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We study the spin-exchange frequency shift of the cryogenic hydrogen maser for B50. A general
expression is derived in terms of populations of ground-state hyperfine levels. The coefficients in
this expression are calculated in the degenerate-internal-states approximation, as well as to first or-
der in the hyperfine plus Zeeman splitting. Numerical results are compared with rigorous coupled-
channel calculations. Some implications are pointed out for the frequency stability of the H maser

in a magnetic field.

I. INTRODUCTION

Almost thirty years after its first realization by Golden-
berg, Kleppner, and Ramsey,' the hydrogen maser con-
tinues to be the most stable of all frequency standards.
For measuring times of about 1 h the relative frequency
instability is observed to be below one part in 10'°. This
extreme stability makes the hydrogen maser a very valu-
able research tool in fields as diverse as physics, astrono-
my, geodesy, and metrology.

As pointed out a decade ago,?® a hydrogen maser
operating at liquid-helium temperature would have an
even better frequency stability. This is mainly due to the
much smaller collisional line broadening at lower temper-
atures, allowing for a larger radiating atom density, and
hence for a larger radiated power without increasing the
atomic linewidth above the room-temperature value.
Furthermore, lower temperatures also increase the
signal-to-noise ratio by decreasing thermal noise, and
help to get a better control of the cavity resonance fre-
quency. A third advantage is the possibility at sub-
Kelvin temperatures to use a very reproducible wall coat-
ing of superfluid helium, with an associated wall frequen-
cy shift going through a minimum at T7=0.52 K,* which
produces a very high thermal stability. Berlinsky and
Hardy® predicted that with such types of cryogenic hy-
drogen masers an improvement in frequency stability of
more than two orders of magnitude over that of a room-
temperature hydrogen maser should be realizable.

Up until now we did not mention the frequency shifts
due to collisions between hydrogen atoms. Analysis of
the effect of spin-exchange collisions® showed that they
shift the maser frequency in the same way as cavity pul-
ling does: via a proportionality to the atomic linewidth.
This opens the possibility to tune the cavity such that
cavity pulling and spin-exchange frequency shifts com-
pensate one another. The above-mentioned papers, how-
ever, all ignored the effect of the hyperfine energy-level
separation during the collisions, which is an essential om-
ission in the case of cryogenic H masers as was shown in
two more recent papers.® The effect of the hyperfine in-
teraction during collisions introduces large frequency
shifts which cannot be eliminated by the above spin-
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exchange cavity tuning method and strongly limit the
achievable stability. For a survey of the present experi-
mental and theoretical situation we refer to Ref. 9.

In this paper we investigate the magnetic field depen-
dence of the spin-exchange frequency shift in the H
maser. This may be of interest for experiments in which
the H maser is operated in a much stronger field than
usual. In this context one could think in the first place of
attempts to improve the frequency stability by eliminat-
ing the hyperfine-induced shift. For this application it
would be essential that persistent-current solenoids and
superconducting magnetic shields make it possible to
operate at a much stronger constant field than usual, out-
side the extreme low-B regime where the first-order fluc-
tuations of transition frequency with B vanish. It is out-
side the scope of the present paper to discuss the techni-
cal possibilities to keep a magnetic field of, for instance,
0.05 T stable to within a required relative variation of
10713, We confine ourselves to the question whether a
magnetic field might eliminate the ‘“dangerous” terms in
the hyperfine-induced spin-exchange frequency shift. To
that end it is necessary to derive the dependence of this
shift on the partial densities of the four 1s hyperfine lev-
els. At first sight it does not look improbable that such
an elimination might succeed. Introducing a magnetic
field of the order of 0.05 T changes the hyperfine spin
wave functions and thus the collision amplitudes
significantly. In addition, we will see that the symmetry
lost in a collision by B0 introduces contributions from
inelastic elements to the frequency shift besides the elas-
tic S-matrix elements, which already play a role for B=0.

A second application is the present experimental ac-
tivity in measuring the various contributions to the spin-
exchange frequency shift. Experimental groups are in-
terested in measuring them as a function of various ex-
perimental parameters, in particular, the atomic density
in the storage bulb, to compare them with theoretical
predictions but also to provide information on the popu-
lation dynamics in the H maser, which is of interest for
the sight into its operation. Extension of such measure-
ments and analyses to B0 would enlarge the scope of
present experiments. The introduction of a stronger
magnetic field not only influences the collisional frequen-
cy shift, but has also a more direct influence on the maser
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41 CRYOGENIC H MASER IN A STRONG B FIELD

operation, for instance, on the maser oscillation condi-
tion.

A third type of application is associated with the use of
the H maser as a precision instrument enabling one to
measure very sensitively certain phenomena in atomic
hydrogen gas. For some of these phenomena it may be
desirable or even essential to operate the maser at
stronger B fields. In this context one could think of the
possibility to detect bulk or surface spin waves, !* as well
as possibilities for measuring magnon effects!! by means
of the cryogenic H maser.

This paper is organized as follows. In Sec. IT we derive
the general expression for the B0 spin-exchange fre-
quency shift starting from the quantum Boltzmann equa-
tion. In Sec. III we evaluate the various terms of zeroth
and first order in the hyperfine level splitting by an exten-
sion of the existing method for B=0. In Sec. IV we
present numerical results of this approach and of the
rigorous coupled-channel method and discuss their appli-
cation to the H maser. Some conclusions will be given in
Sec. V.

pr'|0= _[(I/TZ )O_ist]pmc' ’
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II. SPIN-EXCHANGE FREQUENCY SHIFT
FOR B+#0

We start from the evolution equation’® for the one-
atom spin-density matrix

d ] . . .
prx’+ Z( & &y )pm(’ :pKK’lrad+pKK’|0+pKK"c . (1

The Greek subscripts take values a, b, ¢, and d, the
ground-state hyperfine levels in order of increasing ener-
gy €, The first term on the right-hand side is the radia-
tion term resulting from the interaction of the atomic
magnetic moments with the rf cavity magnetic field. The
second term represents all one-atom terms such as wall
collisions, finite cavity residence time, and interactions
with magnetic field inhomogeneities. The third term, the
collision term, is the primary point of interest in this pa-
per. We are interested in a situation where the cavity
mode is almost resonant with a particular transition
k—k'. For the corresponding density-matrix element the
one-atom and collision terms then have the form

pKK'|C=anKK'2pVV2 [( 1 +8Kl)( 1 +8K'}»)(1+8KV)(1+8K'v)]1/2<v0KK',V~>}\)!h ’ 3)
v A

in which off-resonant terms have been omitted. The com-
plex coefficient (1/T,)y—idw, generally depends in a
complicated way on the values of the diagonal density-
matrix elements p,,, but is independent of p,,.. The com-
plex “cross sections” o, ,_,, describe the contribution
of collisions in which a v-state atom makes a transition to
the A state in colliding with an atom which is in a
coherent superposition of the x and «' states:

o
Oevd =77 2{(21+1>

*
X[STaan (oS fean vy —O] - @)

In this equation Greek subscripts between brackets are a
shorthand notation for normalized symmetric (antisym-
metric) two-body spin states for even (odd) partial wave [.
The S-matrix elements are to be calculated for a common
relative kinetic energy E, =#°k?/my in the entrance
channels {kv} and {«'v}. The brackets ), in Eq. 3)
denote thermal averaging.

The calculation of the collision term is based on a two-
atom Hamiltonian containing, in addition to the central
interaction and hyperfine interactions already included’®
for B=0, the Zeeman term

VZ=[}L9(0e1+0€2)—y.p(0p1+0’p2)]'B 5 (5)

with p,(u,) the electron (proton) magnetic moment and
o the Pauli spin vector. Magnetic dipolar interactions
are again negligible. The collision problem has

SO )grpie XSO2) i, as a symmetry group, i.e., the direct
product of the three-dimensional orbital rotation group
and the two-dimensional spin rotation group about the z
axis (||B). Due to SO(3) orbital symmetry the S matrix is
diagonal in the relative orbital angular momentum quan-
tum numbers / and m;, and independent of m,. This is
taken into account in the notation of Eq. (4). Due to
SO(2)g, symmetry the total spin magnetic quantum
number is conserved. Consequently, for odd / only elastic
S-matrix elements play a role in Eq. (4), i.e., ab—ab,
cb —cb, ad —ad, and cd —cd, the same combinations as
for B=0 but with B70 values. For even / we have the
elastic elements for aa —aa, ac —ac, and cc —cc, and the
inelastic elements for aa<>ac and ac<«scc. The latter were
absent for B=0 for reasons of symmetry: under a com-
bined 180° rotation of the electron and proton spins of a
single atom about an axis in the xy plane |a)—|a) and
[c)——lc), so that |aa) and |cc) are invariant and
[{ac})»— —I{ac}). Note that by the same argument the
equality of the B=0 elastic S-matrix elements for ab and
ad and for cb and cd is lost for B#0.

We now concentrate on the experimental situation in
which kk’=ac. Substituting

Pac(t)Y=py.(0)expli(e, —€,)/A+id—1/T, ]t (6)

in Eq. (1), we find without radiation term the total fre-
quency shift and total atomic linewidth

Sw=06w,+dw, , (7
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1/T,=(1/T,)y+(1/T,), . (8)

Here the collisional contributions are related to the cross
sections by

b, =ny (v >[(Pcc —paa)xo+(pcc +paa)xl
+ X+ (Paa —Pos A3 ©)

( 1/TZ )c :nH< v )[(pcc —paa)ao—'—(pcc +paa)al

+T,+(paa—pPss)73] (10)
with
l}‘O_aozaac,c—»c T Oaca—a Tac,a—c +0ac,c—-a ’
l}") _alzaac,cqc +0ac,a—>a +Gac,a~»c +Uac,c—»a

— 1 —1
70ac,b—>b 70ac,dA+d ’
(1

W | 1
iAy—0o, 70ac,d—d T30 acb—b »

; —_ =1 — 1
IA3—=03=30404.d 270 ac,b—b *

Note that the new py; —p,, terms arise because of the
above-mentioned loss of symmetry.

III. COLLISIONAL SHIFT AND BROADENING

Apparently, the collisional frequency shift and line
broadening can be determined once the S matrix has been
calculated. As for B=0, this has been done both by the
coupled-channel method and by approximate methods.
We refer to Refs. 7 and 8 for a description of the
coupled-channel method as applied to the H maser.

A. Degenerate internal states

The calculation is much easier when energy differences
of internal states are neglected. The advantage of this ap-
proximation is that the internal atomic Hamiltonian
reduces effectively to a constant times the unit operator.
Using this, one can turn to a new basis of internal states
to simplify the collision problem, i.e., the internal basis
with total electron and proton spin quantum numbers
SM¢IM,;, which diagonalizes the interatomic interaction.
With respect to this basis the coupled-channel problem
reduces to a simple potential-scattering problem for sing-
let and triplet scattering separately.

For B=0 this approximation was relatively straightfor-
ward to apply. In Refs. 7 and 8 we obtained results in
agreement with expressions obtained previously.® It is
less trivial how the approximation is to be applied most
effectively to the inelastic processes for B#0. We have
shown previously'>!3 that spin-exchange and dipolar
transitions in H+H scattering in the sub-Kelvin regime
can be described very successfully if one does not replace
an S-matrix element as a whole by its value for degen-
erate internal states (DIS), but rather a related quantity:
one first splits off two factors depending on initial and
final channel wave numbers and subsequently approxi-
mates the remaining quantity by its value for degenerate
internal states, i.e., equal wave numbers in all channels.
Simple expressions in terms of scattering lengths, but still
rather accurate for low energies, are obtained by calculat-
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ing the remaining quantity in the zero-energy limit (van-
ishing wave numbers). For somewhat higher energies ac-
curate agreement with coupled-channel values is obtained
by taking the collision energy equal to the average of ini-
tial and final relative kinetic energies. Recently we ap-
plied the same so-called DIS method to the scattering of
dressed H atoms in a microwave trap'* and to the
reflection of H atoms from a superfluid *He surface. 1°

As an example we give the S-matrix element for the
ac —aa transition (even [),

SI —(kaakac/E2)1+l/2%\/§

aa,{ac}] —
X sin40(exp2i 8 —exp2i8!) . (12)

In this expression k,.(k,,) is the initial (final) wave num-
ber, k is their “average,” 81(8g) is the triplet (singlet)
scattering phase, and 0 is the usual B-dependent angle
characterizing the hyperfine states
T
<f=—
0 7 (13)

Making use of such expressions the A; and o; cross sec-
tions are easily obtained,

0=jarctanB,/B, B,=ia/(u,+u,),

AP = 5%( 1—3cos®20) 3 (21 +1)sin2A8',
! even

DIS) — 5 (DIS) —
APISI= )P =q ,

APIS) = fscoszg 3 (21 +1)sin2A8’

! odd
oP®=—"_sinM46 3 (2l +1)x", (14)
8k I even
oP®'=-" 3 (21 +1)[(1+cos?20)sin’A8'+ Lsin’46 x', ]
| even
— 3 (21 +1)(1+cos26)sin’A8’
! odd

UgDIS)—_-i% 3 (21 +1)(1+cos?20)sin?A8’
! odd

o{P®=0 ,

in which A8’ stands for 8/ — 8% and the y coefficients for
YL (k)=(kk . /k %) T 1sin?A8%,
+(kk _ 7k 2 )2 T 1sin?A8'. —2sin’A8’
_ (15)
x_(k)=(kk . /k %) " lsin?A8%
—(kk _ /k %) T lsinA8), .

In these expressions k is the wave number in the entrance
channel, k . is a larger wave number obtained by adding
the a-c level splitting at the magnetic field strength con-
sidered to the initial relative kinetic energy, and k _ is a
similar wave number found by subtracting the same split-
ting. Furthermore, k. and k _ are wave numbers corre-
sponding to averaged initial and final kinetic energies.
Finally, A8 and A8’ are the A8’ phase differences at the
average wave numbers k., and k _.

Apparently, AP and AP™S) vanish as for B=0. This
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is a central conclusion of the present paper. For B=0 we
obtained dangerous A; and A, terms only as a correction
of first order in the hyperfine level splitting. Nonvanish-
ing values of A{P™S and ASP™S) for B#0 would have im-
plied the possibility of a drastic change of these parame-
ters already upon application of a weak magnetic field
and hence, in principle, the possibility of a vanishing or
density independent frequency stability parameter’ (0.
On the basis of the above-mentioned result we can only
expect a nonvanishing value of A; and A, for B0 in first
order in the hyperfine level splitting. Intuitively, one
thus expects that the purpose of eliminating the effect of
the dangerous terms can only be achieved with stronger
B fields at least of order B, ~50.7 mT.

One can understand the vanishing values of A| and
APIS) on the basis of a symmetry argument. Since the
DIS two-body Hamiltonian no longer contains the two
proton spins, one can carry out the above 180° rotations
for electron and protons about perpendicular axes in the
xy plane. This induces the transformations |a ) —ilc),
le)——ila), |b)—ild), and |d)— —ilb), so that
laa ) — —lcc ), etc. As a consequence, the cross sections
o and o are complex conjugated, as are

DIS)

ac,a—a ac,c—c :
Oacppand o, 4 4, whileo, , . and o, ., are real
By the same symmetry argument o °™S'=0.

B. First-order correction

The vanishing values of A, and A, for degenerate inter-
nal states prompt us to resort to a more rigorous ap-
proach for gaining insight into the B0 frequency stabil-
ity. This leads us to calculate first-order corrections in
the hyperfine level splittings. As pointed out in Refs. 7
and 8, these cannot be calculated by straightforward
first-order perturbation theory, i.e., the Born approxima-
tion: The perturbation VM+VZ—g, in which £ is the
average internal energy, does not fall off with interatomic
distance, so that distorted-wave Born integrals do not
converge. We have shown that a first-order method pre-
viously devised for nuclear reactions'® can also be applied
successfully to individual partial waves in sub-Kelvin
H+H elastic scattering. In this paper we have to deal
also with inelastic S-matrix elements, i.e., we would like
to dispose of a first-order correction to the above-
mentioned DIS approximation. The following elegant ex-
pression can be derived:!’

AS{ap) japy = kapkag/k 2 T2
X ({a'B'}|(Py—Ps)(VM+VZ—F)
X (Pr—Pg)|{aB})AUK), (16)

where
_ im r
Al(k)_—_i_ﬁy f O(uIT(O)_ué(O))Zdr
1 10 clio)y2
+ —(S7+” =S
2k °T s
X W, 0,(I;,r),i_01(1?,r)] y . am
ok
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For the notation we refer to Refs. 7 and 8. The integral
term in Eq. (17) is the Born-type integral that would have
been obtained with a perturbation ¥"+¥Z—g confined
to a sphere with radius 7 in relative orbital space, enclos-
ing the range of the central interaction V“(r). The Wron-
skian surface term takes into account the effect of the
perturbation outside this sphere.

As an example we give the expression for one of the in-
elastic S-matrix elements, corresponding to the zeroth-
order equation (12),

ASy ae) =K gakge /K ) F121V72
—Ep,— Ed
#

Making use of such expressions we find the hyperfine-
plus-Zeeman—-induced frequency-shift parameters

2e, —
X sin46 ANk . (18)

Mg% 3 (20 + D[(L—2cos26)ImEL
! even .
— 1sin26 cos20Imn],
AM=—"2 3 (20 +1)isin26 Im(Er +£5)
#ik® [ odd
— 7% 3 (21 +1)(sin20 Imgh,
[ even
+1sin26 cos?26 Im7n’, ) ,
AL, = — 7”’2 3 (21 +1)1sin20 Im(EL+£%)
Ak odd
AA=0,
(19)
ma .
Ac,= (21 +1)sin20
0 ﬁkz Iezven
X {Re&h—Lcos™20
X Re[2(6F— ) +1L 1)
e
+ Lsin’46Ren', ],
AUZ—O »
ma .
Ao,=— o 12dd(21 +1)§sm40Re(§’T—§ls) ,

in which the shorthand notation

sl
2i8h(k)

EL(k)=A"(k)e (20)

has been introduced for triplet scattering and similarly
for the singlet case, while

'\ (k)=(kk, /k 2 gk, ) —EL(k )]
+(kk /K2 EN K ) —EL(Kk )]
—2[&(k)—E5(K)] ,

' (k)=(kk, /K2 )T E (k. ) —EL(k )]
—(kk . /K 2P EN R ) —ENR )] .

21
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IV. NUMERICAL RESULTS
AND CONSEQUENCES FOR H MASER

The introduction of a strong B field has a number of
consequences for the operation of the hydrogen maser
which are associated with the dependence of hyperfine
spin functions and level splittings on B. In the first place
the coupling of the a and c levels due to the interaction
with the magnetic field of the radiation mode varies with
B. As a consequence, B has a direct influence on the
maser operation and in particular on the oscillation con-
dition. This can be derived in complete analogy to the
B=0 case.!® The result is

n V C 2 ( C_ aa)
1 _"Mn » QcbatbeM(pec —pP 0 in226 | 22)
T,T, #V.T,

where (p,. —paq.)o characterizes the substate populations
for the H atoms entering the cavity. The further notation
follows Ref. 18.

A second effect, on which we have concentrated al-
ready in the foregoing, is the influence of B on H+H col-
lisions and consequently on hyperfine population dynam-
ics and collisional frequency shift. Elastic S-matrix ele-
ments, which already determine this frequency shift for
B=0, change considerably by the introduction of a B
field of, for instance, 0.05 T. In addition, significant con-
tributions from inelastic transitions are introduced.

We evaluated the above-mentioned DIS frequency pa-
rameters corrected to first order for the hyperfine level
splitting. The total parameters have also been calculated
rigorously using the coupled-channel method. Devia-
tions are expected to occur close to and below inelastic
thresholds, for instance, in the aa channel due to the cc
channel. As for B =0, discontinuities due to these
thresholds are described by the coupled-channel method,
but not by the DIS approximation plus first-order correc-
tion. Despite these shortcomings, the DIS plus first-
order method is very useful because it leads to more ex-
plicit expressions, especially with respect to the B depen-
dence, which facilitates qualitative insight. In addition, it
serves as an important test case for the coupled-channel
calculations.

In Fig. 1 we present the A and o parameters as a func-
tion of B at a fixed collision energy of 0.6 K, as predicted
by the coupled-channel calculations. It turns out that the
field dependence is remarkably accurately (to the percent
level relative to the values at the maxima) described by
the simple DIS plus first-order polynomials in sin28 and
cos26 of the expressions (14) and (19). In particular, the
sin26 proportionality of A, and A, is fully confirmed, as
well as the 1+cos?20 dependence of o, and o,. It is also
of interest to point to the change of sign of A, at B=35.9
mT, due to its 1— 3 cos?20 field dependence. At this field
strength the spin-exchange tuned cavity frequency is ex-
pected to be equal to the atomic frequency. We note also
that Ay, A;, 0, and o, are dominated by their DIS contri-
butions and A, A,, and o by their first-order parts. The
o, cross section receives significant contributions from
both zeroth- and first-order parts.

The same characteristics are found at higher collision
energies. As pointed out previously, for lower collision
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FIG. 1. Magnetic field dependence of frequency-shift param-
eters for fixed collision energy 0.6 K.

energies pronounced deviations occur due to thresholds
in inelastically coupled channels. The Boltzmann aver-
aged frequency shift parameters at the relevant tempera-
tures 7=0.52 K and higher are, however, much less sen-
sitive to such deviations. Using the simple field depen-
dences, the A; and &, parameters may be expressed sim-
ply in their previously given values”?® for B=0, except for
Go A3, and 75 The latter two are “new” parameters,
which vanish at B=0. In Fig. 2 we give them at
B =B;=50.7 mT. Values for other fields may be ob-
tained from their field dependences cos26 and sin46, re-
spectively. Furthermore, &, can be expressed linearly in

terms of its previously given values at B=0 and those at
B =B,,

Go(B, T)=5(0, T)sin26(1—2 cos’26)
+G(Bo, T)2V 2 sin26 cos26 . (23)

In Fig. 2 we also present G (B, T).

We now turn to the implications of a stronger B field
for the frequency stability. With present experimental
possibilities in connection with hyperfine state selection
in H masers it is possible to inject equal populations of
the b and d hyperfine levels into the storage bulb. Mak-
ing use of conservation of the total electronic plus nu-
clear spin projection along B, one thus expects that the
Pdd —Pss term in the frequency shift can be sufficiently el-
iminated. We are then left with a collisional frequency
shift of the form

8wcznli(v)[(pcc —paa)x0+(pcc +paa)X1+X2] ’ 24)

with coefficients )_»,»(B, T) . From a self-consistent calcula-
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FIG. 2. Temperature dependence of &,, A3, and 7, for fixed
magnetic field B, =~50.7 mT.

tion of the H-maser oscillation similar to that for B=0,
we again find p.. —p,, to be proportional to the trans-
verse relaxation rate

AV, (1+A?%)
mypol e + 1, ) nQ, Vysin*26

which again contains a B-dependent sin?26 factor. For
the further notation we refer to Ref. 7. It follows that the
spin-exchange cavity tuning procedure can still be used to
eliminate the p.. —p,, term of the frequency shift. On the
basis of the usual very weak magnetic field the remaining
frequency shift could not be eliminated by a similar cavi-
ty tuning procedure. For the prospects for B#0 to be
more favorable, it should be possible to write the shift as
a linear function of

T =(T7 o+ ng ()T pe +pa)+2] . (26)

Pec " Paa™ Tz_l , (25

In this equation we have left out a negligible To(p.. —p,,)
term. Clearly, the remaining collisional frequency shift is
insensitive to experimental fluctuations in ny if the di-
mensionless frequency-shift parameter

)_"l(pcc +paa)+12

Q=— (27)
El(pcc +paa)+52

is zero or at least independent of p_. +p,,-
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For B#0 it follows from Eq. (14) that Q is again a
hyperfine splitting induced quantity. From Fig. 1 and
Refs. 7 and 8 it follows that A; and X, are both negative
and @, and @, both positive for all reasonable field
strengths, so that a value zero for 1 cannot be expected
to be achieved. In fact, because of the similar field depen-
dences of A| and A,, and of o and o,, ) depends on B
via a sin260/(1+ cos?26) overall factor.

The next-best possibility, an ) value independent of
Pec TPagy Would be possible when for certain B the ratio
X,/X, would be equal to 7,/5, at T=0.52 K. Since these
ratios are in good approximation field independent, this
weaker condition is already excluded by our previous
B=0 results: 7,/0, is at least two orders of magnitude
smaller than A,/X;. We conclude that a stronger B field
does not create new possibilities to eliminate the frequen-
cy instability associated with fluctuations in n.

V. CONCLUSIONS

The operation of the (cryogenic) H maser, especially its
recent recirculating version, depends on a complicated in-
terplay of hyperfine level occupations and coherences. A
valuable source of information on these quantities is the
maser oscillation frequency. From its measured value as
a function of experimental parameters such as cavity fre-
quency and atomic flux, and using its dependence on level
populations it is possible to gain information on the pop-
ulation dynamics. From this point of view it would seem
very useful to introduce an external constant magnetic
field as an additional experimental parameter to diagnose
the population dynamics. In this paper we have predict-
ed the theoretical B dependence of the maser oscillation
frequency needed for the above-mentioned analysis. We
have derived a B0 expression for the collisional fre-
quency shift in terms of hyperfine level populations. The
coefficients A; in this expression, as well as the corre-
sponding quantities &; determining the transverse relaxa-
tion rate, have been calculated in zeroth and first order in
the hyperfine level splittings, as well as on the basis of the
rigorous coupled-channel method.

A second context in which our results might be useful
is associated with a possible use of the (cryogenic) hydro-
gen maser as a precision instrument for measuring
specific phenomena in a dilute quantum gas. Insofar as
an external magnetic field is essential for such effects, for
instance, in the case of nuclear or electronic spin waves in
atomic hydrogen, it is essential to understand the
influence of a B field on the operation of the H maser.

Finally, we have discussed the implications of our cal-
culated frequency-shift parameters for the frequency sta-
bility of the cryogenic H maser. We find that the intro-
duction of a stronger B field does not eliminate the source
of frequency instabilities pointed out previously for the
conventional setup based on a very weak B field.
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