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Discrepancies in experiments with cold hydrogen atoms
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Recent experiments with atomic clocks and hydrogen gas samples have shown discrepancies between theory
and experiment. There are serious disagreements with respect to four different parameters: two different
frequency shift parameters and a line broadening cross section relating to the H maser, and a longitudinal
relaxation rate observed in a hydrogen gas sample. We study the changes in the short-range singlet and triplet
potentials that would be needed to eliminate the above discrepancies. We find that no such changes can remove
all four discrepancies simultaneously. In addition, we investigate a possible role of spin-dipole interactions,
which have been neglected in previous calculations.
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[. INTRODUCTION depend in a more complicated way on the occupations of the
various hyperfine states of the colliding atoms. As a conse-
The cesium frequency standard is the most accurate existjuence, the spin-exchange tuning procedure is not as effi-
ing atomic clock, and the hydrogen maser the most stableient as it was once thought to be, in particular at low tem-
atomic clock over time periods of 1-18econdg1]. Inthe  peratures, where atomic collision energies are comparable to
last ten years a substantial further improvement has beethe hyperfine interaction energy. Two experiments have
accomplished for both instruments by means of versions opsince then confirmed our theoretical prediction, one at room
erating with cold atoms. Modern laser-cooling methods haveéemperature in a conventional H ma$8t, and the other at
made it possible to build a cesium atomic fountain clock0.5 K in a low-temperature H mas¢8]. In both cases a
with an unprecedented accural@]. Using cryogenic cool- frequency shift beyond that predicted by the original theories
ing by means of superfluifiHe, a version of the H maser has of spin-exchange was observed and interpreted as being a
been constructed, operating with increased stability at aboutirect consequence of hyperfine precessions during spin-
0.5 K[3]. exchange collisionghyperfine-inducedHI) frequency shiix
These cold atomic clocks have revealed new limits to ac- There are growing indications, however, of serious dis-
curacy and stability, that stand in the way to achieving theagreements between experiment and theory, not only with
full benefits envisaged for the new low-temperature versionstespect to the HI shift but in total to three different quantities
The most important restriction turns out to come from colli-relating to the H maselr3,8,9. Another recent experiment
sions between atoms which shift the frequency of the atomi¢10] shows that the disagreement is not restricted to the H
oscillators. It has been pointed o] that this shift has a maser: It also shows up in the longitudinal relaxation rate
finite T=0 quantum limit, despite the reduction expected(1/T{)s, due to collisions, observed in an electron-spin-
intuitively on the basis of the elastic collision rate, decreas-
ing according toTY2 In view of this the collisional fre-
guency shift is the only known frequency shift in the Cs my
fountain that cannot be reduced by a further lowering of the +1
temperaturg5]. 1}
In the case of the conventional H maser it was already
known that spin-exchange-+H collisions broaden and shift
the atomic hyperfine transition, displayed in Fig. 1, thereby
coupling fluctuations in the atomic density to the maser os-
cillation frequencyw,,. An essential element in the develop-
ment of the present state-of-the-art H masers was the idea of
spin-exchange tuning, by which,, is made insensitive to -
changes in the atomic density by choosing a particular de- f=0 -1
tuning of the maser microwave cavify6]. This method Al a
makes use of the fact that the spin-exchange-induced fre-
qguency shift is proportional to the population inversion of the
masing hyperfine states in the cavisee Fig. 2, while the B
cavity-pulling shift shows the same proportionality, thus pro-
viding for the possibility to make these two shifts cancel. FIG. 1. Four hyperfine states of the atomic hydrogen electronic
About ten years ago, a study of the H-atom spin-exchangground state, labelefh), |b), |c), and|d) in order of increasing
process by our group7] showed that, with a proper inclu- energy. Thea-c transition is field independent in first order, and is
sion of hyperfine interactions, the frequency shifts actuallyused for both the maser and relaxation experiments.

f=1

E (units of a)
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thus creating &-a population inversion
r (units of a,)
resonance measurement on an atomic hydrogen gas sample
at T=1.23 K. An important reason to take these discrepan- FIG. 3. Singlet =0) and triplet §=1) potentials of ground-
cies seriously is the believed preciseness of the knowledge efate hydrogen.
the hydrogen atom interactions. The long-range singgt (
and triplet (T) interaction potentials between two hydrogenincluded and any interaction not yet included can be calcu-

atoms are accurately described by lated from first principles. It seems likely that a change in the
6 8 10 description of the hydrogen system will have implications
Vsr(r)=—Celr°—=Cg/r®=Cyo/r "+ Vexeh, (1) also for the Cs atomic clock. We also discuss a possible role

of the magnetic dipole interaction between the electron spins
of the colliding atoms.

In Sec. Il we give a brief description of the measured
gquantities as well as the discrepancies. In Sec. Il we explore
a possibility to remove the Tj discrepancy by relaxing
some of the assumptions in Réfl0]. In Sec. IV this is
“followed by a description of our main approach and its re-
sults. Finally, in Sec. V we discuss the relevance of the mag-
netic spin-dipole interaction in relation to the discrepancies.

with the dispersion coefficients taken from Yanal. [11]
and the exchange part from Smirnov and Chibigb®]. The
short-range interactionsee Fig. 3 are believed to be pre-
cisely described by calculations in the literature, including
adiabatic, radiative, and relativistic correctiddg]. In addi-
tion to the above interactions, the effective two-atom Hamil
tonian contains a sum of atomic hyperfine interactions:

a . ) .
Vhf=ﬁ—g(51-i1+52-iz) Some conclusions are given in Sec. VI.
1 ay o 1 ap o Il. BRIEF DESCRIPTION OF MEASURED QUANTITIES
=5 7281 82) (iatiz)+ 5 27 (5178) - (11~12) AND DISCREPANCIES
_ A. Frequency shifts
=V/+ Vi, ®) quency

The four hyperfine states of the atomic hydrogen elec-
of which the partV,;, antisymmetric in the electronic-spin tronic ground state are in order of increasing energy labeled
operators, couples the singlet and triplet subspaces. &jgre as|a), |b), |c), and|d) (see Fig. L The hydrogen maser,
denotes the hyperfine constant. schematically represented in Fig. 2, operates oratleetran-

In principle the discrepancies might point to effects notsition which is field independent in first order.
yet included in the present description of the maser and the Using the quantum Boltzmann equation, the frequency
electron spin resonance experiment, with possible fundamemshift w and line broadenind’ due to spin-exchange colli-
tal consequences. In the case of the Cs fountain clock, thesdons can be showf¥] to have the form
is less strong evidence for a disagreement: It is surprising
that an analysi§14] some years ago on the basis of the best ;. o 1~ _ iy N\ - N
interaction potentials available at that time could only ex- o F_nEj: pij{v (A O-J)>_n§j: pii(v) (N =),
plain the experimental frequency shifts by assuming the ex- ©)
istence of resonances both in the singlet and triplet subspaces
very close to threshold. It may well be that this strong re-The hydrogen atom density is denoted by the relative
quirement is also a signature of a new process that is not yeollision velocity byv and the single-atom spin-density ma-
accounted for in the present theoretical description. trix by p. The () brackets denote thermal averaging over a
We have investigated whether a suitable modification ofMaxwell-Boltzmann distribution. The cross sectiansand
the singlet and triplet HH interaction potentials makes it o (j=a,b,c,d), characterizing the partial frequency shift
possible to eliminate all discrepancies at the same time. Thand broadening due to collisions of a coherartc state
strategy is to focus first on the disagreement in the atomigvith atoms in statg (partial densitynp;;), are expressed in
hydrogen experiments, in which case any interaction alreadglasticS-matrix elements by
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TABLE |. Parameters showing discrepancies.

. v
INj =0y =(1+ 8a) (14 8;)) 1 }lj (21+1)

Quantity Theory (crf) Experiment (crf) Ref.

| | * N _ _
X[Sqajy.fair Stejpgeiy — 11- @ N -1.19x10°®  (—2.17+£0.28)x10 *° (9]
he brack q o _ o I+ —2.04x10718 (22739107 [9]
e e fpiews 2007 @Bsd0? [
P ve 9 N 3.0x10719 ~18x10°%®  [g]

even (odd. The coefficientsh; anda_j describe explicitly —
how dw and I’ depend on the partial occupancies of the N
four single-atom hyperfine states. They can be calculated by
thermally averaging the quantities\; andvo;, which in
turn are given by the quadratic expressidgdsin terms of
collisional S-matrix elements. All of these elasti&matrix
elements are to be calculated for a common value of th
relative wave numbek in the entrance channel, which varies
over the above-mentioned Maxwell-Boltzmann distribution.
Rewriting the frequency shift and line broadening as

37x10° (51+x2)x10°18 [10]

lation, we consider the evidence for a discrepancy between
theory and experiment to be less direct than in the cryogenic
case. Therefore, in the following we will focus on the cryo-
Benic data.

B. Longitudinal relaxation time

— - — In a recent papdrl0] the evidence for a discrepancy with
S0=n(v)[(pcc—Paa)Not (Pecct Paa)MatA2], (5 theory was considerably extended by means of experimental
_ - data that do not involve the complications ofracirculating
I'=n(v)[(pec—Paa) 0ot (pect Paa) o1t 02],  (6)  cryogenic hydrogen maser. Applying pulsed hyperfine mag-
netic resonance techniques to a gas of hydrogen atoms at a
temperature of 1.23 K in a magnetic field of 60 G, it was
possible to determine the longitudinal relaxation tifmefor

we note that the;l andk_z contributions vanish according to
theoretical treatments of spin-exchange collisipgd5,14

that ignore hyperfine interactions during collisiori®ie e 5.¢ transition. Essentially, starting with equilibrium
degenerate-internal-states approximatiorampton [17] populations of thea, b, ¢, andd levels, an initial pulse
showed that for a certain detuning of the cavity the remain;

) ; ) inverted thea andc populations. The return to equilibrium
Ing (pcc— paa)-dependent frequency shift, described by they ¢ monitored by means ofa/2 pulse with a variable delay
parameten,, can be canceled by cavity pulling,

: . >0} ; which has yine and an observation of the subsequent free induction
been a major factor in stabilizing conventional room tem'decay.

perature H masers. In 1975 Crampton and W took For the analysis the authors used rate equations, which we

into account the atomic hyperfine precession during colliyetormylate here in a more rigorous form to exclude already

sions in a semiclassical straight-path approximation, and fey of the possibilities for an explanation of tfig dis-
found an additionap-independenh, term. They confirmed  crepancy. Our starting point is again the quantum Boltzmann

the presence of such a term experimentally in a roomgquation. The time evolution of a partial density is then
temperature hydrogen maser. Its smallness makes it relgound to be given by7,19]

tively unimportant for the stability of conventional hydrogen

masers. d
In the case of the sub-Kelvin hydrogen maser, however, a”azzﬁ 2 (1+8ap)(Garpr—apNarNpr
the role of the hyperfine-induced and\, terms is of much te8
greater importance. Hayden, Hitmann, and Hardy reviewed —Gap_arpNaNp), (7)

the situation in their recent papid]. In the same paper they
confirmed the existence of a HI frequency shift in their ex-with rate constants
periment, proportional t0 daat ped) A1t Ao=3N +\,.
They found its sign to be different from the theoretical pre-
diction, however. In addition, the value af, was almost
twice the theoretical value.

Finally, in the same experiment an ingenious method to l — S 2
measure the linear combination p G+ ped) oL+ oy XISty oy~ Ot bl ")
=30+ 0, of broadening cross sections was applied. This _ . o
result, too, showed a discrepancy with the theoretical valué/here the slow relaxation due to the dipolar spin-spin inter-
calculated by our group. Table | summarizes the experimen@ction is neglected. _ _
tal and theoretical values for the three above quantities. It FOr an analysis of their experiment Hayden and Hardy
also shows a result from an experiment by Walswettial. ~ introduce the approximate equalitie§,a_.pq~Gec—bd,

[8] for the room-temperature maser, which also appears t&ap—y6~Cys-ap, @NdNa+Nc~n/2, referring to the large
show a discrepancy with theory. We should note, howevervalue of kgT compared to the internal energy intervals.
that the theoretical calculation of theand o cross sections =auation(7) then reduces to the simple form

at room temperature involves a thermal average over a range
of collision energies containing a huge number of reso-
nances. Due to the complications involved in such a calcu-

27h
Gﬂéﬁﬁa'ﬁ': WZI (2|+1)

a(na_ Ne)=—(2G¢caat Gpa—aa)N(Na—Ne).  (9)
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This equation leads to the expression

2 0.01

An,,, left-hand axis

...... An,,, right-hand axis

1 _
_:(ZGccﬂaa'}_deﬂaa)nEn<U>0'Tl (10

T, 10.008
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T

for the longitudinal relaxation time.

The experimental resulir =(51+2)x 10 *® cn? is in
disagreement with the theoretical valuex3r0~ 18 cn? fol-
lowing from calculated rate constan@,s_,,s [19]. Both
values are included in Table I. A recalculation using the most
recent potential§l3] in the framework of the present paper,
confirmed all theoretical values in this table, changes relative
to the old values being at most of order 1%.
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ll. COMPARISON WITH MORE RIGOROUS t(S)
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RELAXATION TIME FIG. 4. Time-dependent relaxation ofn,—n. and

In a first attempt to eliminate discrepancies, we considePatNc—(Ny+ng) to their equilibrium values, due to two slightly
separately the longitudinal relaxation time. The objective jdifferent relaxation eigenvalues. Experimental circumstances:
also to compare the experimenta. with a more rigorous Temperature T=1.23K, B=60G, and hydrogen density

. . . 1 . . .n=8.9x100cm2,
theoretical expression, relaxing the above-mentioned simpli-
fying assumptions of Ref.10] and using the rigorous rate
equationg7) as a starting point. One of the effects included
in such an approach is that the nonequilibrium populations o
thea andc levels induced by ther pulse may affect subse-
guently theb andd populations via the collision processes
included in Eq.(7), which in turn might influence the relax-
ation ofn,—n,.

Lmegarlz_lng the set of equationd) around equilibrium Angs =[(Ny+ng)—(Np+ng)]—[(Na+ nc)_(nb+nd)]o’
(n,=n,), it reduces to the form (15)

two decaying exponentials combining to a time-dependent
olution with bothn,—n, and (h,+n¢) — (n,+ng) different
rom their equilibrium values. The time dependence of the
quantities

Anach(na_nc)_(na_nc)ov (14)

calculated for the experimental values mof T, and B, is
presented in Fig. 4. It turns out, however, that the difference
of the eigenvalues is only about 2%. In addition, their aver-
with the hyperfine states arranged in the ordera, b, c,  age is equal to the theoretical valuex3¥0™ *® cn¥ for o,
andd. The coefficientdV aB stand for linear combinations of quoted above as fo”owing from the S|mp||fy|ng assumptions
GnP products with an overall factan(v) splitted off. Each  of Ref. [10].
of the M,z elements is a function of temperatufe and Consistent with these results we find thmt and ng as
magnetic fieldB. well asn,+n, to good approximation retain their equilib-
We calculate the eigenvectors and eigenvalues of thgum values, the deviations reaching a maximum of order 1%
4X4 matrix M. Two of the eigenvalues turn out to be 0, after a time of about 13 s, Wherea§— Ne behaves approxi_

d(n,—n?)
T=—n<v>% M 45(ng—n%), (11)

corresponding to the linear relations mately according to the simplified equati¢h0), the devia-
tions again being of order 1%. We therefore continue our
> M ,5=0, (12) investigation of therl; discrepancy on the basis of E4.0).

IV. MODIFICATION OF POTENTIALS
Mps—Mas=0, (13

In this section we explore the possibility to resolve the
among the rows oM. Relation(12) is connected with con- discrepancies by modifying the interaction potentials, in par-
servation of the total density,+n,+n¢+ny, relation(13) ticular in the range of interatomic distances up to abay 7
with conservation ofi,—ny, i.e., of the total spin magnetic where the atomic electron clouds overlap leading to a
guantum numbemg. Note that in exchange collisions the strongly attractive singlet and a strongly repulsive triplet po-
spin and orbital magnetic quantum numbers are separatetgntial (see Fig. 2 As we will show, the effect of changes in
conserved. As a consequence, we end up with two nontriviad potential in this radial range can be studied in a model-
rate equations associated with the two remaining eigenvaludéadependent way, i.e., irrespective of the precise nature of
describing the combined decay ofn,—n, and the modification, following an approach in the spirit of the
(ng+n¢) —(ny+ng) to their equilibrium values. The initial accumulated-phase meth$#0,21. This method has been
condition att= 0 right after ther pulse, is a superposition of highly successful in analyzing cold collisions among ground-
the two eigenvectors withn+n.)—(n,+ny) equal to its  state alkali atoms. The idea is to account for a possible
equilibrium value. In principle, at timets>0 we thus obtain  change of an interaction potential by modifying the boundary
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condition for the radial wave function at the boundagyof
the radial range considered. In this range the singlet and A¢S
triplet electronic states are so far apart in energy compared 02 01 0 01 02

with the hyperfine coupliny, that theS=0 and 1 channels . ; ' - — 1.35
are still uncoupled. The new boundary condition then deter-
mines the solution of Schdinger’'s equation in the further m % 1.30

radial ranger>rq, and especially the interference of the :gg"'f_f
1+02

-6.913 [ LI

singlet and triplet channels under the influence/gf. The
change of the boundary condition simply summarizes the
effect of the change of the potentials, wherever it occurs
insider . The actual modification of the boundary condition <'1_-6.904
can be effected by an adjustment of the local phas# the
radial wave functior=(r) as in Refs[20,21] or by a change
of the logarithmic derivativé-'/F. We prefer the latter pos-
sibility, so that we can deal with a real-valued quantity only:
The phasep unld be imaginary inside the classical turning -6.884
point for the triplet potential nearag,.

Note that the actual position of, is unimportant, as long -6.831
it is not too far out: A modified='/F atry not only simulates 0
a changed interaction inside,, but also one outside,
where theS=0 and 1 subspaces are still sufficiently decou-
pled. As a matter of fact, by a modification Bf /F atr,
one can also effect an arbitrary change at largérhe actual FIG. 5. Parameter regions in th&g,A; (or, equivalently,
value used forr g is 4ag. A¢s,A¢r) plane, where discrepancies in observablkg,

Note also thaF'/F, like ¢, is in principle a function of 3\, +\,, 501+ 0,, andoy, are eliminated.
energyE and relative angular momentulrin the collision.
In the smallE andl range involved in cold collisions, how- values extending beyond 2.2X 10 4 are not allowed be-
ever, this variation is negligible, sinag is sufficiently far  cause the corresponding value ¢ is the maximum pos-
from the turning points both in the classically inaccessiblesible value+< for this correction of the logarithmic deriva-
range for the triplet channel and the classically accessibléve of the radial wave function. To give an impression of the
range for the singlet potential. degree to which the quantitieAd ¢5 and A ¢+ have con-

The problem we thus face is to determine the theoreticaVerged, we note that the changes of these phase differences
dependence of the quantitieg, S\;+\,, o,+0,, and in going from the old to the new HH potentialg13] are at

o, on the singlet and triplet increments most of order 0.001 rad. o o
Even between these unrealistically wide limits no overlap

region for all observables simultaneously is found. The only
overlap that occurs is between the pairdfjuantities and
between the pair o quantities. We conclude that the option
to see if there exist reasonabley and Ay values for which  of better singlet and triplet potentials for internuclear dis-
all four discrepancies can be eliminated simultaneously. tances where the electron clouds overlap strongly is not a

Figure 5 shows the changess and A of logarithmic  viable solution for the existing discrepancies.
derivatives needed to bring the theoretical values of the ob-

servables to within twice the standard deviations from thev_ INFLUENCE OF MAGNETIC DIPOLE INTERACTION
experimental values. To compress the ranges of |Argal-

ues where the actual differences of the radial wave functions In our previous calculation§7] we have neglected the

is small, we have chosen to plats and At in a nonlinear magnetic dipole interaction between the spin magnetic mo-
way: We calculate the corresponding phase changgg  ments(electron and protonof the two atoms, in view of the
andA ¢ at the deepest points of the two potentials, and vangeneral dominance of electric vs magnetic interactions. This
these quantities linearly along the axis. Note thatg will dominance is illustrated, e.g., by the fact that dipolar relax-
have to be small relative ter to avoid disagreement with ation rates are typically three orders of magnitude smaller
experimental data for the singletifovibrational states. The than spin-exchange rat¢s9]. We point out, however, that
total A ¢ range included in the figure is certainly larger thaninterference between the two kinds of amplitude, which are
that allowed by these experimental data. The taték range absent in these rates, could give rise to more important con-
studied is also larger than it can conceivably be: It runs frondributions. Moreover, the hyperfine-induceo; +\, cross

a very small negative value 2.2x 10" 4, hardly distinguish- ~ section is by itself a small effect relative 1, so that the
able from the abscissa, whekg =+, to the value=1.34,  dipole interaction might in principle resolve the discrepancy
indicated by a horizontal dashed line, where the triplet poin the measured hyperfine-induced frequency shift. This is
tential is so deep that a triplet state becomes bound. Positiughat we are going to investigate in this section. We restrict
values forA ¢ exceeding 1.34 are excluded because none ofurselves to the electron-electron part of the interatomic di-
the many experiments on spin-polarized atomic hydrogemole interaction, the electron-proton and proton-proton parts
has indicated the existence of a triplet bound state. Negativieeing much weaker.

-6.906 0.2

I—
1 0.15 2

-6.900

As=A(FYFg, Ar=A(Fi/Fp),,  (16)

o
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On the basis of the structure of th&) and|c) states the TABLE Il. Contributions to frequency shift cross sections from
(als|a) and{c|s|c) matrix elements are zero f@=0, and  Magnetic dipole interaction, subdivided into three categories.
negligible for the weak experimental field. We conclude that
no direct dipolar transitions are possible in collisions where\c elastic Aq elastic Aq inelastic
only [a) or [c) states are involved. 103x10 Beom? —119<10 B e — 1.03¢ 10-24 cn?

For small values of the collisional quantum numbehe
central interaction is also involved. The combination of these
two interactions can result in a “two-step” process, Wherethese values are far too small to be of any Significancg. They
the dipolar interaction is involved in a transition frda) to ~ are even smaller than could be expected on the basis of the

|a) or |c) to |c), via a central interaction step betweler) dipolar decay. rates. The reason is essentially, as on analysis
and |c). Considering the quantum Boltzmann equation in-of the S-matrix elements shows, that the matrix elements

cluding the dipole interaction, the frequency shift and broads{g&%?{cﬁ} and 5{22&0}(,){615} are nearly equal, so that the corre-
ening cross sections are given by sponding contribution to the frequency shifts vanishes. We
conclude that the inclusion of the magnetic dipole interaction
2 It r et * i
in —r=1z z % Siar;‘},f?a}sia?},’{';“c} ~1], does not resolve thé\;+\, discrepancy.
' VI. CONCLUSIONS
i _am I'm",Im ol’'m’,Im* We have reviewed four types of discrepancies between
e 0e 2 ,%r % [Stach tactSteet fe ~ 11 (17 experiment and existing theory, connected with cold atomic
hydrogen gas samples. Three are associated with the sub-
iNp—0p=1Ng— 0y Kelvin hydrogen maser, one with a pulsed hyperfine mag-
netic resonance experiment. The discovery of the latter dis-
_T >3 agimiim g'm’Im¥ crepancy in recent work has been of great importance, since
k7 fm T Ttabhiadiieb) fed) it thereby becomes more probable that the resolution of the

U tm et Im* inconsistencies has to be found in the theoretical description
+[S{ad},'{ad}5{cd},'{cd} —1]. of the cold H+-H collisions. This contrasts with the earlier
, , i i discrepancies, all three relating to the hydrogen maser, which
In comparison with expressiond) there are some differ- ¢, ,14 have been ascribed to an incomplete description of this

ences. First, in this case also inelagimatrix elements con- setup. We have investigated two issues in connection with
tribute. Second, the angular momentum quantum numbers e inconsistencies.

andl are not necessarily identical: Due to the selection rules First, we have studied the possibility that an additional
of the dipole interaction we have’'=I-2, I'=Il, or  term in the collisional Hamiltonian, operating at small inter-
I”=1+2, with the exception of’=1=0. In view of the ex-  clear distances in the region of strongly overlapping elec-
perimental temperatures of order 1 K, we restrict oursglves ®on clouds, is overlooked in present descriptions of cold
s andd partial waves. For the cross sections in Bf) with  atomic collisions. We have shown that no such additional
subscriptd or dp—p, transitions are not forbidden by Bose terms can eliminate all four discrepancies at the same time,

symmetry. They are not included in the following, but areyyithout leading to other inconsistencies, such as the intro-
expected to contribute with similar orders of magnitude.  guction of triplet B, bound states.

To begin with we note thal{,y (aa = Sian (aa=0: bE- Second, we have investigated the possibility that the mag-

cause of angular momentum conservation: The total twonetic dipole forces operating between the electron spins, left
atom spin is zero in both the initial and final states, so that out in existing theoretical descriptions of the above experi-
has to be conserved. We divide theontributions additional ments, might lead to significant changes of the predictions.
to the expression#d) in three categories. First, the “dipo- We have found that the additional contributions from this
lar” transitions taking place only if the dipole interaction source fall short by orders of magnitude.
takes part, i.e., contributions toyq from {ad}—{ab} and The growing importance of cold collisions in a number of
{cd}—{cb} transitions. Second, interference contributionspresent basic development8ose-Einstein condensation,
due to dipolar corrections to central elastic processes thaitom lasers, atomic-fountain clogksnderlines the need to
could already take place via the central interaction, i.e.spend further effort to finding a solution for the discrepan-
{ad}—{ad} and {cd}—{cd} contributions toAryq. Third, cies. Also in this connection, atomic hydrogen can play a
contributions to\. with the same character, i.e., involving role as a model system, its relative simplicity offering the
{ca}—{ca} and{cc}—{cc} processes. The first two will possibility to reveal aspects in which the existing cold colli-
give a frequency shift proportional 1@, or ngq, the last one sion theory is incomplete. Recent progress in describing cold
proportional ton; (a contribution proportional ta, is absent  collisions of Rb atom$22,23 makes it possible to turn to
in view of the above argument this atom species as a possible second example where dis-
In Table Il we give results for these additional contribu- crepancies might be detected in precision experiments. In
tions, calculated for a collision energy of 0.5 K. Clearly, this connection envisaged experiments with a Rb atomic-
comparing with the discrepancies in Table |, we see thafountain clock[24] would be especially interesting.




4044 S. J. J. M. F. KOKKELMANS AND B. J. VERHAAR 56

[1] J. Vanier and C. AudoinThe Quantum Physics of Atomic [12] B. M. Smirnov and M. I. Chibisov, Zh.,IFsp. Teor. Fiz48,

Frequency Standard@ilger, Philadelphia, 1989 939 (1965 [Sov. Phys. JETR1, 624 (1965)].
[2] M. Kasevich, E. Riis, S. Chu, and R. DeVoe, Phys. Rev. Lett.[13] L. Wolniewicz, J. Chem. Physl03 1792 (1995, and refer-
63, 612(1989; A. Clairon, C. Salomon, S. Guellati, and W. D. ences therein.
Phillips, Europhys. Lett16, 165(1991. [14] Boudewijn Verhaar, Kurt Gibble, and Steven Chu, Phys. Rev.
[3] M. E. Hayden, PhD. dissertation, University of British Colum- A 48, R3429(1993.
bia, 1991(unpublishegt M. E. Hayden, M. D. Hdimann, and [15] P. L. Bender, Phys. Rel32, 2154 (1963.
W. N. Hardy, IEEE Trans Instrum. Meagz, 314 (1993. [16] L. C. Balling, R. J. Hanson, and F. M. Pipkin, Phys. R£83

[4] E. Tiesinga, B. J. Verhaar, H. T. C. Stoof, and D. van Bragt, AB07 (1964.

: Ehés_'b ;e"' A;SS 2§z1(ﬁ92.| 26, 201 (109 [17] S. B. Crampton, Phys. Ret58 57 (1967.
[5] K. Gibble and 5. Chu, Metrologia, 201(1992. [18] S. B. Crampton and H. T. M. Wang, Phys. Rev.18 1305
[6] S. B. Crampton, Ph.D. dissertation, Harvard University, 1964 (1979

. ,JMOVLA o1 1L o Rev. B38, 4688(1988.

Luiten, and S. B. Crampton, Phys. Rev.38, 3825(198%; J. i h h
M. V. A. Koelman, S. B. Crampton, H. T. C. Stoof, O. J. [20] A. J. Moerdijk and B. J. Verhaar, Phys. Rev. L&i8, 518

Luiten, and B. J. Verhaaibid. 38, 3535(1988. (1994.

[8] R. L. Walsworth, Ph.D. dissertation, Harvard University, 1991 [21] A. J. Moerdijk, B. J. Verhaar, and A. Axelsson, Phys. Rev. A
(unpublishegt R. L. Walsworth, 1. F. Silvera, E. M. Mattison, 51, 4852(1995.
and R. C. Vessot, Phys. Rev. 46, 2495(1992. [22] J. M. Vogels, C. C. Tsai, R. S. Freeland, S. J. J. M. F. Kokkel-

[9] M. E. Hayden, M. D. Hdimann, and W. N. Hardy, Phys. Rev. mans, B. J. Verhaar, and D. J. Heinzen, Phys. Re¥6A1067
A 53, 1589(1996. (1997.

[10] M. E. Hayden and W. N. Hardy, Phys. Rev. Let6, 2041  [23] C. C. Tsai, R. S. Freeland, J. M. Vogels, H. M. J. M. Boesten,

(1996. B. J. Verhaar, and D. J. Heinzen, Phys. Rev. Lé&. 1245

[11] Z.-C. Yan, J. F. Babb, A. Dalgarno, and G. W. F. Drake, Phys. (1997.
Rev. A 54, 2824(1996. [24] K. Gibble (private communication



