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Disalignment transitions in cold collisions of °P atoms with structureless targets in a magnetic field
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A method for quantum-mechanical calculations of cross sections for the Zeeman transitions in collisions of
3p atoms with structureless targets in a magnetic field is presented and applied to the study of magnetic and
electronic relaxation in oxygen-helium and carbon-helium collisions at cold and ultracold temperatures. The
rate constants for collisionally induced transitions between Zeeman levels in ground-state oxygen have large
magnitudes in a 1 T field. It is shown that magnetic fields induce the forbidégn— 3P, transition in
ultracold collisions of carbon with helium. The cross section vanishes at zero energy for field-free collisions,
but becomes infinitely large in a finite magnetic field, varying with velooitgnd magnetic field asB?/v.
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[. INTRODUCTION effects in the open-shell atonj23-27, but these calcula-
tions did not account for magnetic fields. The experimental
In recent experiments, Doyle and co-workfts-11] cre-  measurements were accompanied by model analyses based
ated cold atoms and molecules by a buffer gas loading tecten perturbation theory13] and a semiclassical methas],
nique. The method is based on collisional equilibration of thebut these approximate approaches may not be adequate at
translational motion of atoms and molecules in a coldvery low energies. To the best of our knowledge, no rigorous
(<1 K) buffer gas of helium and magnetic trapping of the calculations have been reported for collisionally induced
slowed atoms or molecules. The atoms or molecules aréeeman transitions in open-sh&llatoms in magnetic fields.
trapped in their low-field seeking state which is the Zeeman In this paper, we describe a method for accurate quantum
level with the highest energy. Collisions with helium atomscalculations of cross sections for Zeeman and spin-orbit tran-
may induce disalignment or relaxation from the Zeemarsitions in collisions of3Pj atoms with structureless targets in
level leading to the release of energy and loss of the trappe@ magnetic field. We investigate the magnetic-field depen-
species. The density of captured atoms in a magnetic trap #ence of elastic and inelastic energy transfer in cold
largest in the middle of the trap where the magnetic field isD(Sszz,mj:+2)+ He collisions. We show that the dynamics
zero but the atoms are usually distributed over the trap reof spin-orbit transitions in ultracold collisions may be modi-
gion where the magnetic fieB=0-2 T. A complete analy- fied by the magnetic field. Thus, thtP;_;—3P;_, transi-
sis of the trapping efficiency requires the study of magnetiction in CP)-He collisions, forbidden to first order, becomes

field effects on the collisional processes. _ allowed in a magnetic field, and the threshold behavior of the
All atoms trapped so far were in a state with zero eleccross section at zero energy is changed by the magnetic field.
tronic orbital momentum. The Zeeman transitions in colli-  The theory is described in Sec. Il. Section Ill presents the

sions of S-state atoms with structureless targets such as hgesults, and the conclusions are summarized in Sec. IV,
lium are determined by the interaction of the spin angular

momentum of the atoms with the orbital angular momentum

for the collision—the spin-rotation interaction—which is Il. THEORY

very small. It has been proposed recerth?] to use the o
buffer gas loading technique for trapping atoms in states with 1 ne total Hamiltonian of the structureless atom (H@)_—
nonzero electronic orbital angular momentum. The efficiencytom (for example, oxygen or carbpsystem in a magnetic
of the experiments will depend primarily on the relative ratesie!/d may be written(in atomic units as

of elastic energy transfer and Zeeman relaxation in collisions

with helium. The mechanism for the Zeeman transitions in 1 g2

atoms with nonzero electronic orbital angular momentum _ +Veet Vest Veot Vg, 1)

will differ from that in S-state atoms. 20 dR2
The Zeeman transitions in a magnetic field have been

studied experimentally for collisions otP and 2P atoms

with rare gas atoms at high temperatures280-380 K)  whereR is the interatomic separatiop, is the reduced mass

[13—-22. Several theoretical studies focused on disalignmenof the colliding particles\Vggis the nonrelativistic part of the
electronic HamiltonianV g is the spin-orbit interaction op-
erator,V¢ is the operator of the centrifugal interaction, and

*Mailing address: ITAMP, Harvard-Smithsonian CfA, 60 Garden Vg is the operator describing the interaction of the open-shell
Street, Cambridge, MA 02138, USA; electronic address: P atom with the magnetic field.
rkrems@cfa.harvard.edu The V¢ operator is given by
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wherel is the rotational angular momentum of tRevector
joining the two atoms and is equivalent to the orbital angular X[(2L+1)(2L+1)(2j+1)(2)"'+1)
momentum for collisiorj29]. The spin-orbit operator is rep-

resented by the scalar product of the electronic orbital angu-

L j S
- X(21+1)21" +1)1¥%
lar momentunL and the electronic spin angular momentum ( A )] LA

S
j N [ N I’
VSO= A’I\_ . é, (3) x| - mj m)\ mJ’ - m| - m)\ m|’
with a constanfA related to the spin-orbit splitting. L N LY/ XN I
The operator for the interaction of thtP atom with a o o ollo o ol 9)
magnetic field has the for80]
V= #o(|:+ 2‘5) B, (4) where symbols in parentheses and curly braces pengd §

symbols. Terms/, _, andV, _, in this equation are related
to the nonrelativistic interaction potentials of the HeO or

where u, is the Bohr magneton and the vectBris the o yolecule in the, andIl states as follow$34—-37:

magnetic field.
The vector sum ofl and S yields the total electronic Vy—o=(Vs+2Vp)/3,
angular momenturfl. The total wave function is expanded in

products of eigenfunctions g andi? as follows: Va=2=5(Vs=Vp)/3. (10

. . The quantizatiorz axis is chosen in the direction &.
= Flm|jmj(R)Ylm|(R)ijj(r)- (5)  The Vg operator can then be rewritten as
|I'T'I|JmJ

. Vg=puoB(L,+2S), (11
Vector r denotes collectively the position vectors of the
electrons in the open-shell atom, and the projectiorisanfd
j on a space-fixed quantization axis are denotedrpynd

and the elements of thég matrix can be evaluated in the
basis of eigenfunctions df?, L,, $* andS,. These func-

m;, respectively. tions are re]ated to the eigenfunctions ]Gf and j, by the
The elements of th¥ - matrix in the basig5) are transformation
L S j
- R I(1+1) o
(Imjm;|Vedj'm/l m'>:5"’5m|m.'aii'5mjm,-'m' |ij>_M§AS M. Mg m LM SMg), (12

(6)
whereM, and Mg are the projections of andS on theB
The spin-orbit operator is diagonal in th'enjlm|> repre-  axis, and the symbols in the square brackets are the Clebsch-
sentation and has the elements Gordan coefficients. A combination of Eg€ll) and (12)
gives theVg matrix in the|jm;) representatiofiTable |). The
(Imyjm;|Vsdj'm/1'm{)= 811 Omym 9 5m mrA (7) Vg operator is diagonal in theandm, quantum numbers.
The Vg matrix is diagonal inm; but nondiagonal in.
wherel is the energy of théPj atom without the magnetic Tlhus,J IS not a good quantum qumber. The projection of the
field. e ectronlq angular momentum; is a good quantqm number
asymptotically aR=cc. TheVggoperator mixes different,
states at finite interatomic separations. It follows from Eq.
(9) that the matrix elements of thézg operator that couple
the states withm; andm; = Am; must also couple the states

If the He-*P atom interaction potential is expanded in a
Legendre serief31,32,

F E r with m; andm; = Am;, and there are no couplings between
VedR)= E:'Jz 2?\+1 E Y W(RYam, (1), (8 the states corresporj1ding to different valuesmpft m;. The
sumM =m;+m, is, therefore, conserved in a collision.
the matrix elements of thégs operator in th¢jm;Im,) basis For each value of the magnetic field, we define the trans-
can be readily evaluated using the Wigner-Eckart theorenformation C that diagonalizes the matrix of thégo+ Vg
[33]. They have the form operator. For a finiteB, this transformation lifts the degen-
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TABLE I. The nonzero elements of thé; matrix for the O-He system.

(mp/G'm)  2-2 2-1 20 21 22 1 10 11 00

-2 —3ueB
1 —3Bugl2 —Buol2

0 _B,U«o/\/§

21 3Bugl2 —Buo/2

22 3Bug

1-1 —Bugl2 —3Buol2

10 ~Bpuo/\3 —\2Buo/\3

11 —Bpuol2 3Buol2

00 —\2110B/+/3

N NN
I

eracy of differentm; states corresponding to the saméut U=C;VeL. (14
does not mix differentm;-states. The new channels are la-

beled by the quantum numbérsn, ,m;, and a new quantum The coupling matrixJ is constructed for all possible values
numbem in place ofj. Stategnm;) and|n’m;) have differ- of M, and Eqgs.(13) are integrated using the log-derivative
ent energies. The splitting of the energy levels of oxygerPropagator of Johnson and Manolopoul88] subject to the
in the 3P, _, state due to the magnetic field is illustrated in boundary conditions

Fig. 1.

| .

The scatteringS matrix is obtained from the solution of :,T,'rr:fm_,(RHOFO,

the following system of equations: 1

d? I(1+1) nimm; 1

R 2 & 77 F l ,R—>OO:_5 10110, 1O m!

ae | Kam - melmj(R) 1y mj( ) i//zmj’{ nn’ 117 Omym/ Omym/

=2u 2 <n|m|mj|U|nll,mllmj/>Fn’I’m|’mj’(R)a XeXF[—I(knij—wl/Z)]

n’I'm'm/ M ) ,
1M _Sn’l’ml’mj’;nIm|mjqu|(kn’mj'R_7Tl 12)1}.

(13

(15
wherekﬁmj =2u(E— enmj), E is the total energy,,, are the

eigenenergies of thésq+ Vg matrix, and the elements of the The cross sections for elastic and inelastic scattering are
coupling matrix(nimm;|U|n’l'm/m/) are given by computed from thes matrix as follows:

4

7- 10

w
’
’

_
o
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/
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o
~
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7
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Cross section (A%)

Energy (cm™)

10 = : , ‘
10° ELE 10 10°
Collision energy (cm™ )
-7 0 ] ) 3 ) FIG. 2. Cross sections for the;= +2Hmj’ =42 (full curve),
B. Tesla my=+2— mj’ =+1 (short-dashed curyem;=+ 2—>mj’ =0 (dot-
’ ted curve, m;= +2Hmj’ =—1 (long-dashed curyeandm;=+2
FIG. 1. Magnetic dependence of the energy levels of oxygen—m; =—2 (dot-dashed curyeransitions in Ofpmjzz)-sHe colli-
correlating with the3Pj:2 level at zero magnetic field. sions in the magnetic fielB=1 T.

013406-3



R. V. KREMS AND A. DALGARNO PHYSICAL REVIEW A 68, 013406 (2003

TABLE Il. Rate constants (cfsec ') at temperatures of 1 and 0.5 K for thg = +2—m/ transitions
in O(3ij:2)-3He collisions in the magnetic fielB=1.

mj=+2 mi=+1 m;=0 mi=-1 mj=-2
T=1K

0.247x107° 0.336x1071° 0.248< 10710 0.108x 10" 0.436x 1012
T=0.5K

0.155<10°° 0.236x10°1° 0.248< 107 1° 0.106x 10 0.379x 10" 12

- mj=2—>mj’=0 transitions. This indicates that, although, in
Tomy—n'm’ = 5 E Z E 2 E |5”’5m|m{ 5nn’5mjmj’ principle, the buffer gas loading of oxygen atoms in a mag-
Kim T ™ 1y M netic trap should be possible, it will be quite inefficig¢af].

The cross section for then,—=2—>mj’=0 transition is

M 2
_Snmjlm| ;n'mj’l'ml’| ' (16) larger than the cross section for thg=2—m;j=1 transi-
tion at ultralow collision energiesFig. 2). Similarly, the
wheres"  is the element of th& matrix or the  probability of them;=2—m;/ = — 2 transition is much larger

nmjlm|;n’mj’|’mI

probability amplitude for thénm;im;)—|n"m/I'm/) transi- than the probability of then;=2—mj = —1 transition when

tion computed at a fixed value 1. E.o is very small. We have shown earlig$2] that for odd
An alternative, and somewhat more efficient, procedure id€9€rss, the transitions withAm; =s andAm;=s+1 are

to integrate the scattering equations directly in the basi§€termined by the scattering of the same partial waves. The
|Im|jmj> with the coupling matrix given by the sum m;=s andAm;=s+1 transitions follow the same thresh-

old law, and theAm;=s transitions are more efficient in
U=Vest Vg (17 He—O(3Pj:2) collisions than theAm;=s+1 transitions,
when them; levels are degenerafd2]. Volpi and Bohn[43]
and the wave numbers defined hﬁqJZZM(E—AJ‘)- The  suggested a model for the magnetic dependence of ultracold

asymptotic log-derivative matrix must then be transformed

by the C matrix as in Eq.(14) before construction of th&

matrix. Both approaches give identical results. 500 -
The calculations reported in the following section were

carried out with accurate interaction potentials for He‘R)( 400 -

[39] and He-C¢P) [40].

6 -1

E =10" cm

300

Ill. RESULTS 200 5 . . .

A. Zeeman transitions in the ground-state oxygen

The magnetian; levels of oxygen in théPj=2 state are 2 15007 m=2 - m/=1
split in a magnetic field as shown in Fig. 1. The=2 level =
has the highest energy and the39§]j= ,) atoms can be cap- 8 19001
tured in a magnetic trap. For the capture rate to be efficient§
it is necessary that the probability for the elastic ¢ 5007
O(3ij=2)—He collisions that cool the oxygen atoms to low Q
temperatures be much larger than the probability of inelastico 0 o 1 5 3 a
collisions leading to relaxation of the;=2 level.

Figure 2 shows the cross sections for elastic amer 2 4000 - 150 -
—m' <2 inelastic collisions of oxygen witffHe in a mag- m=2 — m/=0 m=2 = m/=-2
netic fieldB=1 T and at kinetic energies,,, in the interval 3000 100 4
between 10% and 30 cm®. The cross sections for the in- 2000 -
elastic transitions increase as/E,, in the limit of low col- 50 1
lision energies, and the elastic cross section tends to a cor 1000 -
stant value. The elastic cross section is larger than the cros 5

sections for then;=2—m/=1 andm;=2—m/=0 transi- T 2 3 . 6 1 2 3  a
tions at collision energies=10"2 cm™ L. Table Il lists the B. Tesl

rate constants obtained by the Boltzmann averaging of the - s

cross sections in Fig. 2. The rate constant for the elastic FIG. 3. Cross sections for they=+2—m/ transitions in
energy transfer alT=1 K is only one order of magnitude O(3ij:2)-3He collisions as functions of the magnetic-field

larger than the rate constants for thg=2—m/=1 and strengthB at a collision energy of 10> cm™*.
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FIG. 5. Cross section for thenj=2—m/=—2 transition in
O(®P)-3He collisions at a collision energy 10 crhas a function of
the magnetic-field strength.

by Zygelman and Dalgarno in Na-Na ultracold collisions
[44].

Figure 4 shows the magnetic-field dependence of cross
sections form; transitions at a collision energy comparable
with the energy difference between the Zeeman levels. The

B. Tesla inelastic cross sec.tic.ms decreageBeiscreasgs from O to 1T,
’ pass through a minimum and increase with further increase

FIG. 4. Cross sections for then=+2—m/ transitions in of B. The initial decrease of the cross section wihis,
O(®P,, _,)-3He scattering at a collision energy of 2 thas func-  apparently, due to the increase of the energy separation and
tions of the magnetic-field strengB the energy gap law. At high magnetic field, couplings be-
tween the states corresponding to different total angular mo-

. . . . menta are enhanced and increase the total cross sections. At
inelastic atom-molecule collisions which can be used to ex-

. i still higher collision energies+10 cm 1), the effect of the
plain the anomalous ratio of them;=s+1 toAm;=SCross  gnergy gap is less significant and the cross sections for the
sections in a magnetic field. When the energy defect betweeg, _changing transitions, shown in Fig. 5, increase slowly as
the initial and the final scattering states is small and the colg increases from 0 to 4 T. An increase of the cross sections
lision energy is low, the height of the centrifugal barrier in for the Zeeman transitions with the magnetic-field strength at
the final state can be larger than the initial energy of thenigh collision energies has been observed experimentally for
system and the inelastic collision is suppressed by the ceres(®P,,,)-He collisions at values oB=0-4 T[13] and a
trifugal maximum in the outgoing channel. Increasing thesimilar explanation was given. When the magnetic field was
energy gap between the initial and the final states shoulthcreased beyond 4 T, the cross section forrthechanging
increase the probability of escaping the barrier. Volpi andrransition in Cs showed a fall off. The effect has not been
Bohn[43] proposed a semiempirical formula which indicatesdefinitively explained 13].
that the cross sections for the Zeeman transitions at ultracold
temperatures increase with magnetic field strength. Figure 3  B. Forbidden 3P,—3P, transition in a magnetic field
shows the, magn.e.nc-flelld dependence of cross sections for Because the electrostatic interaction does not couple the
m;=2—m; transitions in oxygen at an uItranw coII|_S|on 3Pj:1 and 3Pj:0 states, the transition between them is for-
energy. Although the formula of Bohn and Volpi predicts apjdden in first order{32,45-50. We have shown earlier
monotonic increase of the transition probabilities vtfour 140,57 that the 3pj:1<_>3pj:o transition cannot occur at
data show that the initial rapid increase of the cross sectioBerg temperature in collisions Bt=0. As indicated in Table
levels off at high values dB. WhenB is high, the splitting of | however, the interaction with the magnetic fields would
the m; levels is so large that the centrifugal barrier in thecouple the states and tﬁ@jzlﬂ’spjzo transition becomes
final channel does not affect the cross section and the argadlowed. Figure 6 shows the energy levels of carbon, split by
ments of Volpi and Bohn do not apply. The suppression andhe magnetic field.
enhancement of spin-flip transitions due to the centrifugal Figure 7 shows cross sections for the transition from the
barrier in the final scattering state have also been observed;=1 state correlating with théPj:1 level to them;=0
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03 04 05 06 07 08 09 1 FIG. 7. Cross sections for the;=1—m/ =0 electronic transi-
B, Tesla tion (the transition between the states labeled in Fjgfudl curve
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FIG. 6. Magnetic dependence of the energy levels of carbon=10"3 T, dot-dashed curve-B=0.1 T, and broken curve-B
correlating with the®P;_,, ®P;_;, and3P;_, levels at zero mag- =1 T.
netic field.
in oxygen with magnetic field is not significant except for
, ) ) ) ultralow collision energies where the outcome of a collision
state correlating with thépj=0_ level in carbon-helium col- s qetermined by centrifugal barriers in the final scattering
lisions at different magnetic field strengths. In the presencepannels or at energies near scattering resonances. We have
of a magnetic field, the cross section passes through a mingemonstrated that magnetic fields may couple the electronic

mum at some low energy and then rises to infinity inverselygiates which would otherwise be uncoupled, thereby chang-
as the velocity to yield a finite rate coefficient at zero tem—ing the dynamics of electronic transitions. Thus, the cross

perature. In the limit of zero collision ener_gy,_the rate coef-goction for the transition from the,=1 state correlating

ficient varies as the square of the magnetic field. with the 3P;_, level to them;=0 state correlating with the

3P, _, level in carbon-helium collisions varies &/+E

and changes from zero to infinity at zero collision energy,
We have developed a methodology for quantum timeWhen a magnetic field is applied.
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