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Discrepancies in experiments with cold hydrogen atoms

S. J. J. M. F. Kokkelmans and B. J. Verhaar
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

~Received 18 March 1997!

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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PACS number~s!: 32.80.Pj, 42.50.Vk
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I. INTRODUCTION

The cesium frequency standard is the most accurate e
ing atomic clock, and the hydrogen maser the most sta
atomic clock over time periods of 1 – 105 seconds@1#. In the
last ten years a substantial further improvement has b
accomplished for both instruments by means of versions
erating with cold atoms. Modern laser-cooling methods h
made it possible to build a cesium atomic fountain clo
with an unprecedented accuracy@2#. Using cryogenic cool-
ing by means of superfluid4He, a version of the H maser ha
been constructed, operating with increased stability at ab
0.5 K @3#.

These cold atomic clocks have revealed new limits to
curacy and stability, that stand in the way to achieving
full benefits envisaged for the new low-temperature versio
The most important restriction turns out to come from co
sions between atoms which shift the frequency of the ato
oscillators. It has been pointed out@4# that this shift has a
finite T50 quantum limit, despite the reduction expect
intuitively on the basis of the elastic collision rate, decre
ing according toT1/2. In view of this the collisional fre-
quency shift is the only known frequency shift in the C
fountain that cannot be reduced by a further lowering of
temperature@5#.

In the case of the conventional H maser it was alrea
known that spin-exchange H1H collisions broaden and shif
the atomic hyperfine transition, displayed in Fig. 1, there
coupling fluctuations in the atomic density to the maser
cillation frequencyvm . An essential element in the develo
ment of the present state-of-the-art H masers was the ide
spin-exchange tuning, by whichvm is made insensitive to
changes in the atomic density by choosing a particular
tuning of the maser microwave cavity@6#. This method
makes use of the fact that the spin-exchange-induced
quency shift is proportional to the population inversion of t
masing hyperfine states in the cavity~see Fig. 2!, while the
cavity-pulling shift shows the same proportionality, thus p
viding for the possibility to make these two shifts cancel.

About ten years ago, a study of the H-atom spin-excha
process by our group@7# showed that, with a proper inclu
sion of hyperfine interactions, the frequency shifts actua
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depend in a more complicated way on the occupations of
various hyperfine states of the colliding atoms. As a con
quence, the spin-exchange tuning procedure is not as
cient as it was once thought to be, in particular at low te
peratures, where atomic collision energies are comparab
the hyperfine interaction energy. Two experiments ha
since then confirmed our theoretical prediction, one at ro
temperature in a conventional H maser@8#, and the other at
0.5 K in a low-temperature H maser@3#. In both cases a
frequency shift beyond that predicted by the original theor
of spin-exchange was observed and interpreted as bei
direct consequence of hyperfine precessions during s
exchange collisions~hyperfine-induced~HI! frequency shift!.

There are growing indications, however, of serious d
agreements between experiment and theory, not only w
respect to the HI shift but in total to three different quantiti
relating to the H maser@3,8,9#. Another recent experimen
@10# shows that the disagreement is not restricted to the
maser: It also shows up in the longitudinal relaxation r
(1/T1)coll due to collisions, observed in an electron-sp

FIG. 1. Four hyperfine states of the atomic hydrogen electro
ground state, labeledua&, ub&, uc&, and ud& in order of increasing
energy. Thea-c transition is field independent in first order, and
used for both the maser and relaxation experiments.
4038 © 1997 The American Physical Society
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56 4039DISCREPANCIES IN EXPERIMENTS WITH COLD . . .
resonance measurement on an atomic hydrogen gas sa
at T51.23 K. An important reason to take these discrep
cies seriously is the believed preciseness of the knowledg
the hydrogen atom interactions. The long-range singletS)
and triplet (T) interaction potentials between two hydrog
atoms are accurately described by

VS,T~r !52C6 /r 62C8 /r 82C10/r 101Vexch, ~1!

with the dispersion coefficients taken from Yanet al. @11#
and the exchange part from Smirnov and Chibisov@12#. The
short-range interactions~see Fig. 3! are believed to be pre
cisely described by calculations in the literature, includi
adiabatic, radiative, and relativistic corrections@13#. In addi-
tion to the above interactions, the effective two-atom Ham
tonian contains a sum of atomic hyperfine interactions:

Vhf5
ahf

\2 ~s1• i 11s2• i 2!

5
1

2

ahf

\2 ~s11s2!•~ i 11 i 2!1
1

2

ahf

\2 ~s12s2!•~ i 12 i 2!

[Vhf
11Vhf

2 , ~2!

of which the partVhf
2 , antisymmetric in the electronic-spi

operators, couples the singlet and triplet subspaces. Herahf
denotes the hyperfine constant.

In principle the discrepancies might point to effects n
yet included in the present description of the maser and
electron spin resonance experiment, with possible fundam
tal consequences. In the case of the Cs fountain clock, t
is less strong evidence for a disagreement: It is surpris
that an analysis@14# some years ago on the basis of the b
interaction potentials available at that time could only e
plain the experimental frequency shifts by assuming the
istence of resonances both in the singlet and triplet subsp
very close to threshold. It may well be that this strong
quirement is also a signature of a new process that is no
accounted for in the present theoretical description.

We have investigated whether a suitable modification
the singlet and triplet H1H interaction potentials makes
possible to eliminate all discrepancies at the same time.
strategy is to focus first on the disagreement in the ato
hydrogen experiments, in which case any interaction alre

FIG. 2. Schematic representation of the hydrogen maser.
high-field seeking statesa andb are removed by the state selecto
thus creating ac-a population inversion
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included and any interaction not yet included can be cal
lated from first principles. It seems likely that a change in t
description of the hydrogen system will have implicatio
also for the Cs atomic clock. We also discuss a possible
of the magnetic dipole interaction between the electron sp
of the colliding atoms.

In Sec. II we give a brief description of the measur
quantities as well as the discrepancies. In Sec. III we exp
a possibility to remove the 1/T1 discrepancy by relaxing
some of the assumptions in Ref.@10#. In Sec. IV this is
followed by a description of our main approach and its
sults. Finally, in Sec. V we discuss the relevance of the m
netic spin-dipole interaction in relation to the discrepanci
Some conclusions are given in Sec. VI.

II. BRIEF DESCRIPTION OF MEASURED QUANTITIES
AND DISCREPANCIES

A. Frequency shifts

The four hyperfine states of the atomic hydrogen el
tronic ground state are in order of increasing energy labe
as ua&, ub&, uc&, and ud& ~see Fig. 1!. The hydrogen maser
schematically represented in Fig. 2, operates on thea-c tran-
sition which is field independent in first order.

Using the quantum Boltzmann equation, the frequen
shift dv and line broadeningG due to spin-exchange colli
sions can be shown@7# to have the form

idv2G5n(
j

r j j ^v~ il j2s j !&[n(
j

r j j ^v&~ i l̄j2s̄ j !.

~3!

The hydrogen atom density is denoted byn, the relative
collision velocity byv and the single-atom spin-density m
trix by r. The ^ & brackets denote thermal averaging ove
Maxwell-Boltzmann distribution. The cross sectionsl j and
s j ( j 5a,b,c,d), characterizing the partial frequency sh
and broadening due to collisions of a coherenta1c state
with atoms in statej ~partial densitynr j j !, are expressed in
elasticS-matrix elements by

e

FIG. 3. Singlet (S50) and triplet (S51) potentials of ground-
state hydrogen.



th
s
n.

o

in
he
as
m

ll
an

m
re
n

e

y
x

re

t

hi
lu
e
.

s
e

n
so
lcu

een
nic

o-

h
ntal

ag-
at a

as

tion

we
dy

nn
en

er-

rdy

ls.

4040 56S. J. J. M. F. KOKKELMANS AND B. J. VERHAAR
il j2s j5~11da j!~11dc j!
p

k2 (
l

~2l 11!

3@S$a j%,$a j%
l S$c j%,$c j%

l* 21#. ~4!

The brackets$ % denote symmetrization~antisymmetrization!
of the spin states for relative orbital angular momentuml
even ~odd!. The coefficientsl̄j and s̄ j describe explicitly
how dv andG depend on the partial occupanciesr j j of the
four single-atom hyperfine states. They can be calculated
thermally averaging the quantitiesvl j and vs j , which in
turn are given by the quadratic expressions~4! in terms of
collisional S-matrix elements. All of these elasticS-matrix
elements are to be calculated for a common value of
relative wave numberk in the entrance channel, which varie
over the above-mentioned Maxwell-Boltzmann distributio

Rewriting the frequency shift and line broadening as

dv5n^v&@~rcc2raa!l̄01~rcc1raa!l̄11l̄2#, ~5!

G5n^v&@~rcc2raa!s̄01~rcc1raa!s̄11s̄2#, ~6!

we note that thel̄1 andl̄2 contributions vanish according t
theoretical treatments of spin-exchange collisions@6,15,16#
that ignore hyperfine interactions during collisions~the
degenerate-internal-states approximation!. Crampton @17#
showed that for a certain detuning of the cavity the rema
ing (rcc2raa)-dependent frequency shift, described by t
parameterl0 , can be canceled by cavity pulling, which h
been a major factor in stabilizing conventional room te
perature H masers. In 1975 Crampton and Wang@18# took
into account the atomic hyperfine precession during co
sions in a semiclassical straight-path approximation,
found an additionalr-independentl̄2 term. They confirmed
the presence of such a term experimentally in a roo
temperature hydrogen maser. Its smallness makes it
tively unimportant for the stability of conventional hydroge
masers.

In the case of the sub-Kelvin hydrogen maser, howev
the role of the hyperfine-inducedl̄1 andl̄2 terms is of much
greater importance. Hayden, Hu¨rlimann, and Hardy reviewed
the situation in their recent paper@9#. In the same paper the
confirmed the existence of a HI frequency shift in their e

periment, proportional to (raa1rcc)l̄11l̄25 1
2 l̄11l̄2 .

They found its sign to be different from the theoretical p
diction, however. In addition, the value ofl̄0 was almost
twice the theoretical value.

Finally, in the same experiment an ingenious method
measure the linear combination (raa1rcc)s̄11s̄2

5 1
2 s̄11s̄2 of broadening cross sections was applied. T

result, too, showed a discrepancy with the theoretical va
calculated by our group. Table I summarizes the experim
tal and theoretical values for the three above quantities
also shows a result from an experiment by Walsworthet al.
@8# for the room-temperature maser, which also appear
show a discrepancy with theory. We should note, howev
that the theoretical calculation of thel̄ and s̄ cross sections
at room temperature involves a thermal average over a ra
of collision energies containing a huge number of re
nances. Due to the complications involved in such a ca
by
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lation, we consider the evidence for a discrepancy betw
theory and experiment to be less direct than in the cryoge
case. Therefore, in the following we will focus on the cry
genic data.

B. Longitudinal relaxation time

In a recent paper@10# the evidence for a discrepancy wit
theory was considerably extended by means of experime
data that do not involve the complications of a~recirculating!
cryogenic hydrogen maser. Applying pulsed hyperfine m
netic resonance techniques to a gas of hydrogen atoms
temperature of 1.23 K in a magnetic field of 60 G, it w
possible to determine the longitudinal relaxation timeT1 for
the a-c transition. Essentially, starting with equilibrium
populations of thea, b, c, andd levels, an initialp pulse
inverted thea andc populations. The return to equilibrium
was monitored by means of ap/2 pulse with a variable delay
time and an observation of the subsequent free induc
decay.

For the analysis the authors used rate equations, which
reformulate here in a more rigorous form to exclude alrea
a few of the possibilities for an explanation of theT1 dis-
crepancy. Our starting point is again the quantum Boltzma
equation. The time evolution of a partial density is th
found to be given by@7,19#

d

dt
na5(

b
(

$a8b8%

~11dab!~Ga8b8→abna8nb8

2Gab→a8b8nanb!, ~7!

with rate constants

Gab→a8b85K 2p\

mk (
l

~2l 11!

3uS
$a8b8%,$ab%
l

2d$a8b8%,$ab%u
2L , ~8!

where the slow relaxation due to the dipolar spin-spin int
action is neglected.

For an analysis of their experiment Hayden and Ha
introduce the approximate equalitiesGaa→bd'Gcc→bd ,
Gab→gd'Ggd→ab , andna1nc'n/2, referring to the large
value of kBT compared to the internal energy interva
Equation~7! then reduces to the simple form

d

dt
~na2nc!52~2Gcc→aa1Gbd→aa!n~na2nc!. ~9!

TABLE I. Parameters showing discrepancies.

Quantity Theory (cm2) Experiment (cm2) Ref.

l̄0 21.19310215 (22.1760.28)310215 @9#
1
2 l̄11l̄2 22.04310218 (2.221.0

10.5)310218 @9#
1
2 s̄11s̄2 26.3310218 (38.563)310218 @9#

l̄1 3.0310219 21.8310218 @8#

s̄T1
37310218 (5162)310218 @10#
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56 4041DISCREPANCIES IN EXPERIMENTS WITH COLD . . .
This equation leads to the expression

1

T1
5~2Gcc→aa1Gbd→aa!n[n^v&s̄T1

~10!

for the longitudinal relaxation time.
The experimental results̄T1

5(5162)310218 cm2 is in

disagreement with the theoretical value 37310218 cm2 fol-
lowing from calculated rate constantsGab→gd @19#. Both
values are included in Table I. A recalculation using the m
recent potentials@13# in the framework of the present pape
confirmed all theoretical values in this table, changes rela
to the old values being at most of order 1%.

III. COMPARISON WITH MORE RIGOROUS
EXPRESSION FOR LONGITUDINAL

RELAXATION TIME

In a first attempt to eliminate discrepancies, we consi
separately the longitudinal relaxation time. The objective
also to compare the experimentals̄T1

with a more rigorous
theoretical expression, relaxing the above-mentioned sim
fying assumptions of Ref.@10# and using the rigorous rat
equations~7! as a starting point. One of the effects includ
in such an approach is that the nonequilibrium population
the a andc levels induced by thep pulse may affect subse
quently theb and d populations via the collision processe
included in Eq.~7!, which in turn might influence the relax
ation of na2nc .

Linearizing the set of equations~7! around equilibrium
(na5na

0), it reduces to the form

d~na2na
0 !

dt
52n^v&(

b
Mab~nb2nb

0 !, ~11!

with the hyperfine states arranged in the ordera5a, b, c,
andd. The coefficientsMab stand for linear combinations o
Gn0 products with an overall factorn^v& splitted off. Each
of the Mab elements is a function of temperatureT and
magnetic fieldB.

We calculate the eigenvectors and eigenvalues of
434 matrix M . Two of the eigenvalues turn out to be
corresponding to the linear relations

(
a

Mab50, ~12!

Mbb2Mdb50, ~13!

among the rows ofM . Relation~12! is connected with con-
servation of the total densityna1nb1nc1nd , relation~13!
with conservation ofnb2nd , i.e., of the total spin magneti
quantum numbermF . Note that in exchange collisions th
spin and orbital magnetic quantum numbers are separa
conserved. As a consequence, we end up with two nontr
rate equations associated with the two remaining eigenva
describing the combined decay ofna2nc and
(na1nc)2(nb1nd) to their equilibrium values. The initia
condition att50 right after thep pulse, is a superposition o
the two eigenvectors with (na1nc)2(nb1nd) equal to its
equilibrium value. In principle, at timest.0 we thus obtain
t

e

r
s

li-

of

e

ly
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es

two decaying exponentials combining to a time-depend
solution with bothna2nc and (na1nc)2(nb1nd) different
from their equilibrium values. The time dependence of t
quantities

Dna2c[~na2nc!2~na2nc!
0, ~14!

Dna1c[@~na1nc!2~nb1nd!#2@~na1nc!2~nb1nd!#0,
~15!

calculated for the experimental values ofn, T, and B, is
presented in Fig. 4. It turns out, however, that the differen
of the eigenvalues is only about 2%. In addition, their av
age is equal to the theoretical value 37310218 cm2 for s̄T1

quoted above as following from the simplifying assumptio
of Ref. @10#.

Consistent with these results we find thatnb and nd as
well as na1nc to good approximation retain their equilib
rium values, the deviations reaching a maximum of order
after a time of about 13 s, whereasna2nc behaves approxi-
mately according to the simplified equation~10!, the devia-
tions again being of order 1%. We therefore continue o
investigation of theT1 discrepancy on the basis of Eq.~10!.

IV. MODIFICATION OF POTENTIALS

In this section we explore the possibility to resolve t
discrepancies by modifying the interaction potentials, in p
ticular in the range of interatomic distances up to about 7a0
where the atomic electron clouds overlap leading to
strongly attractive singlet and a strongly repulsive triplet p
tential ~see Fig. 2!. As we will show, the effect of changes i
a potential in this radial range can be studied in a mod
independent way, i.e., irrespective of the precise nature
the modification, following an approach in the spirit of th
accumulated-phase method@20,21#. This method has been
highly successful in analyzing cold collisions among groun
state alkali atoms. The idea is to account for a poss
change of an interaction potential by modifying the bound

FIG. 4. Time-dependent relaxation ofna2nc and
na1nc2(nb1nd) to their equilibrium values, due to two slightly
different relaxation eigenvalues. Experimental circumstanc
Temperature T51.23 K, B560 G, and hydrogen density
n58.931010 cm23.
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4042 56S. J. J. M. F. KOKKELMANS AND B. J. VERHAAR
condition for the radial wave function at the boundaryr 0 of
the radial range considered. In this range the singlet
triplet electronic states are so far apart in energy compa
with the hyperfine couplingVhf that theS50 and 1 channels
are still uncoupled. The new boundary condition then de
mines the solution of Schro¨dinger’s equation in the furthe
radial ranger .r 0 , and especially the interference of th
singlet and triplet channels under the influence ofVhf . The
change of the boundary condition simply summarizes
effect of the change of the potentials, wherever it occ
insider 0 . The actual modification of the boundary conditio
can be effected by an adjustment of the local phasef of the
radial wave functionF(r ) as in Refs.@20,21# or by a change
of the logarithmic derivativeF8/F. We prefer the latter pos
sibility, so that we can deal with a real-valued quantity on
The phasef would be imaginary inside the classical turnin
point for the triplet potential near 7a0 .

Note that the actual position ofr 0 is unimportant, as long
it is not too far out: A modifiedF8/F at r 0 not only simulates
a changed interaction insider 0 , but also one outsider 0
where theS50 and 1 subspaces are still sufficiently deco
pled. As a matter of fact, by a modification ofF8/F at r 0 ,
one can also effect an arbitrary change at largerr . The actual
value used forr 0 is 4a0 .

Note also thatF8/F, like f, is in principle a function of
energyE and relative angular momentuml in the collision.
In the smallE and l range involved in cold collisions, how
ever, this variation is negligible, sincer 0 is sufficiently far
from the turning points both in the classically inaccessi
range for the triplet channel and the classically access
range for the singlet potential.

The problem we thus face is to determine the theoret
dependence of the quantitiesl̄0 , 1

2 l̄11l̄2 , 1
2 s̄11s̄2 , and

s̄T1
on the singlet and triplet increments

DS5D~FS8/FS!r 0
, DT5D~FT8 /FT!r 0

, ~16!

to see if there exist reasonableDS andDT values for which
all four discrepancies can be eliminated simultaneously.

Figure 5 shows the changesDS and DT of logarithmic
derivatives needed to bring the theoretical values of the
servables to within twice the standard deviations from
experimental values. To compress the ranges of largeD val-
ues where the actual differences of the radial wave functi
is small, we have chosen to plotDS and DT in a nonlinear
way: We calculate the corresponding phase changesDfS
andDfT at the deepest points of the two potentials, and v
these quantities linearly along the axis. Note thatDfS will
have to be small relative top to avoid disagreement with
experimental data for the singlet H2 rovibrational states. The
total DfS range included in the figure is certainly larger th
that allowed by these experimental data. The totalDfT range
studied is also larger than it can conceivably be: It runs fr
a very small negative value22.231024, hardly distinguish-
able from the abscissa, whereDT51`, to the value51.34,
indicated by a horizontal dashed line, where the triplet
tential is so deep that a triplet state becomes bound. Pos
values forDfT exceeding 1.34 are excluded because non
the many experiments on spin-polarized atomic hydro
has indicated the existence of a triplet bound state. Nega
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values extending beyond22.231024 are not allowed be-
cause the corresponding value forDT is the maximum pos-
sible value1` for this correction of the logarithmic deriva
tive of the radial wave function. To give an impression of t
degree to which the quantitiesDfS and DfT have con-
verged, we note that the changes of these phase differe
in going from the old to the new H1H potentials@13# are at
most of order 0.001 rad.

Even between these unrealistically wide limits no over
region for all observables simultaneously is found. The o
overlap that occurs is between the pair ofl̄ quantities and
between the pair ofs̄ quantities. We conclude that the optio
of better singlet and triplet potentials for internuclear d
tances where the electron clouds overlap strongly is no
viable solution for the existing discrepancies.

V. INFLUENCE OF MAGNETIC DIPOLE INTERACTION

In our previous calculations@7# we have neglected the
magnetic dipole interaction between the spin magnetic m
ments~electron and proton! of the two atoms, in view of the
general dominance of electric vs magnetic interactions. T
dominance is illustrated, e.g., by the fact that dipolar rel
ation rates are typically three orders of magnitude sma
than spin-exchange rates@19#. We point out, however, tha
interference between the two kinds of amplitude, which
absent in these rates, could give rise to more important c
tributions. Moreover, the hyperfine-induced12 l̄11l̄2 cross
section is by itself a small effect relative tol̄0 , so that the
dipole interaction might in principle resolve the discrepan
in the measured hyperfine-induced frequency shift. This
what we are going to investigate in this section. We rest
ourselves to the electron-electron part of the interatomic
pole interaction, the electron-proton and proton-proton pa
being much weaker.

FIG. 5. Parameter regions in theDS ,DT ~or, equivalently,
DfS ,DfT! plane, where discrepancies in observablesl̄0 ,
1
2 l̄11l̄2 , 1

2 s̄11s̄2 , ands̄T1
are eliminated.
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56 4043DISCREPANCIES IN EXPERIMENTS WITH COLD . . .
On the basis of the structure of theua& and uc& states the
^ausi ua& and^cusi uc& matrix elements are zero forB50, and
negligible for the weak experimental field. We conclude th
no direct dipolar transitions are possible in collisions wh
only ua& or uc& states are involved.

For small values of the collisional quantum numberl the
central interaction is also involved. The combination of the
two interactions can result in a ‘‘two-step’’ process, whe
the dipolar interaction is involved in a transition fromua& to
ua& or uc& to uc&, via a central interaction step betweenua&
and uc&. Considering the quantum Boltzmann equation
cluding the dipole interaction, the frequency shift and bro
ening cross sections are given by

ila2sa5
2p

k2 (
l 8m8

(
lm

@S$aa%,$aa%
l 8m8,lm S$ac%,$ac%

l 8m8,lm* 21#,

ilc2sc5
2p

k2 (
l 8m8

(
lm

@S$ac%,$ac%
l 8m8,lm S$cc%,$cc%

l 8m8,lm* 21#, ~17!

ilb2sb5 ild2sd

5
p

k2 (
l 8m8

(
lm

2S$ab%,$ad%
l 8m8,lm S$cb%,$cd%

l 8m8,lm*

1@S$ad%,$ad%
l 8m8,lm S$cd%,$cd%

l 8m8,lm* 21#.

In comparison with expressions~4! there are some differ
ences. First, in this case also inelasticS-matrix elements con-
tribute. Second, the angular momentum quantum numbel 8
and l are not necessarily identical: Due to the selection ru
of the dipole interaction we havel 85 l 22, l 85 l , or
l 85 l 12, with the exception ofl 85 l 50. In view of the ex-
perimental temperatures of order 1 K, we restrict ourselve
s andd partial waves. For the cross sections in Eq.~17! with
subscriptsb or dp→p, transitions are not forbidden by Bos
symmetry. They are not included in the following, but a
expected to contribute with similar orders of magnitude.

To begin with we note thatS$aa%,$aa%
20,00 5S$aa%,$aa%

00,20 50, be-
cause of angular momentum conservation: The total t
atom spin is zero in both the initial and final states, so thl
has to be conserved. We divide thel contributions additional
to the expressions~4! in three categories. First, the ‘‘dipo
lar’’ transitions taking place only if the dipole interactio
takes part, i.e., contributions told from $ad%→$ab% and
$cd%→$cb% transitions. Second, interference contributio
due to dipolar corrections to central elastic processes
could already take place via the central interaction, i
$ad%→$ad% and $cd%→$cd% contributions told . Third,
contributions tolc with the same character, i.e., involvin
$ca%→$ca% and $cc%→$cc% processes. The first two wil
give a frequency shift proportional tonb or nd , the last one
proportional tonc ~a contribution proportional tona is absent
in view of the above argument!.

In Table II we give results for these additional contrib
tions, calculated for a collision energy of 0.5 K. Clear
comparing with the discrepancies in Table I, we see t
t
e

e

-
-

s

to

-

at
.,

t

these values are far too small to be of any significance. T
are even smaller than could be expected on the basis o
dipolar decay rates. The reason is essentially, as on ana
of the S-matrix elements shows, that the matrix eleme
S$ca%,$cb%

20,00 and S$aa%,$ab%
20,00 are nearly equal, so that the corr

sponding contribution to the frequency shifts vanishes.
conclude that the inclusion of the magnetic dipole interact
does not resolve the12 l̄11l̄2 discrepancy.

VI. CONCLUSIONS

We have reviewed four types of discrepancies betw
experiment and existing theory, connected with cold atom
hydrogen gas samples. Three are associated with the
Kelvin hydrogen maser, one with a pulsed hyperfine m
netic resonance experiment. The discovery of the latter
crepancy in recent work has been of great importance, s
it thereby becomes more probable that the resolution of
inconsistencies has to be found in the theoretical descrip
of the cold H1H collisions. This contrasts with the earlie
discrepancies, all three relating to the hydrogen maser, w
could have been ascribed to an incomplete description of
setup. We have investigated two issues in connection w
the inconsistencies.

First, we have studied the possibility that an addition
term in the collisional Hamiltonian, operating at small inte
nuclear distances in the region of strongly overlapping el
tron clouds, is overlooked in present descriptions of c
atomic collisions. We have shown that no such additio
terms can eliminate all four discrepancies at the same ti
without leading to other inconsistencies, such as the in
duction of triplet H2 bound states.

Second, we have investigated the possibility that the m
netic dipole forces operating between the electron spins,
out in existing theoretical descriptions of the above expe
ments, might lead to significant changes of the predictio
We have found that the additional contributions from th
source fall short by orders of magnitude.

The growing importance of cold collisions in a number
present basic developments~Bose-Einstein condensation
atom lasers, atomic-fountain clocks! underlines the need to
spend further effort to finding a solution for the discrepa
cies. Also in this connection, atomic hydrogen can play
role as a model system, its relative simplicity offering t
possibility to reveal aspects in which the existing cold co
sion theory is incomplete. Recent progress in describing c
collisions of Rb atoms@22,23# makes it possible to turn to
this atom species as a possible second example where
crepancies might be detected in precision experiments
this connection envisaged experiments with a Rb atom
fountain clock@24# would be especially interesting.

TABLE II. Contributions to frequency shift cross sections fro
magnetic dipole interaction, subdivided into three categories.

lc elastic ld elastic ld inelastic

21.03310223 cm2 21.19310225 cm2 21.03310224 cm2
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