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A detailed analysis of the He—NPE ") van der Waals complex is presented. We dis@alsinitio
calculations of the potential energy surface and fitting procedures with relevance to cold collisions,
and we present accurate calculations of bound energy levels of the triatomic complex as well as
collisional properties of NH molecules in a buffer gaside. The influence of the external magnetic
field used to trap the NH molecules and the effect of the atom—molecule interaction potential on the
collisionally induced Zeeman relaxation are explored. It is shown that minute variations of the
interaction potential due to different fitting procedures may alter the Zeeman relaxation rate at
ultralow temperatures by as much as 50%2@5 American Institute of Physics
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I. INTRODUCTION Even if one applies the most advanced quantum chemistry
methods with large basis sets to obtain accurate intermolecu-

X far potentials, fitting of the computed energy points by an
creation of ultracold moleculésThe research on ultracold nalytical expression—necessary for calculations of molecu-

molecules may lead to controlied chemistry, spectroscopy 0I?r dynamics—introduces an uncertainty to the potential en-

unprecedented precision, and quantum computation. Severglgy surface. A calculation of inelastic collision dynamics

ggf:rﬁ:f/éighgggevti:ﬁ rsp(;%?:fl:?agr l::;%%gl_?hr:?ﬁ;ﬂfz:av%ith two interaction potentials based on different fitting pro-
9 P ' S(iedures provides an indication of the accuracy that can be

velopment and extension of experimental techniques re : L . . )
: . . . . —dchieved in inelastic scattering calculations at ultracold tem-
upon a close interaction with theory. Theoretical calculatlonsperatures

in th Id and ultracold regimes n itate extrem - . .
e cold and ultracold regimes necessitate extreme acc One of the most promising methods for the production

racy that can only be achieved through correspondence Wlt(f)lf ultracold molecules relies on buffer-gas cooltig® Mol-

observations. Subtle details of quantum chemistry tech-
q y cules are slowed down to temperatures near or less than 1 K

niques, fitting procedures for potential energy surfaces, an§ N
g gp P 9y y thermalization in a precooled buffer gas, usuaHie, and

numerical analysis could significantly influence computation ) ) . . g
of collisional properties. captured in a magnetic trap with strong field gradients. The

While it is known that the cross section for elastic scat- 2PN efficiency depends critically on rate constants for

tering of molecules at ultracold temperatures may chang Ia;nc and tlnelastllt_:h coII|S||ons|of the tmolecm:jle_s \mth tlhe
from zero to infinity by slight variations of the intermolecu- f_ulder-gai_ a OT‘? ﬁ. nr:(.) et(;]u ezs are r:lalppel .'tnh thelL' Or:N
lar potential, the sensitivity of ultracold inelastic cross sec-'¢I0—Se€kIng staté, which 1S the zeeman Jevel wi € nigh-

tions to the interaction potential remains an open questiortSt €Neray: and the efficiency of the buffer-gas loading is

determined by the ratio of the rate constants for elastic scat-
tering (cooling and Zeeman relaxatiotirap los$ in colli-

a ic mail: : . o .
,Clectronic mail: rkrems@cfaharvard.edu sions with He atoms. The thermalization of the rotational
Electronic mail: jakl@theochem.ru.nl

Molecular physics has recently seen a revival due to th

9Electronic mail: gerritg@theochem.ru.nl levels of the molecules occurs at a rate which is usually
9Electronic mail: avda@theochem.ru.nl comparable to the rate for cooling of the translational mo-
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tion, and the majority of trapped molecules are in their low-  The geometry of the He—NH complex is described in
est rotational state. It is therefore important to identify theJacobi coordinates: the vectoijoining the atoms in the di-
mechanisms by which collisions with He atoms induce Zeeatomic molecule, the vectdr joining the centers of mass of
man transitions in rotationally ground-state molecules in orNH and He, and the angle betweenR andr; §=0° corre-
der to predict which molecules are amenable to buffer-gasponds to the NH—He collinear configuration. The NH bond
cooling. The papers of Volpi and BoHh,Bohn % and length was fixed at its equilibrium value 0F1.0362 A%
Avdeenkov and Bohftt are the only previous studies of mag- The potential was calculated independently by two groups
netic transitions in atom—molecule and molecular collisionsyielding two different sets oéb initio data. Calculations of
The buffer-gas loading method was used to produce theotential | were performed for 18 values Bfin the range
first trapped molecule CaH and experiments are in progressom 3.0 to 15.0 bohr¢ay) and 19 values ob (steps of 10y
to trap another polar molecule NBZ The ground elec- in the interval from 0° to 180°. Potential Il was computed on
tronic state of CaH ha&" symmetry, while that of NH has a grid of 29 points irR and 30 points ird chosen to coincide
3%~ symmetry. We have recently demonstrated that Zeemawith the Gauss—Legendre quadrature points so that the inte-
transitions in collision of rotationally ground-ste® and®s, gration overf required to produce a Legendre expansion of
molecules with He atoms are induced by coupling betweeithe potential could be performed without interpolation.
molecular rotational energy levels due to the anisotropy of  Reference orbitals for spin-restricted coupled-cluster cal-
the He—molecule interactidii.?° The Zeeman relaxation in culations with single, double, and noniterative triple excita-
23, molecules occurs through a three-step mechanism involwions were obtained from spin-restricted Hartree—Fock calcu-
ing transitions to asymptotically closed rotationally excitedlations. The coupled-cluster calculations were performed in
levels and the action of the spin-rotation interaction in thean all-electron approach. The basis consisted of augmented
excited state&® The Zeeman transitions in collision 6 correlation-consistent quadruple zeta basis &d¢soted as
molecules with He atoms are induced, on the other hand, bgug-cc-pVQZ on the NH molecule and on the He atom. This
direct coupling due to the anisotropy of the atom—moleculebasis set was further augmented by a set of bond functions
interaction potential and the spin-spin interaction in the[3s3p2d2f 1g] centered at the midpoint of the vectBrto
molecule?® The spin-rotation interaction is negligible in obtain a better description of the dispersion component of the
comparison. interaction energy. These bond functions have the following
In this work, we present an extensive discussion of ouexponentssp: 0.9, 0.3, 0.1df: 0.6, 0.2, andy: 0.3. Addi-
ab initio potential energy surface calculations, fitting proce-tional calculations with a quintuple zeta aug-cc-pV5Z basis
dures suitable for studies of molecular collisions at ultracoldeproduced well the interaction energy computed with the
temperatures, bound states of the He—NH complex, andug-cc-pVQZ basis. The minimum computed with this much
cross sections for elastic scattering and Zeeman relaxatidarger basis is less than 0.5% deeper.
over a wide range of collision energies and magnetic fields.
We analyze the difference between the mechanisms of Zee-
man relaxation irfS and>S molecules, and explore the sen- 1ll. POTENTIAL ENERGY SURFACE
sitivity of the Zeeman relaxation cross sections to the inter- o
action potential. To investigate the accuracy one can hope to  Collisions of molecules at low temperatures are deter-
achieve inab initio dynamical calculations, we compute the Mined by long-range interaction forces. An analytical form
Zeeman relaxation cross sections with two analytical fits of°f the intermolecular potential suitable for studies of ultra-
basically the sameb initio potential energy surface. Both cold temperature dynamics should provide an adequate de-
fitting procedures employ large numbers af initio data scription of the long-range |_ntermoleculgr potential. Parncu—
points and analytical forms based on physical principles, andfr care should be taken with the physical representation of

they are standard. the angular dependence of the potential energy at large
atom—molecule separations.
Il. AB INITIO CALCULATIONS An analytic fit to potential | was obtained by a three-step

procedure similar to that described in Ref. 30. First, we fitted
The electronic potential energy surface for the ab initio points in the interval ofR between 18, and
He—NHX ®37) was computed using a supermolecular ap-15a, to a long-range expansion,

proach that defines the intermolecular interaction energy as 7 n-a
Vir(RO) =2 X C,\R"Py(cos0), (2
AExs(R, 0) =EXB(R,6) — ERP(R,6) - ERB(R, 6). (1) n=6 A=0

P, being Legendre polynomials. Only even values afccur
Using the counterpoise correction method of Boys andor n=6, and only odd values fan=7. The fit of the long-
Bernardf’ both the dimer and monomer energies were cal+ange coefficientsC,,, was obtained using a linear least
culated in the dimer basis. The computations were performesgquares method with a weighting functisR) =R®. Second,
with the MOLPRO 2000program packagég. TheX 33 state of  radial fits of the potential energy curves were generated for
NH is odd under reflection in the plane containing the NHevery value of the angl®. The parameter€;, and Cq
axis, and for nonlinear He—NH geometries the electroniavere fixed at the values obtained in the first step to ensure
ground state of the complex h&$ symmetry under reflec- the correct long-range behavior. Tak initio points for each
tion in the plane containing all the nuclei. value of @ were fitted to DegIi—Esposti—Werﬁérfunctions,
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10 180
V(R) = G(Riexp(- a;R - ag) = T(R X C,R™" (3)
n=6 3
150}
with polynomials
120
8 n
= R ]
G(R) EQJR (4) % 90f,
Y
and a damping function 6004
T(R) = 3[1 + tanH1 +tR)]. (5

30r

In this fit, we used the weighting functiongg w g with the

short-range part 0 éR( )é o 11T 12
a
wsr=[In(e"o+e- 1) (6) ‘
FIG. 1. Difference between the potentials: potential | minus potential Il
and the long-range part (cm™). The cross indicates the position of the minimum in potential I; see
Fig. 2.
1+(RIRy)°
WiR=——— (7)
O nmax
— _ - —- —N
where V,=C4R;8.3° The parametel, determines the dis- A(R) = G\(Rjexp(=a, IR~ 4, ) TA(R)EG CraR

tance at which the short-range factor of the weighting func-

tion effectively “switches on.” We set it equal ¥,=5|Ey|, (9)
whereE, is the most negativab initio point, and chos&,

=6.08y. The parametersy, g;, t, and C, with n>6 were - ) )

optimized for each value of with the modified Levenberg— Where the coefficients, ; in the polynomialG,(R), of Eq.
Marquardt algorithm from theninPack set of routines for  (4), and the parametey in the damping functioy(R), of
nonlinear least squares fitting. The root mean square devid&d- (5), are selected for each value bf For given\ the

tion of one-dimensional1D) fits did not exceed 1§ cnit.  Vvalues ofn in the long-rangek™" expansion are restricted by
The error of the radial fit at short range was within 0.01%.the condition than=A\+4 and thatn must be even/odd for

The absolute error in the global minimum region fBr even/odd\. The lowest five values afi permitted by these
=6.5, is 7.2x10°%cm? and at R=15.08, it is 3 restrictions were included, which makeg,,=23 forA=11.
X 10 cm L. In the region of the van der Waals minimum, For the isotropic term withh =0 it was found that terms with
the relative error was 0.0004%, and at long range, it wa$>8 did not improve the fit, and the long-range expansion
smaller than 0.14%, the largest relative error Rer15.0,. was limited to theR™® andR® terms. In comparison with the
Finally, using all of the 19 one-dimensional fits, we con- fit of potential I[Eq. (3)], terms with highen were retained
structed the two-dimensional potential energy surface by exin the asymptotic long-range form. The average error of the
panding the potential in a series of Legendre polynomialgesulting representation of potential Il is less than 0.04% and
P,(cos6), the maximum error of the analytical fit is 0.83%.
The main difference between the fitting procedures of
3 the two potentials is the order of the radial and angular fitting
V(R.0) = %”A(R) P,(cos ). ®) and, consequently, in the truncation of the series of analytical
fitting functions. Figure 1 displays the small differences of

The coefficientw, (R) for a givenR were determined from a the potentials | and Il(Results presented in the preceding
linear least squares fit to the data obtained from the previoug@mmunicatiof™° were obtained using potential JliSince

1D radial fits. The final error of the expansion in a series ofve had available these two potentials computed and fitted
12 Legendre polynomials of the 19 angular points was aboufidependently by two groups, which may both be considered
0.8 cnT! (or 0.01% at short ranggR~4.0a,). In the van to be quite accurate, we used them to study the sensitivity of
der Waals minimum region &=6.53,, the absolute error of the elastic and inelastic collision cross sections at very low
the expansion was about810™* cm ™ or 0.004%, and in the temperatures to subtle variations of the potential surface
long range the relative error was 0.01%. caused by differences in the fitting procedure and the differ-

Potential Il was directly expanded in a Legendre seriegnt choice of theb initio points.

with A\ma=11; see Eq(8). The potential was computed on a A contour plot of potential surface | is shown in Fig. 2.
Gauss—Legendre quadrature grid for the artgénd the ex-  The global minimum with energy —19.84 chis found for a
pansion coefficients,(R) were obtained by numerical inte- skew T-shaped geometry witfR=6.33, and #=62.3°.
gration overd, for each point of the radial grid. Next, they Saddle points occur at both linear geometries. The lower
were fitted to the analytical expressions saddle point with energy —16.58 Chappears aR=7.20a,

11
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180 4ar m ~ o
P\(cos 6) = (2)\_‘_ l)%( D™Yy - (R)Yy m (F), (12)
150}
with R representing the polar angles Rfin the SF frame.
120} The total angular momentum of the diatomic molecule
7 j=N+Sis a good quantum number B=oc. The spin-spin
g 9% and spin-rotation interactions are much smaller than the ro-
S tational constanbyy so that the NH molecule is a Hund’s
@ case(b) system. This implies thatl is approximately a good
60 guantum number aR=«. The eigenvalues and eigenfunc-
3, tions of the HamiltoniarH are determined variationally with
301 it . the basis
X \ \ ‘\ Xq(RI(NSJL)IMy), (13
% R )9 10 11 12 wherex,(R) are radial basis functions af@NS)jL)IM;) are
0

the rotational and spin bases. The basidSjL)IM;) is

FIG. 2. Contour plot of the He—NgX 337) potential surface—potential | Obta'n'ed by successive ACIGbSCh_Gordan' COUp“ngS: first the
(in cm™). For a 3D plot of potential II, see Ref. 25. spherical harmomcS’NMN(r) are coupled with the spin func-
tions TSMg then the resulting functions labeled wittandm

when the He atom approaches the H atom, and the oth@fe coupled WitWLML(ﬁ) to obtain eigenfunctions of and
saddle point with energy —15.34 cfon the N side occurs J,. The total angular momentum operatorJisj+L andJ,
at R=6.74,. gives thez component of] in the SF frame. The conserved
guantum numbers arg its SF projectionM;, and the total
parity p=(-1)N*-*1, States withN< N,,,,=10 were included
in the basis s€{(NSjL)JIM;). The quantum numbejsandL
take all values allowed by the triangular rule for coupling to
To obtain the rovibrational energy levels of thée—NH @ given value off and parityp. For the radial basig,(R) we
and“He—NH molecules with th& 3A” potential energy sur- used 25 Morse oscillator type functiofisThe nonlinear pa-
face, we used the methodology described by Tennyson arf@MetersRe=11.5G, De=20.90 cm?, and we=10.08 cm*
Mettes? and by Janseat al>® The He—NH Hamiltonian can in this basis were optimized in calculations with a smaller
be written in the space-fixe(SP coordinate system as fol- Pasis. A grid of 40 points was used for the radial numerical

IV. BOUND STATE CALCULATIONS

lows: integration.
To verify our results we repeated the computations of the
-h? & L2 rovibrational energy levels in a body-fix¢BF) basis using a
- 7 - 2 _ 2
H= 2uR Prera 2ure b7 + 2o(38] - §°)/3 parity-adapted Hund's cas@) representation for the NH

monomer functions with,.,=8. The radial basis in the BF
*+ 70N - S+V(R,6), (10 program consisted of 25 contracted sinc—discrete variable
representation functiofis>® on a grid that ranges fronR
=3.34, to 30a, with step size 0.08f. The R-dependent
reference potential for the contraction was the isotropic po-

=16.343 cm' is the rotational constant of NH in its ground tentlal,_ supplemented with a term linear i The_lsotrop|c .
potential has only one bound state and the linear term is

. . 34 _ 1 __ 1
V|brat|0|jal level, )‘0._0'9.20 cm ar.‘dVO‘ .0'055 CM™are,  4dded in order to localize the radial basis in the region of
respectively, the spin-spin and spin-rotation interaction con-

stants for NHE The operatosS, gives the component of the interest; its slope of OrAE,/ay, was variationally optimized
. N ¢ g . for the bound levels of the complex.

electronic spinS on the NH molecular axis; the expression

for the spin-spin coupling term in SF coordinates is

where . is the reduced mass of the complék,is the rota-
tional angular momentum of NH, ard is the angular mo-
mentum describing the rotation of the vect®; byy

2 [477}1/2 _ V. SCATTERING CALCULATIONS
5

20(35 - SH/3=2Ng V6

3 The cross sections and rate constants for collisions of
NH molecules with He atoms in a magnetic field were com-
puted using the methodology described in detail by Krems
and Dalgarn&.4 The interaction of the molecule with the
wheref represents the polar angles that describe the directiomagnetic field is added to the Hamiltonian of Ef0Q) in the
of r in the SF frame. The second rank spherical tensoform gugB-S, whereg=2.0023, uq is the Bohr magneton,
[S® S]@ is the tensorial product & with itself 2° The Leg- andB is the magnetic field vector. The total wave function is
endre expansion in Ed8) of the potentialV(R, ) can be expanded in products of rotational and spin functions of the
explicitly written in SF coordinates using the spherical har-diatomic molecule and the eigenfunctions of tifeoperator
monic addition theorert as follows:

XX (1%, (D[SesSI?, (1D
q
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TABLE I. Bound levels offHe—NH on potential [in column 4 and potential Ilin column 5 and of°He—NH

on potential I(in column 6. All the levels correspond to the approximate quantum numier8 andj=1. The
approximate quantum numbér, with the values indicated in column 3, is nearly conserved. Energies are
relative to the ground-state energy of &3 "), which is —0.0077 cri. Energies in parentheses in column 4
are obtained with the spin-spin and spin-rotation interaction conskgrasd y, set to zero.

“He-NH *He—NH

J Parity L Energy(cm) Energy(cm) Energy(cnm?)
1 - 0 -4.4174-4.4179 -4.4266 -3.5218
0 + 1 -3.7790-3.7819 -3.7883 -2.7692
1 + 1 -3.7832-3.7818 -3.7925 —-2.7727
2 + 1 -3.781%5-3.7818 -3.7909 -2.7713
1 - 2 -2.536%-2.5375 —2.5462 -1.3256
2 - 2 -2.538%-2.5379 —2.5481 -1.3268
3 - 2 -2.5372-2.5375 —2.5469 -1.3260
2 + 3 -0.7536-0.7538 -0.7634

3 + 3 —-0.7542-0.7538 -0.7640

4 + 3 -0.7537-0.7538 —-0.7636

VI. RESULTS AND DISCUSSION
v=>>
N M

N

2

22 2 Fumsmm, (R Yaw, (D) 7smYiw, (R),
Mg L M_ .
The bound energy levels of thigle—NH and*He—NH

(14) complexes computed with both potentials are listed in Table

whereMy, Mg, andM, denote the projections of, S, andL I. Energies are relative to the ground state energy of
on the magnetic field axis. In contrast with the bound statdH(X °27). They agree to within about Tcm™ with the
calculations in the preceding section, an uncoupled rotationdgVvels from the calculation in the BF Hund's casg repre-
and spin basis was used here, since the total angular mom@ﬁntaﬁon. The intermolecular potential is Weakly anisotropic,
tum J is not conserved in the presence of an external magand an analysis of the energy levels and the wave functions
netic field. shows that to a good approximation the SF quantum numbers
The matrix elements of the interaction potentialof N, j, andL are conserved. Since the binding enegyof the
Egs.(8) and(12) in the SF basis of Eq14) can be evaluated complex, 4.417 and 4.427 cinfor the two potentials, is
by means of the Wigner—Eckart theoré?They are givenin small in comparison with the rotational constabf
Eq. (12) of Ref. 24. Also the matrix elements of the spin-spin =16.343 cm*, all bound levels correspond to the ground ro-
interaction of Eq(11) in the uncoupled SF basis have beentational state of NH wittN=0 andj=S=1. Stretch excitation
evaluated in Ref. 24, Eq16). The matrix elements of the is not allowed and the excited energy levels correspond to
spin-rotation operator can be readily obtained using the idenonzero angular momentutn. There are only ten bound
tity levels in the complex witAHe and seven bound levels in the
L complex with®He. The ground level is characterized hy
YN - S= 1 [NS+ 5(N,S + NS ], (15 =0, odd parity, and total angular momentum1. The ex-
cited levels of*He—NH correspond td.~1,2,3 with an
end-over-end rotational constaBf,._ny Of the complex of
0.321 cm? and a distortion constant of 0.0013 dnThe
3He—NH complex withL =3 is unbound.

whereN, andS, are ladder operatof8.They are explicitly
given in Eq.(13) of Ref. 24.
The Hamiltonian matrix aR=«~ was diagonalized to

yield the c_oIIision channel$al My). They'are_ products of The structure of the He—NH complex has been recently
elgenfunctlorTs of the NH. monomer Hamiltonian, labeled bycharacterized via laser excitation of bands associated with
a, and spherical harmomCﬁ_ML(R). They are related to the b NH X 33-A 3T transition® The measurement deter-

basis of Eq(14) by the transformation matri€, the eigen-  mined the rotational constant of tAele—NH complex in the
vector matrix atR=o. The scattering cross sections were ground state to b@e_n=0.3342) cml, in good agree-
then evaluated from the solution of the close coupled equayent with our calculations.

tions at each total energ, In the absence of the spin-spin and spin-rotation interac-
@ L(L+1) tio_ns, the_levgls are Fhreefolq degenerate. The spin-spin and
R R +2uE Fa,_ML(R) spin-rotation interactions split the levels by not more than
0.004 cm?. The levels in potential Il are consistently more
=24 > [CTUCLum -wimrFartm (R). (16)  deeply bound than those in potential | by about 0.0I%cm
LM o - - This is remarkable since the well of potential I, wifh,

=19.80 cm?, is slightly shallower than that of potential |
The coupling matrixU comprises the potential energy, the with D,=19.84 cm?. It can be understood, however, since
NH rotational term, the spin-spin and spin-rotation interac-potential Il is slightly more attractive than potential | fBr
tion terms, and the Zeeman term in the basis of [#4). values larger than the minimum, cf. Figs. 1 and 2, and the
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0 FIG. 4. Ratio of cross sections for elastic scattering and Zeeman relaxation

in collisions of rotationally ground-state NH molecules witHe atoms.
FIG. 3. Contour plot of the density distribution corresponding to the ground 1 K=0.695 cm, note the misprint in the figure captions of Ref. 25.
state withJ=1 andL ~0. The density is obtained by integrating the square

of the wave function over all coordinates excépand R.

v__’___
80°0
90'0
#
-/
5&

[

energy and the rate constant is proportiona{e‘"To42 Zeeman

bound states have their largest probability in this region, se&ansitions must be accompanied by a change of the orbital
Fig. 3. Averaging the difference potential of Fig. 1 over theangular momentum in the collision. So the Zeeman relax-
density of Fig. 3 reproduces the level shift of aboutation(or reorientation of the magnetic momgnannot occur
0.01 cm* to within 1%. Figure 3 shows the density distribu- at zero temperature in the absence of a magnetic field. In a
tion corresponding to the ground-state wave function offinite magnetic field, the Zeeman relaxation is an inelastic
“He—NH with J=1 andL =0, obtained from the calculation process and the Zeeman transitions are determined by the
in the BF frame. It is weakly anisotropic and has its maxi-centrifugal barrier only in the incoming collision channel.
mum not at the minimum of the potential butét 0°, where  Thus, the threshold behavior of the inelastic rate constant
the potential has its lowest saddle point. The other boundhanges from=T>? at zero magnetic field to a temperature
states withJ=1 (L=1,2) and the state with)=0 (L=1) independent constant at finite magnetic ficfE& The results
have similar density distributions. The observation of scattershown in Fig. 4 clearly reflect this behavior. The elastic-to-
ing resonances ifHe—NH cold collisions will provide a inelastic ratio decreases to a great extent in the vicinity of a
further sensitive test of the preseatt initio calculations. scattering resonandef. Fig. 2 of Ref. 25 indicating that the

It was shown in our previous communicatfoi®that the  inelastic cross section is much more sensitive to resonances
rate constant for elastic collisions of NH wiffle is much  than the elastic cross section.
larger than the rate constant for collisionally induced Zeeman In order to explore the sensitivity of the Zeeman relax-
(inelastig relaxation of NH at a temperature of 0.5 K and anation to the interaction potential, we computed the cross sec-
external magnetic field of 100 G=0.01 T. The large valuedions at the magnetic field strength of 0.01 T in the energy
of the elastic-to-inelastic ratios indicated that the buffer-gasnterval between 18 and 2 cm? using both potentials. Al-
loading of NH will not be impeded by collisional spin depo- though the potentials | and Il are very similar, the Zeeman
larization. The magnetic traps of the buffer-gas loading ex+elaxation cross sections computed with potential Il are
periments have an inhomogeneous field that varies from O t@arger than the cross sections obtained with potential | by as
4 T. In order to make definitive predictions as to the effi-much as 40%—-50% in the limit of zero collision energy. The
ciency of the buffer-gas loading, an analysis of the elasticdifference becomes smaller at higher energies and is less
to-inelastic ratio as a function of collision velocity and mag-than 10% at collision energies greater than 0.2%cm
netic field over a wide range of these variables is needed. We have demonstrated previouSly° that the mecha-
Figure 4 presents the ratio of rate constants for elastic scatism driving Zeeman transitions in rotationally ground state
tering and Zeeman relaxation in NFHe collisions in mag- = molecules depends on the spin multiplicity of the elec-
netic fields from 0 to 3 T and collision energies fronT4@  tronic state. IS, moleculeé® the coupling between the Zee-
1 K. The inelastic cross section was summed over both thenan energy levels must originate from the spin-rotation op-
M{=0 and M{=-1 Zeeman relaxation channels of erator in Eq.(15 and there is no coupling between the
NH(N=0,S=1,Mg=1). The elastic scattering rate constant Zeeman levels at very low temperature when only the ground
is independent of the magnetic field. It has a magnitude otate withN=0 is populated. The Zeeman transitions occur
the order of 10'° cm® s* at temperatures 0.5—-1 K. through a three-step mechanism involving rotationally ex-

The energy transport rate constant that is usually meaeited molecular levels and the action of the spin-rotation in-
sured in the buffer-gas cooling experiments is similar to theteraction in the excited staté$** The Zeeman levels ifS.
elastic rate constant. At 0.5 K, it is smaller than the elastianolecules are coupled directly by the interaction pote7n4tial
rate constant by about 30%%.In the limit of low tempera-  due to the spin-spin interaction in the molecule, @), that
tures, the elastic cross section is independent of the collisiomixes the rotational levels witN=0 andN=2. The coupling
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FIG. 5. Zeeman relaxation in collisions of a diatomic molecule BC wlith

as a function of the rotational constant of BC. Circles, accurate caIcuIations,';lG_ 6. Zeeman relaxation in collisions of CaH with Keolid curvé and
squares, 'calcu'latiops without the spin-spin interaction. The rotational CONNH with He (dashed curveat zero magnetic field. The spin-spin interaction
stant is given in units obyy. of NH is omitted for these calculations.

can be expressed in terms of the matrix elements of the afhan the He—NH potential. The calculation with the spin-spin
isotropic interaction potential, cf. EqE8) and(12), connect-  interaction and a magnetic field of 100 G reveals a similar
ing theN=0 andN=2 levels. The splitting between the ro- gependence of zero energy Zeeman relaxation on the inter-
tational levels with differentN depends on the rotational gction anisotropy: the cross section computed with the
constant of the diatomic molecule and, therefore, the rate ofje_caH potential is about five to six orders of magnitude
the Zeeman relaxation in bof& and’ molecules must be larger than the cross section obtained with the He—NH po-
sensitive to the magnitude of the rotational constant. tential. These tests indicate that the Zeeman relaxation in
Figure 5 shows the dependence of the cross sections fQp|jisions of rotationally ground-stafes, and 3S, molecules

the Zeeman relaxation in collisions of a diatomic moleculeyjith He atoms is extremely sensitive to the anisotropy of the

interaction potential and the computer program
molecule—He collisions were used for this calculation. The
Iov_ver curve porrgsponds to. the.caI(_:uIatic_)n in whi_ch thg spinV“_ SUMMARY
spin interaction in the Hamiltonian is omitted. This omission
makes the electronic state of the BC molecule to be effec- We have completed a comprehensive study of the
tively of S molecular symmetry. The cross section is ap-He—NH complex. We have generated an accurate potential
proximately proportional to 1o? for the 3S molecule and to  for the He—NH interaction and computed bound energy lev-
1/b* for the S molecule, as for CaH. els of the complex. The effects of the molecular fine structure
It is instructive to compare the cross sections for Zeemarmn the energies of the bound states have been investigated;
relaxation in CaH3He and NH-2He collisions. The ground future spectroscopic measurement of these energies will pro-
electronic state of CaH 85", The reduced masses of the vide a sensitive test of the potential surface. A detailed study
CaH-*He and NH-2He complexes are similar. The equilib- of elastic and inelastic collisions of NH witPHe is pre-
rium distance of CaH is 3.8Q and that of NH is 1.98,. As  sented. We have discussed the mechanisms of the Zeeman
a result, the rotational constant of CaH is about 1/4 of theelaxation in collisions of diatomic molecules in tA® and
rotational constant of NH. Figure 6 compares the cross secS, states with structureless atoms such as He and analyzed
tions for Zeeman relaxation in CalHe and NH-He col-  the effects of external magnetic fields on the collisionally
lisions. The spin-spin interaction in NH was omitted for thisinduced Zeeman relaxation in molecules. While the elastic
calculation. The cross section for Zeeman transitions in Cakdross section is independent of the magnetic field in the in-
is more than five orders of magnitude larger. According toterval between 0 and 3 T, the Zeeman relaxation cross sec-
the 1hb* dependence in the cross section far molecules tion rapidly increases with the magnetic field strength at ul-
the factor of;l1 in the rotational constant would suppress thetralow collision energies. Both the rotational constant of the
cross section by a factor of 256. The fact that the actual ratidiatomic molecule and the anisotropy of the He—diatomic
is much largen=10°-1) is due to the different anisotro- molecule interaction potential appear to have a strong influ-
pies of the He—NH and He—CaH interaction potentials. Theence on the rate constants for Zeeman relaxation. The Zee-
CaH molecule is more stretched than NH and the interactioman relaxation cross section at ultralow energies is ex-
potential of the He—CaH complex is much more anisotropidremely sensitive to the atom—diatomic molecule interaction
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