakkar presented a new
the deactivation of CQ(=1) by the isotopomers of He—N, interaction surfac® which is calculated at one fixed

hydroger? show an upturn in their values below 60 K, the N, bor_1d Igngth and is hence only vibrationally (_alastic. This
Lennard-Jones well depth for these systems being 64 K potential is thought to_ have the necessary amsotrqpy sug-
While no upturn has been observed experimentally in thé/ested by beam expe.n.meﬁfsl.t reproduces the experimen-
rate constants for the deactivation of G&{1) by helium*? tal second virial coefficients reasonably well and the authors
an upturn has been shown to occur from theoretical calculatonclude that the surface is “unlikely to differ from the true
tions at temperatures lower than 35(Ref. 4 which is the  Potential energy surfac€’ES by more than 10% over the
lowest temperature currently accessible to our experiment$ange of intermolecular distancesag#-10a,) sampled” in

The upturn has been attributed to the occurrence of orbitingh€ir work. They conclude by inviting further work to test
resonances at low impact energies. A theoretical study of th&eir assertion.

deactivation of CO§=1) by hydrogen has shown that the Vibrational energy transfer provides a stringent test of
deeper attractive well for this system influences the colli-any intermolecular potential energy surface. To calculate ac-
sional process at much higher impact energies than in theurate thermally averaged rate constants, scattering calcula-
CO-He system.lt is essential to consider not only the im- tions must be performed at a large number of impact ener-
portance of the well depth in determining the behavior of thegies which sample both the high repulsive wall of a surface
relaxation rate constants at low temperat(rébpt also the and also, in the low temperature regime, the low repulsive
influence of the anisotropy of the interaction well and thewall, and attractive well regions. In order to further test the
part it plays in enabling the formation of orbiting resonancesaccuracy of this new N-He surface, the calculation of vi-

at higher impact energies and higher orbital angular mobrational energy transfer rate constants was undertaken. It is
menta. A previous theoretical study on the He-fdtential  important to note that the collision cross sections which are
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calculated are extremely small and so are the thermally avtABLE 1. Gas purity levels.
eraged rate constants. These calculations are therefore ”UEEas

. . . % Purit Principal impurities
only a stringent test of the intermolecular potential but are ’ Y pal imp
also a demanding test of the numerical procedures and meth+*c*°0 2C 99.999 at. % (N, 0.1,(C0, 0.1, 3, 0.1) %
ods adopted_ 14N2 99.9995 (Ozgé,/cl-a<]6 gyg{i(())carlk;onso.l,

. . <0.5, <1) ppm

The original surface was c_alculated atone fllxeécbksind 15, 15\ 99 at. % (H,0 012.(0, 0.04, Ar 0.03 %

length. For the study of vibrational relaxation it is necessary s, 99.999 (N, 5, (0,2, Hy 1, CO, 0.5
to know the dependence of the interaction energy on the hydrocarbons 0.5, 0 1) ppm
vibrational coordinate of the vibrationally excited diatom. 3He 99.99 Not stated

The original fourth order, Miker—Plesset perturbation calcu-

lations have been extended to include the vibrational coordi-

nate dependence. This extension of the surface is presented

in Sec. Il with the scattering calculations presented in SeCyy~16~, 15 _

IV. In order to consider the accuracy of the low repulsive CO(u=1)+"N,v=0)

wall region of the interaction surface we have extended the  —12C1%0(y=0)+ N,(v=1)

experimentally measured rate constants from 100 K down to o .,

the lowest experimentally accessible temperature of 70 K for +(Av=-108cm ™). 2
14 4 3

the 1*N,—*He system and 50 K for thEN,—He system. The The coupling rate for the formation of the CQG/IN

experimental study and the results obtained are presented &upled pair is given by Ed3). k; is the rate constant for the

Sec. Il Finally, in Sec. V, we compare the theoretically cal-¢,ryarg endothermic transfer arig is the rate constant for
culated and experimentally determined values of the relaXg,o packward transfer from b =1) into COf =1):14-16
ation rate constants.

A= (Kexn, T Kpxco) P )

Il. EXPERIMENT The mole fractions of CO and Nare denoted byco
and XN, » respectively, and the total pressure at which the
experiment is performed is denoted py. Conditions are
The apparatus used for the present study has been dgs|ected so that the transfer is rapid in comparison to the rate
scribed in detail in previous publicatioh and only a brief ot the deactivation process which is being measured: it is
description will be given here. Experiments are performed ir{ypically faster by between 1 and 2 orders of magnitude. It is
a fluorescence cell which is housed in an Oxford Instruments, |5, necessary to ensure that a small fraction of the energy
cryostat. The cell may be cooled with liquidNr with lig- e mains in the CO molecule once the coupling equilibration
uid He and the temperature of the cell can be stabilized Qs complete in order that the relaxation processes occurring

+0.1 K within the temperature range 15-300 K. A liquid ¢an he monitored. The remainder of the kinetic scheme is
nitrogen cooled InSb detector is mounted in the perpend|cugiven below.

lar vertical plane to the incident frequency doubled radiation
from a CQ laser. Fluorescence traces are collected by a-C°0(v=1)+He
Dqtalab DL912 transient recorder and analyzed by custom 120160 = 0) + He+ (Aw=2143 e, 4
written computer softwar® The frequency doubled 14
9R(18) line of the regular band of the GQ@aser is within ~ Na(v=1)+He
0.007 Crﬁl of theR(2) line of 12¢c160, Pumping such a l?W —>14N2(U =0)+ He+(AV_= 2330 cm’l), (5)
J transition enables us to reach temperatures as low as '35 K, _
below which the vapor pressure of CO falls rapidly and the Np(v=1)+He
siglgnal-to-noise ratio bbecom((ajs to% small to allor\]/v (;(perimen- 15N, (p=0)+ He+ (Av=2250 cm'}), (6)
tal measurements to be made. The output of thg B&eris 1516~ 1216/ _ 1
frequency doubled by means of a AgGa$gystal with the C*0(v=1)—*C10(v=0) + hr(=2143 cm™). )
undoubled radiation attenuated by means of two ZnSe Brew- The rates of vibrational deactivation of both GG{1)
ster angle windows to give pulse energies in the range 0.5-8nd N, by CO and N are far too slow to contribute to the
mJ. The purities of the gases used are given in Table I.  observed decay. In the limiting conditions in which the rate
of the formation of the coupled pair and the rates of deacti-
vation processe¢d)—(7) are well separated in their times-
cales, the observed fluorescence decay oftGEX) can be

In these experiments we used CO as a collisional pumpiewed as the combination of a fast decaying exponential,
for eitherN, or °N,: \¢, and a slower decaying exponentigl,. If we look at the
126160y = 1) + ¥N,(v = 0) slower decaying portion, its characteristic rate of decay can

be approximated as
=1C*0(v=0)+"Ny(v=1
_(v ) Av=1) As=fecokco-reXHePT+ fn KN, -HeXHePT T fcoKrad Pimp -
+(Av=-188cmY), ) (8)

A. Apparatus

B. System analysis
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TABLE II. The ¥N,—*He and**N,—°He systems: Experimental rate con-

-17
stants(in units of cn? mol~*s™1). 10
Temperature Temperature
(K) kl“Nz—“He (K) k15N2—3He R
70 (1.8-0.2)(— 20 50 (2.3-0.4)(— 19 o 10™°F E
75 (2.3+0.3)(— 20)° 55 (2.5-0.2)(— 19)¢ 3 F 3
80 (2.6-0.2)(— 20y 60 (2.7£0.1) (- 19) < r )
85 (3.3£0.2)(— 20)° 70 (3.5£0.1)(— 19)? £
90 (3.8£0.2)(— 20y 80 (4.7-0.3)(— 19)° e
100 (5.4-0.1)(— 20)? 90 (6.3-0.2)(- 19)¢ S 10"F E
100 (5.2£0.3)(— 20)° 100 (7.80.4)(— 19)¢ ~ F E
100 (5.550.3)(— 20)° 120 (1.3:0.1) (- 18)¢
150 (2.3:0.2)(— 19)°
200 (9.1£0.6)(— 19)°
10—20 Ly L 1 P TR R R L M |
Compositions by mole fraction: 50 100 150 200
%9.11x 10 2 ¥N,, 3.64x10°° CO, balancé'He. Pressure 18.3—21.5 bar. Temperature / K

b2.54x 1072 1N, 8.55<10 ° CO, balancé'He. Pressure 15.8—23.5 bar.

—2 1. —4
22-5(9( 1073 14N2' 1.72¢ 1075 CO, balancéHe. Pressure 14.5-17.0 bar.  F|G, 1. Experimental rate constants for the vibrational deactivation of
9.61X 1072 ™N,, 7.54x10°° CO, balanc€He. Pressure 1.2 bar. LN, (v = 1) by*He and™N, (v = 1) by3He. N, (v = 1)-*He. The

present study(—), (O); [Ref. 16:(+)]. °N, (v = 1)-*He. The present
) L ) study: (—), (A); [Ref. 16(X)].
The fraction of energy remaining in CO once the

coupled pair is formed is given bfio and the fraction of

energy in N is given bnyz. The rate constants for the

deactivation of CO and Nby He are denoted beo_p.and counterpoise corrections. The one-particle basis set was set
—He . Lo .

Kn,-He respectively,y denotes the mole fraction of helium S from Ref. 10; it consists of5s4p3d, 4s3p2d] atom-

in the mixture K ,qis the radiative rate angi, is the rate of centered °.°”.t.r acted Ggussmns plus3@d1f bond-
deactivation of the coupled pair by impurities present in thecentered primitive Gausaans: .
We chose a mesh of 14 intermolecular distanResnd

gas mixture. The values féit,q andp, are known to within five anglesd for each of three Blbond lengths . The latter

o : . :
+10%. Although the experlmgntal analysis considers thE\zlvere chosen to be the equilibrium value 2.074%, and the
complete set of coupled equations and makes no such ap-_ . . . Lo P
proximations, the treatment outlined above is used when d urning points of the classical motion in the=1, J=0 vi-
' rotational state of ) r=2.0ay, and 2.2,. The mesh in

signing m_|xture compositions. By sel_e(_:tlng the cc_)nd|_t|on_sR was denser around the van der Waals minimum than in our
correctly, it can be ensured that the minimum contribution is

. o earlier work'® This mesh results in a total of 2Xb initio
achieved to the overall rate from the deactivation of €O( oints on the three-dimensional PES. Of these. 53 points at
=1) by He, by the radiative rate of Co€1) and by im- P ' ’ P

urities deactivating the excited species. It is, however im:[he equilibrium I bond length were taken from Ref. 10 and
b 9 P : ' ' 7. 157 points were calculated in this work. The fab initio

portant to recogni;e that th‘? fraction of energy remgining .inMP4 potential energy surface is reported in Table Il
CO must be sufficient to give a good signal-to-noise ratio It is absolutely crucial to obtain a good analytic repre-

_and that the partial pressure of Bhould be mu<_:h less than sentation of the MP4 PES. We made some efforts to find a
its vapor pressure at the temperatures at which the exper-

ments are performed. The relaxation rate gfdy helium is rue three-dimensional representation but were not satisfied
P ' 9 'S with the quality of the fits. We think thab initio calcula-
at worst, a factor of two faster than that for the deactivation,. 2 .
T . tions at a significantly wider range ofare needed for a true
of CO(v=1) by helium. Rate constants for the latter process : . . i . !
hree-dimensional fit. Hence, we fit the points for each fixed
are taken from Refs. 1 and 17. N, bond length to the functional form of Ref. 10. This is
The rate of the/ T deactivation process is faster than the if/en b 9 B
rate of the radiative processes by, at worst, a factor of 4 witt? y
the experiments performed at pressures as high as 22 bar for \/ (R g)=V(R, )+ V,—V,4(R,8) 9)
the 1*N,—*He system and 2 bar for tHé&N,—He system. sd e
Results for the deactivation 6fN, by *He are presented in whichV, and—V,, respectively, are repulsive and attrac-
in Table Il and Fig. 1, and for the deactivation BN, by tive terms andVsgis an additional site-site term that is de-
3He. Older results from Ref. 17 are also shown in Fig. 1 forsigned to model the smaR anisotropy. The site-site term is
ease of comparison. given by

Il. POTENTIAL ENERGY SURFACE VsdR,0)= R, exp(Z— {R,) + VR, extZ— {Ry)

The interaction PES was calculatal initio by the su-
permolecule method in the same manner as in our earlién which Z and ¢ are parameters, and, andR,,, respec-
work 20 In particular, we performed the fourth-order/NMw— tively, are distances from the He nucleus to the two different
Plesset perturbation theor§MP4) calculations with full N nuclei:
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TABLE lll. MP4 interaction energies for He—Nn microhartrees.

10*

10°

Cross-section / A?

10°

LI L I B 1 . B ) L

v b o by 0 by b s o by s 1 s

1000

Kinetic Energy / cm’”

2000

3000

FIG. 2. Cross sections for the vibrational deactivatioh’®f, (v = 1,J) by

%He summed over all final rotational states of.Nnitial **N, (v =

1,

9583.21 = 0): (O); Initial **N, (v = 1,J = 1): (A); Calculation of Ref. 9 from ini-
867.84 tial™*N, (v=1,3=0):(0).

A( 0) = A0+ A2P2(COS 9) + A4P4(COS 6)
b(6)=by+b,P5(cos 8)+b,P,(cos h)
¥(0)= yo+ v2P2(C0S 6) + y4P4(cos )

in which P, and P, are Legendre polynomials. The attrac-
tive term is given by a truncated, damped, multipole expan-

sion:

(13

156.50 TABLE IV. Parametergin atomic unit3 for the MPA4F fit to theab initio
12.37 PES for He—N at different N bond lengths ().

0
Riag 0.0 225 45.0 67.5 90.0
r=2.0aq
400 67243.98 51098.89  26065.92 12817.48 944527
500  8525.16 6489.55 312821  1290.67  833.22
550  2737.18 2040.32 888.33 27054  123.01
575  1478.37 1077.29 418.17 72.62 —6.69
6.00 755.22 527.94 158.70 -27.84 —67.84
6.25 348.85 222.78 2191 -73.40 -91.36
6.50 127.30 59.53 —44.97 -89.13 9514
6.75 11.92 —-2274 —-7312 —-89.49 -89.36
7.00 —43.64 -59.87 —80.65 —8262 —79.63
7.25  —66.40 —-7264 —7787 7295 —68.87
750 —71.84 —-7294 -7050 —62.79 —58.54
800  —61.97 —-59.60 —5275  —44.77 —41.26
9.00 —3292 -3097 —-2639 —22.02 -20.28
1000  —16.52 -1559  —1338 —11.30 -1047
r=2.074%,
400 71483.88 53803.13  26940.76  13058.91
500  9105.26 6881.82  3267.29  1338.33
550  2935.41 2174.55 935.48 287.30  136.16
575  1590.81 1152.90 443.88 81.62 0.67
6.00 817.13 568.91 171.65 -23.62 —64.19
6.25 381.44 243.66 2749 -72.02 —89.95
6.50 143.19 69.04 —4348  —89.33 -95.05
6.75 18.55 -1946  -7378 —90.51 —89.98
700 —41.98 —-59.85 —8233 8399 -80.58
725  —67.24 —-7421  —79.92 7442 —69.94
750  —73.82 ~-7515 —726 -64.21 —59.61
800 —64.35 —-61.84  —5452 —4592 —42.16
9.00 -34.38 —-3229 —2735 —2265 —20.80
1000  —17.29 -16.27 —1386 —11.63 —10.74
r=2.2a,
400 79120.03 58591.07 28435.69 1341445 974531
5.00 10171.99 759465  3511.00  1413.96  918.67
550  3303.12 2421.02  1019.32 314.75
575  1800.30 1292.49 490.01 96.59
6.00 932.98 645.01 195.16 —16.45 —58.16
6.25 44272 282.72 37.81 -69.55 —8751
6.50 173.28 87.00 —4057 -8956 —94.74
6.75 31.23 -1315 —-7480 -9215 -90.88
700 -38.67 —-59.67 —8524  —86.27 —82.06
7.25  —68.68 —-7702 —8358 —76.89 —71.65
750 < —77.45 —-79.20 -7637 —66.63 —61.34
8.00  —68.82 —-66.04 —57.73  —47.93 —43.65
9.00 —37.18 —-3478 —29.13 -2378 -21.66
1000 -18.74 -1755 —1480 —1224 -11.22
2
2_p2. T
R;=R“+ Z—rR cos 6,
11)
2
2 2 r
RE=R"+ ZHR cos 4,

wherer is the fixed bond length of the Nmolecule. The
repulsive term is given by

Vi (R,0)=exg A(6)—b(6)R+ y(6)In R],

where the angle dependence of the paramétets andvy is

given by

12

Fit r/ag

parameters 2.0 2.0743 2.2
Ay 2.90038 2.92808 2.95358
A, 7.1651£-01 7.5186& 01 9.1121&-01
Ay 1.12334 1.09543 1.07881
by 2.37623 2.37630 2.38034
b, 2.1126£-01 2.1852E-01 2.20705-01
b, 2.7415%-01  —-2.7897E-01 —2.7974E-01
Go 1.98597 1.99498 1.99858
G, 1.09078 1.10519 1.05817
G, —1.60141 —1.60122 —1.59990
Po 1.27265 1.27435 1.26607
P2 3.5420%-01 3.8603& 01 4.0778&—01
4 1.8030E—-01 1.8315&-01 1.7615E-01
14 2.02043 2.02705 1.93547
c? 9.41032 9.74931 1.022E8-01
c2 1.23081 1.44401 1.65207
c’ 1.9240& + 02 2.0140&+02 2.3228&+ 02
c3 1.6147E+02 1.7458E+02 1.9526E+02
(o4 —6.16708 —1.7263E+01 1.5397&+ 01
cY 1.1560% + 04 1.1605& + 04 1.1884E+04
c?, 1.1607£+04 1.1780E+ 04 1.3238&8+04
ct 4.4330E+03 5.4150&+ 03 4.0891&+ 03
cs, 0.0 0.0 0.0
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Co(0) Ce( ) coupled-statesSCS approximatioR’ using the molecular
Va(R,0)=06(pR) —25—+9s(PR) —z5— scattering progranMoLScAT.?! The hybrid log-derivative/
Airy propagatof? was used for the propagation of the wave
Cio(0) functions. Stringent convergence testing was performed in
+910(PR) TR0 (14 order to ensure that the calculated cross sections were con-

| verged to well within a 1% tolerance. TheN, and pN,
ong-rang&, ciear spin isomers were treated independently with 16 ro-
tational states included in the basis set above both th®

where the angle dependence of the
(dispersion-induction coefficients is given by

Ce(0)= cg+ CéPz(cos 6) and v =1 thresholds and 11 rotational states in the vibra-
0 . tionally closed channel;=2. This basis set corresponds to a
Cg(8)=Cg+ CgP2(cos 0) + CgP4(cos 6) maximum ofJ=30 inv=0 and 1 forpN, andJ=31 inv

=0 and 1 foroN,. The basis set energies were calculated
using ®.=2358.57 cm!, wx.,=14.30cm?', B,
+C8,Ps(cos ) (15 =1.99824 cm! and @=0.0173 cm® for N, and o,
=2279.77 cm?!, wex,=13.82 cm?!, B,=1.86542 cm?
and a,=0.01557 cm? for ¥*N,.?% The maximum propaga-
tion distance was 20 A and convergence was ensured with
gn(pR)=[1—exp —2.1pR/n—0.109*R?/ \/ﬁ)]n (16) respect to the propagator step size. A maximum partial wave
of L= 10 was found necessary for the resonance searching at
low impact energies and the scattering calculation was per-
p=po+paP2(cos o). (170  formed for all partial waves up to this angular momentum

6 o . state. For impact energies in the range 20— 100%roontri-
. (.:.10 was set to zero be_cause its inclusion qloes no_t have Butions from partial waves up to= 21 were considered with
S|gn|f|cant Impact on the.f't' Thu_s, at e_alc,hwe_ fit 70 pomts_ the calculation performed for partial waves from 1 to 21 in
using 21 parameters. This relatively high ratio of 3.33 points

) ; steps of 2. The final scattering cross section was multiplied
per parameter helps to ensure that the fit does not introduce P g P

. ) o e . a factor of two to account for the step size. Contributions
unphysical kinks or oscillations between thie initio points. Y P

e from partial wav = in f 4, were requir
The fitting procedure was the same as the one we used pr om partial waves up t&. =38, in steps of 4, were required

. - or convergence of the cross sections in the impact ener
viously. The three fits together have an absolute error th 9 P 9y

" rror gk hge 100—1500 crt whil ibut -
averages 0.53%. The largest fitting errors occur at intermar- 9° 00-1500 cmt while contributions up td. =58 were

: . included for energies above this range.
lecular distance® shorter than &,; fortunately, this short- 9 9

range region of the PES is not very important for most of th In order to achieve convergence of the thermally aver-
ange region of the S not very important for most o eaged rate constants at low temperatures, it was found neces-

physical properties normally computed from a van der Waalssary to calculate the scattering cross sections at a large num-

Ellsti. t-rl;gtetﬁ:ra;?:ﬁge?; ]Egli ; %S; 42; a;?ellsslt_ecri]t; n J;glf IVber of impact energies in the range 20— 100 ¢nThis gives
P . 0 ightly di accurate thermal averaging down to 30 K. Below this tem-

ent from those of Hu and Thakkar because they fitted fewe{)erature, the resonance structure contributes significantly to

ab 'g};%gﬁg‘éstﬁ?gg ;/Ivel d(?lr(cj)'tor fits. specification of an inter- the thermally averaged rate constants and the cross sections
9 » SP were calculated over a fine grid of collision energies in order

icilat'%?nznithioﬂ f(lnrpoEtgerTrrc]) torr Iﬁng:gz IS rec#]urlcle (;ihtotdefm_e qo enable the accurate calculation of the relaxation rate con-
ee ensiona - 'herange SO smail that qua stants. Rate constants were calculated for the relaxation of

dratic interpolation is sufficiently accurate. We found thatealch initial rotational state of Mby performing the thermal

calculz_mon of the |nteract|on_ energy fr(_)m Fhe three_ rlgld'average over the kinetic energy distribution at a temperature
rotor fits followed by quadratic Lagrangian interpolation to

the desired rotor length was significantly more well-

conditioned than calculation of the interaction energy usinq(
our analytic form with parameters interpolated to the desired
rotor length. The three-dimensional PES obtained by the pre-

Cg(60)=C3y+ C2,P,(cos ) + C,P4(cos 0)

and the damping functions are those introduced by Douketi
et all®

with an angle dependent damping parameter

cv=1J—0v=0;T)

12 ro
ferred interpolation' procedure is refgrred to as t.he' ME4F3D _ 8 3) f Tedv=1J—0=0:Exp)
surface to emphasize the subtle but important distinction be- mu(kgT) 0
tween ourab initio points and the fit. AORTRAN subroutine
g X exft — Eyn /e T)EindExcn (18

that calculates the MP4F3D PES is freely available by

anonymous ftp from ftp://okapi.chem.unb.ca/ . . ,
pub/imf/in2he/mp4f3d.for . The scattering cross section summed over all final rota-

tional states is denoted byc.qv=1J—v=0), with the
scattering calculations performed at impact enerdies .
The reduced mass of the collision pair is denotegubjrate
The methods adopted for these atom-diatom scatteringonstants for the relaxation alN,(v =1) were calculated by
calculations have been discussed in  previousnveighting the rate constants for relaxation from initial rota-
publications*®*® The collision pair was treated within the tional states assuming a Boltzmann rotational distribution,

IV. SCATTERING CALCULATIONS

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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TABLE V. The ®He and*He—“N, systems: Relaxation cross sections from TABLE VII. The *He and*He-**N, systems: Relaxation cross sections

J=0 (in A?). from J=0 (in A?).
Kinetic THe N, TiHe N, Kinetic THe N, ThHe 2,
energy This Reference 9 This Reference 9 energy This Reference 9 This Reference 9
(cm™) calculation calculation (cm™h calculation calculation
5.0 0.290¢7) 0.497(-8) 0.128(-8) 0.278(-9) 5.0 0.493¢7) 0.662(-8) 0.264(-8) 0.423(-9)

10.0 0.217¢7) 0.152(—8) 10.0 0.106(-6) 0.182(-8)

15.0 0.144¢7) 0.297(-8) 0.936(-9) 0.171-9) 15.0 0.211¢7) 0.464(-8) 0.125(-8) 0.256(-9)

20.0 0.132¢7) 0.890(—9) 20.0 0.176¢7) 0.118(-8)

30.0 0.127¢7) 0.840(-9) 30.0 0.172¢7) 0.118(-8)

40.0 0.129¢7) 0.919(-9) 40.0 0.179¢7) 0.123(-8)

50.0 0.141¢7) 0.400(-8) 0.100(-8) 50.0 0.191¢7) 0.537(-8) 0.137(-8) 0.355(-9)

60.0 0.154¢7) 0.112(-8) 60.0 0.208¢7) 0.154(-8)

70.0 0.171¢7) 0.127(—8) 70.0 0.230¢7) 0.175(-8)

80.0 0.190¢7) 0.144(-8) 80.0 0.256¢7) 0.198(-8)
100.0 0.238¢7) 0.730(-8) 0.188(-8) 0.529(-9) 100.0 0.322¢-7) 0.985(-8) 0.259(-8) 0.7319)
140.0 0.364¢7) 0.308(-8) 0.964(-9) 140.0 0.492¢7) 0.426(-8)
190.0 0.599¢7) 0.209(-7) 0.547(-8) 0.183(-8) 190.0 0.812¢7) 0.292(-7) 0.758(-8) 0.254(-8)
230.0 0.866¢ 7) 0.834(-8) 0.293(-8) 230.0 0.118¢6) 0.116(—7)
280.0 0.133¢-6) 0.518(-7) 0.136(-7) 0.499(-8) 280.0 0.180¢6) 0.7077) 0.189(-7) 0.695(-8)
360.0 0.246¢ 6) 0.100(-6) 0.274(-7) 0.107(7) 360.0 0.334(-6) 0.139(-6) 0.382(-7) 0.150(-7)
450.0 0.455(¢-6) 0.197(-6) 0.550(-7) 0.228(-7) 450.0 0.617¢6) 0.268(-6) 0.766(-7) 0.318(-7)
510.0 0.659¢6) 0.838(-7) 0.359(-7) 510.0 0.893¢-6) 0.117(-6)
580.0 0.982(-6) 0.450(-6) 0.132(-6) 0.583(-7) 580.0 0.133¢5) 0.612(-6) 0.183(-6) 0.810(-7)
650.0 0.142¢-5) 0.200(-6) 0.913(-7) 650.0 0.192¢5) 0.278(-6)
730.0 0.210¢5) 0.101(-5) 0.312(-6) 0.146(-6) 730.0 0.283(¢-5) 0.137(-5) 0.432(-6) 0.203(-6)
960.0 0.556¢5) 0.284(-5) 0.937(-6) 0.472(-6) 960.0 0.745¢5) 0.381(-5) 0.129¢-5) 0.649(-6)

1300.0 0.175¢4) 0.953(-5) 0.343(-5) 0.187(5) 1300.0 0.233(¢4) 0.126(—4) 0.469(-5) 0.254(-5)
1660.0 0.460¢-4) 0.262(-4) 0.102(-4) 0.591(-5) 1660.0 0.604(-4) 0.344(-4) 0.138(-4) 0.793(-5)
2500.0 0.241¢ 3) 0.174(-3) 0.663(—4) 0.423(-4) 2500.0 0.309¢ 3) 0.188(-3) 0.875(-4) 0.552(-4)
3000.0 0.502¢3) 0.318(-3) 0.152(-3) 0.102(-3) 3000.0 0.638¢3) 0.401(-3) 0.199(-3) 0.131(-3)

L . V. DISCUSSION
and by weighting the odd and even rotational states accord-

ing to the ratios predicted by nuclear spin statistics. Agreement between theory and experiment is excellent
Relaxation cross sections and rate constants have bedor all the systems considered. The theoretical values of the
calculated for the four isotopic systems“N,—He, relaxation rate constants show a deviation of less than the
¥N,—*He, ®N,—He, and!®N,—*He. The results of these error bar on the experimental values at all temperatures for
calculations are presented in Tables V-VIII and in Figs.which data are available. Hu and Thakkar suggested that the
2—-4. The results of the resonance searches for initial rotaelastic part of the MP4F potential, calculated at one fixed
tional states]=0 and 1 are presented in Figs. 5 and 6 withN, bond length and which we have used in the present study,
their influence on the thermally averaged rate constants accurate to within 10% of the true potential energy sur-
shown in Fig. 7. face, within the Born—Oppenheimer approximation. On the

TABLE VI. The ¥N,—*He and'“N,—*He systems: Relaxation rate constafitsunits of cn? mol *s ™).

14N, —*He 14N,—°He
Temperature
(K) Kexp. kes kes/Kexp., Kret. 9 Kexp. kes Kes/Kexp, Kret. o
35 6.01(—21) 1.47(—21) 9.13(—20) 2.30(—20)
40 7.19(—21) 1.89(—21) 1.06(—19) 2.84(—20)
50 1.04(—20) 3.05(—21) 1.43(—-19) 4.25(—20)
70 1.8(-20) 2.17(-20) 1.1 7.46(21) 2.64(—19) 9.06(—20)

85 3.3(-20) 3.74-20) 11  1.38¢20) -~  4.14(-19) -  1.53(-19)
100 5.4(-20) 6.10-20) 1.1  243(20) 6.2(-19) 6.2619) 1.0  2.49¢19)
150 2.8-19) 2.66(-19) 1.1  120-19) 2.0(-18) 2.19-18) 1.1  1.00-18)
200 8.7-19) 8.83(-19) 1.0  4.57¢19) 6.0-18) 6.15-18) 1.0  3.09¢18)
250 2.6C18) 2.44(-18) 0.94 1.38¢18) 1.5(-17) 1.48(-17) 1.0  7.94(18)
290 49(-18) 4.88(-18) 1.0  3.02¢18) 2.6(17) 2.73-17) 1.1  1.58(17)
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TABLE VIII. The *N,—*He and'®N,—“He systems: Relaxation rate constafitsunits of cn? mol~*s™%).

5N,—*He 5N,—*He
Temperature

(K) kExp. kCS kCS/kExp. kRefA 9 |(Exp. kCS kCS/kExp. kRef. 9

35 8.20(- 21) 1.89(- 21) 1.28(- 19) 2.76(- 20)
40 9.83(—21) 2.49(—21) 1.48(-19) - 3.46(-20)
50 1.42(- 20) 3.95(-21) 2.1(-19) 1.99-19) 0.95 5.33(20)
70 2.97(-20) 9.90(—21) 3.5(19) 3.59-19) 1.0  1.18¢19)
85 5.10(— 20) 1.85(—20) 5.4(-19) 559(-19) 1.0  2.01¢19)
100 < 832(=20) -  3.28(-20) 83(-19) 8.41-19) 10  3.29¢19)
150 3.8-19) 3.61-19) 0.95 1.70¢19) 3.0(-18) 2.91(18) 0.97 1.35¢18)
200 1.3(-18) 1.19(-18) 092 6.46(19) 8.7(-18) 8.13(-18) 0.93  3.89( 18)
250 3.2(-18) 3.27(-18) 1.1  1.86(18) 2.0(-17) 1.95(-17) 0.98  9.55( 18)
290 6.3(-18) 6.51(-18) 1.0  4.17¢18) 3.6(-17) 3.57(-17) 1.0  1.82(17)

basis of the quantitative agreement between the theory arid excess of 2 bar be used. These two problems are consid-
experiment observed in the present study, this estimate agrably more limiting for the deactivation dfN,(v=1) by
pears to be vindicated. The calculation of vibrationally in-*He: the experimental data for this system are extended
elastic relaxation rate constants is a severe test of the accdewn to a temperature of 70 K. However, a comparison of
racy of theab initio methods which are used to generate thethe experimental results and the calculated rate constants for
potential. This is because the entire reaction surface ithe®N,—*He system at 50 K does enable firm conclusions to
sampled, and there is an additional internal degree of freebe drawn about the accuracy of the low repulsive wall of the
dom introduced by the inelastic scattering calculations. MP4F3D surface at interaction energies as low as 35'cm
Experimental values of the vibrationally inelastic rate Such a comparison shows that the good agreement between
constants have been measured down to a temperature of 50tKe theoretically calculated rate constants and the experimen-
for the °N,—*He system and cannot readily be extended betally measured values persists down to 50 K. At the lowest
low this temperature. The rate constants for the endothermitemperatures of the experimental measurements, the rate
transfer of the vibrational quantum from COfN, decrease constants for the deactivation dfN,(v=1) by “He are
rapidly below 80 K. The vapor pressure of Blso decreases smaller than the theoretical values while for the deactivation
rapidly** and this limits the partial pressure o, Mhich can  of *®N,(v=1) by °He, the measured values are larger than
be used. In consequence, the rate of formation of théhose calculated theoretically. In both cases, the theoretical
COIN, coupled pair becomes prohibitively small for an ac- values remain within the experimental error and the discrep-
curate determination of the ,NHe rate constants below 50 ancy is not significant.
K. In addition, the requirement that the deactivation rate for  In order to reproduce the results of beam scattering,
the process being studied be substantially faster than theansport phenomena, and relaxation phenomena, Beneventi
other competing processes demands that helium-3 pressuresal ! concluded that the anisotropy of any accurate inter-

FIG. 3. Rate constants for the vibrational deactivatiotdf, (v = 1,J) by
3He and*He (the lighter mass system having the larger rate const@pen
symbols, the present calculatiof), (O); calculation of Ref. 9 (—-),

Temperature / K

(©). Filled symbols, experiment of Ref. 16 and this stugi).
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FIG. 4. Rate constants for the vibrational deactivatiotPdf, (v = 1,J) by
3He and*He (the lighter mass system having the larger rate const@mpen
symbols, the present calculatiof—), (O); calculation of Ref. 9 (- -),

(©). Filled symbols, experiment of Ref. 6 and this study\).
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FIG. 5. Low impact energy cross sections for the vibrational deactivation of |G. 7. Rate constants for the vibrational deactivatiot'df, (v = 1,J) by
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FIG. 6. Low impact energy cross sections for the vibrational deactivation o
N, (v = 1,J = 0) by>*He summed over all final rotational states of N
partial wave contributions.

SHe at low temperatures. The present calculatier), (A).

action potential should closely resemble that of Bowers
et al?® in the region of the low repulsive wall, a condition
which is fulfilled by the MP4F3D potentiaf That the relax-
ation rate constants in the temperature range S0K
<100 K are well reproduced by the MP4F3D potential, in-
dicates that it possesses the correct well depth, potential gra-
dient, and anisotropy at small interaction energies.

Given the good agreement between theoretical and ex-
perimental values of second virial coefficients for this sys-
tem, and the agreement found in the present work, it seems
safe to assume that the interaction potential is sufficiently
accurate to make quantitative predictions of the behavior of
the N.—He systems. Below 20 K, the theoretical values of
the rate constants show a small, but readily identifiable up-
turn which becomes pronounced below 15 K. Since we re-
gard this interaction surface as reliable, and the CS treatment
includes all angular momentum contributions which are
likely to be significant for this system, it is likely that this
predicted upturn in rate constants would be seen if this tem-
perature range was accessible to our experimental method.

Our previous calculations of the relaxation rate constants
for the N,—He system$showed a systematic discrepancy
between theory and experiment, which we attributed to defi-
ciencies in the CEPA interaction potential surface which was
used. It is therefore instructive to examine the features of the
CEPA potential and the MP4F3D potential which are likely
to be the causes of these discrepancies. A comparison of the
attractive well region and the low impact energy repulsive
wall is shown in Fig. 8. Hu and Thakkar present an extensive
comparison of N-He interaction potentials in terms of the
differences in well depths and radial positions of the point at
which the interaction potential attains a zero value at the
T-shaped and linear configurations. The difference between
the zero-value point of the surfaces at the T shape and linear
configurations is a rough guide to the degree of anisotropy of
Tthe surface, which plays a crucial role in determining the
details of angular momentum coupling. The repulsive walls
of the two potential energy surfaces are very similar in shape
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TABLE IX. The dependence of the scattering cross sectipné ?) on the

5000 anisotropy of the potential energy surface.
Surface parameters
- 4000
E L ARy;=056 A AR,=047A ARy=043A
= [ Kinetic AR,=055A AR,=044A AR,=0.39A
5 3000 energy Inial AE=48cm! AE=18cm?! AE=5.0cm?
o i (cm ) ) p2 (20913 (p?)12
w [
© 2000F 50 (I=2) 0 10.48 9.1% 7.89
= r 0.90 0.75
2 i 50 (I=3) 0 13.50 11.80 10.13
a 1000 0.87 0.75
[ 250 (=2) 0 5.56 5.13 4.65
L 0.92 0.84
Ok
40 (1=2) 2 10.19 8.74 7.43
0.86 0.73
40 (1=3) 2 13.07 11.21 9.52
100 ——— 0.86 0.73
3 240 (1=2) 2 5.30 4.86 4.39
80 | 0.92 0.83
£ i 15 (1=2) 4 18.86 14.45 11.52
N 60 0.77 0.61
5 - 15 (1=3) 4 22.48 17.87 14.21
©  40f 0.80 0.61
'-'_J [ 215 (1=2) 4 5.41 4.26 3.82
% 20 . 0.79 0.71
% [ aDamping parameter fdR? term in damping function.
o or The second number of each pair is the cross section expressed as a fraction
- of the cross section calculated on the MP4F3D surface.
-20
I P Y ' I |
2 3 4

5 . . .
R/A parameters is possible only because of the high symmetry of
the N, molecule, for which the linear and T-shaped configu-
FIG. 8: Comparisc_m of the MP4F and CEFA potential energy §urfaces inthgations represent well-defined limiting cases of the potential
2&;0;3’3 gz)(fn"ertﬁggn,\ﬂagj;gutr?:czf (r:eEp:E:'\(’f X‘f‘” for the linear &nd energy sqrface, in which the angular gradients of the surface
must vanish.

The impact energies were chosen to represent dominant
and a small translation of the CEPA surface to shorter intereontributions to the relaxation rate constants in the high and
molecular separation by as little as 0.02 A would be suffi-low temperature limits. For all energies considered, the frac-
cient to very nearly overlay the two potential energy surfacegional change in the cross sections is not strongly dependent
in the repulsive region. However, this is not able to explainon the initial state angular momentum. There is a uniform
the quantitative difference of the rate constants calculatedecrease in the cross sections as the value of the damping
from the two surfaces. The scattering cross sections anparameter is decreased, reflecting the gradual removal of the
stable to within 2% with respect to an artificial translation of anisotropy of the attractive part of the interaction surface.
the potential energy surface of up to 0.5 A. The convergenc@he greatest relative change in the cross sections is found
of the two calculations in the higher temperature limit sug-when the damping parameter is chosen tp®e, for which
gests that the discrepancy results from the influence of ththe nominal anisotropy of the surface is smallest. Moreover,
attractive well on the phase shift between initial and finalthis change in the cross sections is remarkably uniform for
states. all values of the kinetic energy and for all initial state angular

In Table IX, we examine the sensitivity of the scatteringmomenta, indicating that a change in the anisotropy will
cross sections to small changes in the potential energy suhave the effect of causing a uniform change in the relaxation
face. Parametric changes in the damping functieaq. (16)], rate constants. It appears likely that the apparently constant
were made by weighting the constasft, which had the ef- ratio between the present results and those calculated using
fect of modifying the anisotropy of the PES. Comparing thethe CEPA interaction surfatenay be attributed mainly to a
linear and T-shaped collisional configurations, the modificadifference in the anisotropy of the attractive well of the two
tion results in a difference in the position at which the PESsurfaces.
changes sign oAR, A, a difference in the position of the The divergence of the calculated rate constants obtained
minimum value of the potential cAR,,, and a change in from the two potential energy surfaces at low temperatures
difference in the minimum of energy in the two configura- can be attributed to the vastly different behavior of the cross
tions of AE cm™ 1. Such a simple choice for the anisotropy sections at low impact energies. The Feshbach resonances
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found in the scattering cross sections at collision energies uaction potential is similar for the two surfac&sThus vibra-
to 40 cm * from the CEPA surfackare also found to occur tionally inelastic processes, such as those given below and as
in the relaxation cross sections calculated from the MP4F3[3uggested by Toennies and co-workéf& for purely rota-

surface at similar impact energies. The reason for this is tha{onally inelastic scattering, will be equally likely on the two
the threshold energies are the same in the two scattering, tsces

calculations and the short range anisotropic part of the inter-

—[N(v=1j=2)He], 5.2 —
No(o=1i=0)+H —>[N2(U:11j:2)He]IC:J — Nl 0 — 014 H .
[Nx(v=1,j=0) eli=y —>[N2(U=1,j=2)He]|C:J—2 _ [Nx(v=0,j=0) eli=y3- (19)

—direct —

However, the resonances are much broader and strongegsonant vibration-to-vibration energy transfer at low tem-
in amplitude on the MP4F3D surface than on the CEPAperatures where the formation of van der Waals complexes
surface. At least in part, the larger amplitude and broadeand trapping of the collision pair by collision with a third
width of these resonances must result from the deeper attrabody is thought to occut? We conclude that for these VT
tive well of the MP4F3D surface. That the larger well depthtransfers, the collision complex may be the formation of a
is responsible for the larger amplitude and width of the scatmetastable state which exists long enough to enhance the
tering resonances has been considered in previougrobability of vibrational energy transfer. The resonances re-
publications®>” More bound states and quasibound state$ult from Feshbach closed-channel couplings and from open
may be accommodated and more impact energies and incoribannel or orbiting shape resonances which arise from the
ing orbital angular momenta may result in resonances. ~ Penetration of the effective potential energy barrier.

The anisotropy of the interaction surface also has an in-
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