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Low-temperature collisions of NH(X % ™) molecules with He atoms in a magnetic field:
An ab initio study
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Ab initio calculations of cross sections and rate constants for elastic scattering and Zeeman relaxation in
collisions of NH(X 3% ~) molecules with®He atoms in a magnetic field are presented and the mechanism for
Zeeman transitions in ground-stat® molecules is established. The potential surface for He-NH interaction is
obtained using all-electron coupled-cluster calculations with single, double, and noniterative triple excitations
in a basis set augmented by bond functions. The ratio of the rates for elastic energy transfer and Zeeman
relaxation in NH®He collisions exceeds ¥t temperatures between 0.5 and 1 K.
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The development of techniques for the production of ul- We have demonstrated recently that spin-flip relaxation in
tracold atoms has generated a resurgence in atomic collisiontationally ground-staté> molecules is induced by colli-
physics. New fields of research such as coherent control afions with He atoms through coupling to rotationally excited
atomic processes, quantum information, and matter wave innolecular levelg17] and accordingly spin-flipping transi-
terferometry make extensive use of ultracold atdm&]. A tions may be more efficient in heteronuclear diatoms. A fur-
major thrust of the research is now to create ultracold molther enhancement may arise from the presence of a strong
ecules. The creation and trapping of ultracold molecules willssin_gpin interactior18]. We have suggestdd8] that the
be a revolution in molecular physics. Spectroscopic measur€aaman relaxation in collisions S8 molecules with struc-
ments of unprecedented precision, manipulation of chemicg|, qjess atoms is determined by the electrostatic atom-

reactions, and molecular Bose-Einstein condensation MaY slecule interaction which couples the=0 andN=2 ro-

become possible. . ) ) o .
UItrachd molecules can be produced by photoassociatioﬁ?t'onal states that are mixed by the spin-spin interaction, and
e electrostatic interaction in tié=2 state. Verification of

of atoms at microkelvin temperaturg®-7], molecular beam ) . . . .

deceleration{8—10] or buffer-gas loading11,17 followed IS suggestion WPUS'd establish the mechanism of spin-

by evaporative cooling in a magnetic trap. Buffer-gas loadin lipping transitions in°Y molecules in collisions with struc-

is applicable to any paramagnetic species and is potentiall{f'reless targets. o _

the most general method of cooling molecules. It employs a I this Rapid Communication, we report the first results

gas of ®He atoms and involves the capture of molecules in d0r the elastic energy transfer and Zeeman relaxation in col-

magnetic trap. Magnetic trapping selects molecules in thésions of ground-state NH molecules wittHe atoms in a

highest-energy Zeeman level and the efficiency of buffer-gaghagnetic field, based on a He-NH interaction potential, com-

loading depends on the relative rates of elastic energy tranguted using an accurat initio method. We employed a

fer and Zeeman relaxation in collisions witile atoms. close coupling technique using the fully uncoupled space-
The buffer-gas method was used to load CaH moleculefixed representatiofiL8] to make predictions for experiments

in a magnetic trap at a temperatufe~0.4 K [12]. The on the buffer-gas loading of NH, and we establish the mecha-

ground state of the CaH molecule " symmetry and its  nism of Zeeman transitions in NH-He collisions.

magnetic moment is 1 Bohr magneton. In order to capture a The total Hamiltonian of the He-NH complex in a mag-

large number of?S molecules, the trapping field should be netic field can be written a49]

quite high which poses experimental difficulties. The tech-

nigue may be more effective when applied to molecules with

Iarger spin and an experiment is underway for magnetic trap- - _ i ‘9_2 + 5 +V(R,r)+ N +9N-S
ping of NH(X 32 ") moleculeg/13]. The success of the ex- 21 9R?  2uR? 22
geriment depends upon the %ollisio%al properties of NH in ) 4112

He gas. Bohn and coworkefd4-1¢ showed that colli- < ~a g - ()
sionally induced Zeeman relaxation i@ ~)+He colli- * 3)\33{ 5 } Jé% (=1)M2-4(N[SS]q
sions is slow but it is not clear if the conclusions are appli-
cable to NH molecules. +2p0B-S, @

whereR is the vector joining the center of mass of the mol-

*Electronic mail: rkrems@cfa.harvard.edu ecule with the He atonr, is the separation vector of NH,
TAlso at Department of Chemistry, Oakland University, Rochesterand uyy are the reduced masses of the He-NH complex and
MI 48309, USA. the NH molecule, respectively,is the orbital angular mo-
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FIG. 1. Potential-energy surface for He-NH interaction. 107° : e S
mentum for the collisionN andS are the rotational and spin 107" §_e w1 L
angular momenta of NHy and\ sg are the phenomenologi- o- 10" 10 10 10
cal spin-rotation and spin-spin interaction constabtss the Collision energy (cm )

magnetic field, angu, is the Bohr magneton. For the NH
[ ~1 — ~1
_rlr_}?lecul?_y— | 0'05? 67fc|r_|n ?{:d"_ss 0'919; cm EZO]' q =1—m/=—1 (dashed curvescattering of NH by’He in a mag-
el ”.‘a “X e emgn T]O ami Oma@) can be evaluate netic field of 100 G. Cross sections for the Zeeman transition com-
analytically [18] in the product bas'iNMN>|SMS>||mI> puted without theN=2 level (dotted curve and without odd rota-

upon expanding the interaction potentigR,r) in a Leg-  tional levels (dot-dashed curye are also shown. 1 cnt
endre series, whergly, Mg, andm, are the projections of —gg95 K.

N, S and |, respectively, on the magnetic field axis. The
vibrational motion of NH is neglected and the interatomic _ .
separationr is fixed at the equilibrium distance of 1.96 couPles states withiandN"=N=2 and the ground state of
bohrs. the NH molecule in the absence of a magnetic field is char-
The potential for the He-NH interaction was computed on@cterized by the total angular momentymits space-fixed
a two-dimensional2D) grid of 870 points in the range of Projectionm; and a phenomenological quantum number
atom-molecule separations<8R<15 a.u. All-electron calcu- [1_8,19]. Interaction with magnetic fields couples states with
lations using the spin-restricted coupled-cluster mefizdg-  different values ofj or n so that the only good quantum
23] were performed with the aug-cc-pvQZ basis [@t—26 number of the NH molequlg in a magnetic fieldng. The
augmented with an extended®2d2f1g set of bond func- ground state of NH is split in a triplet of Zeeman levels; the
tions with the exponents sp: 0.94, 0.34, 0.12; df :0.64, 0.23%tate withm;=1 is trappable in a magnetic field and transi-
g: 0.35[27]. The relative error of the computation was esti- tions to the states witm;=0 andm;= -1 lead to trap loss.
mated to be within 5%cf. also Ref.[28]). To avoid uncer- Figure 2 depicts cross sections for elastic energy transfer
tainties due to 2D fitting, the potential energy was computecdnd Zeeman relaxation in collisions of Niri(=1) with *He
at 30 Gauss-Legendre quadrature points and the potentill & magnetic field=100 G. Only the cross section for the
surface was expanded in Legendre polynomials. The depeflominantm;=1—m/=—1 inelastic transition is presented.
dence of the expansion terms Brwas then fitted to analyti- The rate constant is 1.93107'% cm®s™* for elastic scatter-
cal expressions that mimic the correct asymptotic form of théng and 4.2610" *®cm®s™* for inelastic relaxation at a
interaction energy. The average error of the resulting repretemperatureT=0.5 K. Five rotational energy levelsN(
sentation of the surface is less than 0.04% and the maximurs 0—4) were coupled for these calculations giving results
error of the analytical fit is less than 0.83%. accurate to within 15%. The rate for elastic collisions is large
The potential-energy surface for the He-NH interactionand the elastic-to-inelastic ratio is more thar?,1@dicating
(Fig. 1) is remarkably flat. The lowest energy of the potentialthat the buffer-gas loading of NH molecules in a magnetic
is —19.80 cm! at the interparticle separatioR=6.33 trap will be efficient.
bohrs and the relative orientation an@de=117.67 deg. The The cross sections show resonant structure in the energy
zero of ® corresponds to the collinear He-NH approach. Ainterval 0.3—-4 cm®. Six states of orbital angular momen-
series of 12 Legendre polynomials sufficed to represent thtum |=0-5 were included in the calculations at these ener-
angular dependence of the potential-energy surface. gies. The cross sections do not show any resonance enhance-
The close coupling equations for He-NH scattering werement with only three state$=0,1, and 2, whereas adding
propagated in theNMy)|SMg)|Im,) basis using the log- thel=3 state produces the large peak at the collision energy
derivative method of Johnson and Manolopoul@8]. The  of 0.6 cm'1. Thus all the peaks in Fig. 2 arise from shape
Hamiltonian matrix is not diagonal in this basis whé&h resonances and tHe=3 shape resonance is responsible for
=, and the propagation matrix was transformed numerithe largest peak.
cally to the representation in which the asymptotic Hamil- The energy of the last bound state supported by the
tonianH (R= ) is diagonal, before construction of the scat- He-NH potential is 0.761 cmt below the dissociation
tering S matrix. threshold so that the scattering length should not be very
The rotational angular momentulhis not a good quan- sensitive to small changes in the interaction potential. We
tum number in®3 moleculeg19]. The spin-spin interaction have repeated the calculations of the cross sections at

FIG. 2. Cross sections for elastitull curve) and inelasticm;
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FIG. 3. Cross sections for Zeeman relaxation of Ni 1) by FIG. 4. Rate constants for rotational relaxation of NH in the five

collisions with *He in a magnetic field of 100 Gull curve), 300 G excited rotational energy levels induced by collisions wike at a
(long-dashed curye 700 G(dot-dashed curyeand 1000 Gdotted ~ temperature of 0.5 K at zero magnetic field.
curve. 1 cm 1=0.695 K.
Hamiltonian (1) and that they vary quadratically with the

B=100 G with the potential multiplied by 0.9 and 1.1. Spin-spin interaction constants.
Variation of the potential by 10% changes the elastic cross The experimental measurements provide rate constants
section at zero energy by 50—80% and the spin-flip crosor energy transport rather than elastic scattefitigl2. The
sections by a factor of 3—4. cross section for energy transport in elastig=1—m;=1

Figure 3 shows cross sections for thg=1—m/j=—1 collisions is defined as follows:
relaxation computed at different magnetic-field strengths.
The m; levels are split in a magnetic field and the cross 1 A dom m,
sections form;-changing transitions increase to infinity in a'tz—f dRif dR———"[1—cos0], )
agreement with the Wigner 1ay80,31 when the collision 4m dRidR
energy vanishes. Increasing the magnetic field enhances the

cross sections at threshojd energies but does not affect colighere @r,, ., /dR.dR is the doubly differential cross sec-
sions at energies-0.1 cmi 1. The increase of the threshold o _— P .
cross sections for Zeeman transitions with magnetic field halon depending on the direction of the initiaR{) and final
been explained by Tiesinget al. [32] and Volpi and Bohn (R) collision fluxes,® is the angle betweeR; andR, and
[16]. When the energy defect between the initial and finaldR denotes the spherical volume element. The cross section
scattering states is small, the height of the centrifugal barrie2) is the same as the elastic cross section of Fig. 2 in the
in the final state can be larger than the initial energy of thaultracold limit and is smaller than the elastic cross section at
system and the inelastic collision is suppressed by the cerhigher collision energies. The corresponding rate coefficient
trifugal maximum in the outgoing channel. Increasing theis 1.49x10 °cm s ! at 0.5 K.
energy gap between the initial and final states with magnetic Recent experiments demonstrated that it is possible to
field increases the probability of escaping over the barriermeasure rate constants for rotational relaxation in atom-
Varying the magnetic field from 100 to 1000 G has little molecule collisions at subkelvin temperatufdg]. For fu-
effect on the rate constants for elastic and inelastic collisionsure comparison with experiment, we present in Fig. 4 the
of NH with He at temperatures larger than 0.5 K. rate constants for rotational relaxation of NH in the five ex-
We have shown by a formal derivatiph8] that the Zee- cited rotational energy levels by collisions witPHe at
man levels of a ground-staf& molecule are coupled by the 0.5 K. Interaction with magnetic fields, spin-rotation cou-
electrostatic interaction of thid=0 andN=2 rotational lev-  pling, and spin-spin interaction were neglected for these cal-
els and through integrals of the tyghl=2|V(r,R)|N=2). culations. The accuracy of the results should be within a
The derivation suggests that the spin-flipping Zeeman tranfactor of two. The rate for relaxation of NiMN(=1) is about
sitions in 33 molecules are determined by the admixture ofone order of magnitude smaller than the rates for relaxation
the excitedN=2 state in the ground molecular level. Figure of NH in higher rotational levels. The rotational relaxation is
2 confirms this suggestion. It shows that if the=2 level is  fast so that most molecules in the buffer-gas experiment will
omitted from the calculations, the rate of the Zeeman transibe in the rotational ground state.
tions decreases by more than two orders of magnitude and In summary, the potential-energy surface for the He-NH
that if all odd rotational energy levels of NH are neglected,interaction and calculations for Zeeman relaxation in colli-
the Zeeman relaxation remains almost unaffected. We havaons of a heteronuclear diatomic molecule with structureless
found also that the cross sections for Zeeman relaxation uratoms have been presented. The Zeeman relaxation in
dergo a negligible change if thgN- S term is omitted from  NH-He collisions in weak magnetic fields is at least five
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orders of magnitude slower than the elastic energy transfestateN. A review of properties of diatomic molecul¢&9]
which suggests that buffer-gas loading of NH molecules in ashows that NH is among the best candidates for buffer-gas
magnetic trap should be efficient. We have demonstrated th#ading experiments.
the Zeeman transitions in the ground-sti¥ molecules are
induced by the admixture of the=2 state that arises from  This work was supported by NSF grants to the Harvard-
the spin-spin interaction. The efficiency of the Zeeman relaxMIT Center for Ultracold Atoms and the Institute for Theo-
ation depends on the strength of the spin-spin interaction anitical Atomic, Molecular and Optical Physics at Harvard
the relative separation of thd=0 andN=2 levels in the University and Smithsonian Astrophysical Observatory and a
molecule. Zeeman transitions will be slower in moleculesgrant from the Chemical Sciences, Geosciences, and Bio-
with smaller ratios sciences Division of the Office of Basic Energy Sciences,
Nss Office of Science, U.S. Department of Energy. G.C. ac-
3 knowledges support by NSF Grant No. CHE-0078533.
R.V.K. and H.R.S. thank Wieland Sdhampf for interesting
where Ey denotes the rotational energy of the molecule indiscussions.
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