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Measurement of atomic-hydrogen spin-exchange parameters at 0.5 K
using a cryogenic hydrogen maser
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Using a cryogenic hydrogen maser, suitably modified to have electronic control of both the resonance
frequency and the quality factor of the external cavity, we have measured a number of spin-exchange param-
eters for an atomic-hydrogefH) gas at a temperature of 0.5 K. These results are relevant to the ultimate
achievable frequency stability for cryogenic H masers and, when coupled with accurate calculations of the
spin-exchange parameters, serve as a sensitive test of the H-H interatomic potentials. We find evidence for a
frequency shift not predicted by semiclassical theories of spin exchange. In the context of a fully quantum
mechanical hydrogen-atom spin-exchange th¢Bryd. Verhaaet al, Phys. Rev. A35, 3825(1987 and J. M.

V. A. Koelmanet al, Phys. Rev. A38, 3535(1988], this frequency shift is attributed to the influence of
hyperfine interactions during spin-exchange collisions. Our findings are generally in agreement with these
predictions; however, the sign of the hyperfine-induced frequency shift appears to differ from theory.

PACS numbgs): 34.90+q, 06.30.Ft, 84.40.1k, 67.65z

[. INTRODUCTION gen atoms are continuously circulated between the maser
cavity and a microwave pumped state inveftEt]. The in-
One of the technological benefits resulting from effortsherently cryogenic nature of this maser offers many advan-
during the early 1980's to achieve Bose-Einstein condensdages over conventional designs.
tion in atomic hydrogen was the ability to store and manipu- At about the same time, Verhaar and several of his col-
|ate gases Of these atoms at temperatures be'ow 1 K. In pdﬁborators presented a fu”y quantum mechanical treatment of
ticular, it became possible to conceive of operating hydrogef€ hydrogen-atom spin-exchange problem and calculated

masers, the most stable of all frequency sources for intermdh€ rélevant parameters over a wide range of temperatures
n12-14. Their results indicated that at low temperatures,

diate averaging times, at very low temperatures. The advan- i - ;
tages of low-temperature operation, which include weakeFOth the frequency shifts and line broadening caused by col-

collisional broadening, lower thermal noise, and less sensitooNS between H atoms are more complicated functions of

tivity to thermal perturbations, were first discussed by Vesso he hyperfme level populapon; than at room temperature.
et al. [1] and Cramptoret al. [2]. Detailed analyses of po- hey |nve§t|gated the |mpI|cat|ons of their calculations for
i t'. T tabilit C by Hard dM the operation of cryogenic H masers and concluded that the
ential frequency Stability were given by Hnardy and VOImow qqyentional methodl15] used to suppress the influence of
[3] and Berlinsky and Hardj4]. Estimates of fractional fre-

) i1 s atomic density fluctuations on the maser oscillation fre-
quency stabilities as high as one part in"lover periods of  o,encyf would not be nearly as effective at low tempera-

1 h were derived, representing a thousandfold improvemen,res 1n the absence of an alternative scheme for decoupling
over existing masers. _f from its dependence on the atomic density, this implied that
In rapid succession, three groups observed maser oscillgmrlier estimates of potential frequency stability were likely

tions below 1 K[5-7] using van der Waals films of super- not achievable.

fluid liquid “He (I-“He) as wall coatings. The University of  |n this article we describe our investigations of H-atom
British Columbia(UBC) cryogenic hydrogen mas¢CHM)  spin-exchange collisions at 0.5 K using a modified version of
exhibited a stability greater than that of the best conventionalhe UBC CHM. Specifically, we have undertaken an experi-
H masers over shoftl—3 se¢ averaging time$8,9], in rea-  ment designed to examine the behavior of the oscillation
sonable agreement with expectatidngnlike conventional frequency of the maser as a function of the tuning and qual-
H masers which are based on an atomic beam appdfidl)s ity factor of the external resonator, as well as the atomic
the UBC CHM is a recirculating device in which the hydro- density within the storage bulb. Analysis of the data in terms
of the fully quantum mechanical H-atom spin-exchange

theory allows us to extract a number of frequency shift and

* Present address: Department of Condensed Matter and Thermlatoadening cross sections relevant to the ultimate achievable
Physics, MS K764, Los Alamos National Laboratory, Los Alamos, frequency stability of cryogenic H masers. When coupled

NM 87545. with accurate calculations of the spin-exchange parameters,
Present address: Schlumberger-Doll Research, Old Quarry Roathe data should also prove to be a sensitive test of the H-H
Ridgefield, CT 06877. interatomic potentials.

Meaningful stability measurements over longer averaging times We begin, in Sec. I, with a review of spin-exchange col-
were not possible due to the lack of suitable reference sources avalisions and the influence they have on the operation of a
able to the UBC group. hydrogen maser. This is followed in Sec. Il by a description
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of the experimental apparatus with emphasis on modifica-
tions made to the UBC CHM for the purpose of this work. In
Sec. IV we outline our experimental procedures and then in
Sec. V our data is analyzed in terms of the spin-exchange
theory of Verhaar and collaborators. The implications of this
work are discussed in Sec. VI.

II. SPIN-EXCHANGE AND CAVITY PULLING

In a dilute gas of paramagnetic atoms, interatomic colli-
sions cause the hyperfine levels to shift and broaden or, more
generally, add terms to the evolution of the single-atom den-
sity matrix. These so-called spin-exchange effects play a cen-
tral role in the details of the operation and stability of the

hydrogen maser. During the 1960s a number of authors me=0

treated these collisional effects in a degenerate internal states ' '

(DIS) approximation, which ignores hyperfine interactions 0.00 0.05 0.10 0.15

during collisions[15-18. In this approximation, the fre- Magnetic Field (T)

guency shift of theAF=1, Amg=0 hyperfine transition is

exactly proportional to the overall rate of collisiortand FIG. 1. Energies of the four hyperfine states of the ground elec-

therefore to the atom densjtgnd to the difference between yonic state of the hydrogen atom as a function of magnetic field.
the relative populations of thez=0 levels. Making use of These states are labelg), |b), |c), and|d) in order of increasing
the fact that pulling of the resonance by a detuning of thesnergy in low magnetic fields. Atoms in tha) and|b) states are
microwave cavity is proportional to the same factors, Crampdrawn towards regions of high magnetic field and are referred to as
ton [15,18 showed that for a certain detuning the masinghigh field seekersConversely, atoms in thig) and|d) states are
frequency became independent of the H density in the cavityeferred to asow field seekersH masers are operated on {fog to
This procedure has since come to be known as spina) or AF=1, Am:=0 transition which near zero field occurs at
exchange tuning and is a critical step in the operation of anywo/27=1420.405 751 MHz. The effective temperature of the zero-
high-stability hydrogen maser. field splitting is7 wo/kg~68 mK.

Crampton and Wang reexamined this problem in 1975
[19], using a semiclassical approach to include hyperfine inAmg=0 transition (i.e., the a-c transition due to spin-
teractions during spin-exchange collisions. An additional fre€xchange collisions are given in the VKSLC theory as
qguency shift that is not suppressed by the usual spin-
exchange tuning procedure was predicted. They obtained . N NI P
experirr?ental ev?depnce for such arF: effect usingé conven- © 0 [No(pcc—Paa) + Ma(pect paa) T N2Jony, (1)
tional maser operating at room temperature. The magnitude . _ o
of the shift, however, was small enough that it was of little Ie=[0o(pcc—paa) T T1(pcct paa) T o2]ony, (2
practical importance. _

With the advent of cryogenic H masers which are generwhere the\; and o; are thermally averaged spin-exchange
ally operated at much higher densities, and which potentiallfrequency shift and broadening cross sectiong, is the
have greater intrinsic frequency stabilities, it became imporatomic densityp is the 4<4 single-atom spin density ma-
tant to examine the issue more carefully. In two importantyrix, and
papers Verhaar and co-workdi2,13 (hereafter referred to
as VKSLQ presented the first fully quantum mechanical _
treatment of hydrogen-atom spin-exchange collisions. They v=\16kgT/mm,
also investigated in detail how an operating maser would be
affected by instabilities in the atom collision rate, or equiva-is the mean relative velocity of the hydrogen atoms with
lently, the H-atom density. Their calculations show that whilemassmy. In writing Eg. (1) we have denoted the density
none of the spin-exchange terms in the density matrix arédependent frequency by,. In practice, this frequency
actually larger at 0.5 Kthe operating temperature of the Will differ from the unperturbed atomic hyperfine transition
UBC CHM) than at room temperature, the interplay betweerfrequency at the appropriate bias field by additional density-
the various terms is such that spin-exchange tuning is leg§dependent frequency shifts such as those caused by colli-
effective at cryogenic temperatures. sions of the H atoms with the storage bulb walls or with a

In low but finite magnetic field where coherences are onlybuffer gas. Referendd 3] gives theoretical values of and
induced between thg) and|c) hyperfine statés(see Fig. o; for temperatures ranging from 18 to 1¢° K. In Table |
1), the frequency shift and atomic linewidth of tdeF=1, we list several values of the important produdi® and

;v at temperatures relevant to the operation of both conven-
tional and cryogenic H masef20].
2We have adopted the notation where the four hyperfine states of In addition to the direct spin-exchange frequency shift
the electronic ground state of the H atom are labged |b),  represented by Eql), the oscillation frequency of the maser
|c), and|d) in order of increasing energy in low magnetic field. is indirectly influenced by spin-exchange broadenfig.

()
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TABLE |. Calculated value$13,2Q of the spin-exchange fre- is much smaller than the sunp{.+ p,.). The broadening

quency shift parameteigv and broadening parameterg inunits  term in Eq.(2) proportional to p..— p,2) iS thus very small

of cn/s. and can be neglected. The full expression describing the

combined spin-exchange/cavity pulling frequency shift of an

T= i .
oscillating H maser can therefore be written:
Parameter 05K 300 K w—wo=[A+,3)\_o(1+A2)]Fo
NoD -1.72x10" ! —32x107! — P —
Xll_) —2.57X10_14 1.3)(10_13 +{%+B7\0(1+A_)][Ul(pcc+l)aa)+0'2]
XZE —1.67x1071 —24x107" +[)\1(Pcc+Paa)+)\Z]}5nH= 9
Tov 5.93x 10714 —-92x10714
.0 7.59% 10713 —2.1x1071 or
0,0 1.08x 1071 4.3x1071°

w—wo=[A+BN\o(1+A2) T —QT,, (10)

(2)] via the process of cavity pulling. An offset between the,,here e have adopted the notation of VKSLC in defining
resonant frequency, of the cavity and the oscillation fre- 1 qimensionless hyperfine-inducetl-i) frequency shift
guency of the maser leads to a frequency shift that is PropOisarameter
tional to the ful? atomic linewidthr':

M(pect Pac) + A
w—w.=AT, (4) Q=—_l <22 _2 . (11
01(pect Paa) T 10,

where the cavity detuning is defined by
The advantage to writing — wq in this way is that one can

clearly see the effects of including hyperfine interactions in
(5) the spin-exchange calculations: in the DIS approximation
Q is identically equal to zefoand therefore there exists a

) ) . detuning
and Q, is the loaded quality factor of the maser cavity. A

single expression describing the shift of the maser oscillation A=A'=— [3)\_0+ O(Bg’\_g) (12)
frequency caused by spin-exchange and cavity detuning ef-

fects can be obtained by first imposing the requirement that | . _— .
the oscillating magnetizatioM within the storage bulb be which makes the oscillation frequency independent of the

consistent with its own radiation field within the resonator. feuxncﬁ;%m:/;g/eir"dtaﬂa a?ri V\Sgﬁg ms::?f(;ttze;zrtgeTﬁ; Sisl?h-e
This allows one to write the steady-state population inver- N9 vity puling Trequency : '

. " classical spin-exchange criterion derived by Crampton
sion within the resonator as

[15,18 and which has been used with great success in stabi-
lizing H masers ever sindel0]. The inclusion of hyperfine

wc—w)

(O]

B 2 interactions during spin-exchange collisidias discussed by
(pCC_paa)nH_f(lJrA )T, © VKSLC results in a nonzeré). At room temperature, how-
ever, the value of) is small[~3X 10" with (pcct pPas)
where for convenience we have defined =0.5[13]] and one finds that in practice it does not limit the
frequency stability of conventional H masers. As the tem-
a0 perature of the H-atom gas is lowered, these effects can no
= = (7) longer be neglected. Intra-atomic hyperfine interactions fun-
HonQifi(yet vp) damentally alter the rotational symmetry of the scattering

i , . problem by coupling the electronic and nuclear spins. The
7 being the effective *filling factor” for the storage bulb, ,a4nitude of) is expected to increase by a factor of about
andy, andy, the absolute values of the gyromagnetic ratios,5q 55 the temperature is lowered from 300 to 0.5 K. Under
of the eIectron_ and proton, respectively. We then assume th@lese conditions it is not possible completelyeliminate the
the only density-dependent part of the linewidth is that dugyensity dependence of the maser oscillation frequency. Fol-
to spin-exchange collisions, i.e., lowing Koelmanet al. [13,14 one can define a modified
spin-exchange tuning criterion
I'=To+I, ) _
A=A"~—(Br— ), (13
wherel'. is given by Eq.(2) and all other contributions to
the linewidth are contained in the tediy. As a result of the o
dynamics of an oscillating maser, the differenge. p.2) “In the DIS approximation one findg,=\,=0 anda,=0, leav-
ing \g, o;, ando, as the relevant parameters of the theory.
>The semiclassical theory developed by Crampton and Wa9l
3i.e., T includes all sources of broadening. predicted a nonzero value fap in addition to the usual DIS terms.
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where the oscillation frequency is made independent of thef H atoms to the cold walfsand allows the maser to be
collision-dependent part of the linewidth,. This tuning operated at temperatures as low as 230 mK. From the stand-
leaves the maser frequency offset frasg by QI'g. Unfor-  point of minimizing temperature-induced frequency fluctua-
tunatelyQ) depends upon the sump{.+ psa), Which in gen-  tions, the optimum operating temperature for the maser is of
eral depends upon the H-atom density and also on therder 0.5 K. The exact temperature at which this occurs is
strength of relaxation processes other than spin-exchange geometry dependent; it is the temperature at which the com-
a complicated way. Fluctuations in these parameters are thined frequency shift due to collisions between the H atoms
coupled to the maser oscillation frequency. In addition, theand the liquid*He walls and that due to collisions with the
frequ.en_cy offset is (_jirec.tly affected by changes in the4ye yapor passes through a minimyas).
density-independent linewidth, . H atoms are produced from solid moleculas Heposited

on the walls of a low-temperature rf discharge souUr24l.

The rapid initiation of this discharge is facilitated by an in-

IIl. TECHNICAL DETAILS ternal ®°Co source ofg particles. Normally the atom source

The design, operation, and performance of the UBC CHMS operated in a pulsed mode 4$ec duration, 0.4 W peak
have been described previougl§,8,9,11,21,22 The most  Power, 0.1 st repetition ratg to compensate for the slow
comprehensive review of the device is that found in Rgf.  decay of the H-atom density caused by recombingiti2).
Here, we only summarize a number of topics relevant to thé\ large buffer volume(260 cnv’) was added prior to these
present experiment. experiments and acts to smooth out fluctuations in the atomic

density caused by the pulsed discharge; it also reduces the
area to volume ratioA/V) of the maser and hence prolongs
A. Design and operation of the maser the recombination lifetime of the H atoms, which can be of

In conventional hydrogen masers, a beam of atomic hyorder many hours at the lower densities.
drogen is created and passed through a “state-selecting” re- A schematic diagram of the UBC CHM which illustrates
gion, typically the axis of a hexapolar magnetic field, suchthe interconnection of various elements of the maser is
that only atoms in the two upper hyperfine levels)(and ~ shown in Fig. 2. The maser proper consists of a storage bulb
|d)) are focused onto the entrance of a storage bulb situate@ghd a state selector connected by a long “atom” tube. The
within a low loss microwave cavity. This resonator is tunedstorage bulb is located along the axis of a 1420-MHz split
to the a-c hyperfine transition frequency. When the densityring resonatofsee Fig. 3which in turn lies along the axis of
difference between thfe) and|a) states exceeds a certain a superconducting Pb shield. The Pb shield is used to trap a
threshold, stable maser action can be observed. homogeneous longitudinal bias field of about 100 mGauss

The fully cryogenic design of the UBC CHM differs radi- which not only sets a quantization axis for the H atoms but
cally from that of conventional masers, eliminating mostalso suppresses cross relaxation between the upper three hy-
problems associated with the introduction of an atomic beanperfine states within the storage bulb. The split ring resonator
into a cryogenic environmefitAs described below, the UBC [29] produces a longitudinal rf magnetic field which couples
CHM is a recirculating device in which H atoms are first to the H-atom systerfi30,31]. It is used both as the micro-
produced in a cryogenic sour¢24] and then continuously wave resonator for maser operation and as a means of inter-
circulated between a state selection region “state in- rogating the atomic gas with pulsed magnetic resonance
verter”) where they are prepared in the upper hyperfingechniques. The 5-chPyrex glass storage bulb is located
states, and the maser bulb, where they interact with the minside a thermalizing bath of superfluiefHe, which ensures
crowave cavity. Since the recombination lifetime of the at-a uniform temperature for the gas of H atoms. The atom tube
oms [25,2€ at the operating temperatures and densities ofind the storage bulb are connected via an orifice which sets
the maser is very long, the atoms repeat this cycle manthe mean residency time of the atoms in the bulb. The state
times before eventually reacting with other H atoms to formselector consists of a rectangular p)j 40-GHz microwave
Hs. cavity inside a 1.4-Tesla superconducting solenoid. The field

The UBC CHM is housed within a commercial dilution is tuned such that the cavity can be used to pump either the
refrigerator fitted with a custom designed, home-built, dilu-|a) to |d) or the|b) to |c) ESR transition. Throughout the
tion unit [27]. It comprises several distinct interconnectedwork we report here, the output frequency of the backward
volumes, all of which are coated internally with a saturatedwvave oscillato? (BWO) used to power the state selector was
superfluid film ofl-*He. This film suppresses the adsorption frequency stabilized to within a few tens of kHz using a

guartz crystal oscillator. Variations in the output power level
of the BWO were monitored and maintained at less than 1%.
5The principle advantage of this type of approach is related to the

need for superfluid-*He wall coatings to reduce adsorption of H
atoms to the inner walls of the maser. In order to bring a noncryo- ‘The adsorption energy of the H atomltdHe is of order 1 K; the
genic atomic beam into this environment, it is necessary to breaknost accurate measurement of this energy was in fact made using
the superfluid film at some point. The subsequent refluxing ofthe UBC CHM[9,11]. Note that unlike the H atom, the ;Hmol-
“He vapor driven by thermal gradients can be the source of severecule can penetrate tHe*He film and adsorb to the underlying
heat loads in a cryogenic environmd@8]. Furthermore, it neces- substrate [28]. This self-cleansing mechanism eliminates the
sitates the use of high-capacity pumps to keep“He vapor den-  buildup of H, within the maser.
sity low enough so as not to attenuate the atomic beam. 8Micro-Power model 221.
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. / 1 — Kk FIG. 3. Details of the UBC CHM 1420-MHz microwave reso-
J Sul nator and storage bulb showir(@) the inner(storagé bulb, (b)
E;ZWFS:SO”“O?W outer (thermalizing bulb which is filled withl-*He, (c) 1420-MHz
split-ring resonator(d) atom tube leading to the state seledteee
b — L - Fig. 2), (e) orifice, and(f) the mechanical tuning and coupling as-
sembly (coaxial feed line not shownAlso indicated is the place-
[ #

ment of (g) the electronic “tuning ring” which performs the dual

functions of modifying the tuning an@ of the 1420-MHz resona-
FIG. 2. Simplified schematic diagram which illustrates the in- tor, and(h) the graphite bias leads for this assembly. The tuning ring
terconnection of the principle low-temperature components of thés detailed in Fig. 4.
maser as described in the text. Details include (#eH , fill line,
(b) H atom source(c) waveguide for 40-GHz pump microwaves,
(d) vacuum window(e) 1.4-Tesla superconducting solenaff},40-  entering the state selector are distributed betweetathand
GHz microwave cavityatoms enter through a pin holég) buffer

ms er _ the |b) states, thereby completing the cycle. The operating
volume, (h) “atom” tube, (i) orifice which sets the maser storage temperature of the state selector is maintained about 100 mK

bulb holding time(j) superconducting Pb shieltk) inner(storagé  colder than that of the storage bulb. This improves the effi-
bulb, (I) 1420-MHz maser resonator, afch) outer (thermalizing ciency of the state selector by augmenting the magnetic com-

S 4 L . Y - e
bulb w_hmh is filled withl- He._The scale of this flgur_e is qnly pression factor; it also reduces thele density in the atom
approximate. A number of details such as the electronic tuning a ube and promotes faster circulation

sembly shown in Fig. 4 have been omitted for the sake of. clarity. Once the net flux ofc) state atoms entering the storage
See Figs. 3 and 4 as well as Reffg] and[11] for further details. bulb is sufficient to O\Ier>come dissipative Iosges associgted
with the microwave resonator, self-sustaining maser oscilla-
tions are obtained. The quality factor of the resonator is of
With the state selector turned dffio microwave pump

order 16, with the result that the UBC CHM operates with
most of the high-field-seeking atomsaf and |b) state3 H densities in the 18 and 16? cm ™2 ranges. We note that
reside in the state selector while most of the low-field-this Q is intentionally lower than that of room-temperature

seeking atoms|¢) and|d) state$ are located either in the masers so as to reduce cavity pulling effects.

storage bulb or in the atom tube. When microwave power is The output of the masdabout 0.1 pW is amplified by a
applied to the state selector, high-field-seeking atoms ar&aAs FET preamplifi€roperating at 4.2 K and then fed into
converted to low-field seekers and are eventually expelle@ two-stage heterodyne detection syst¢?4,33,9,22 at
from the state selector. Cross relaxation induced by magnetimom temperature. The reference frequency for the detection
impurities near the entrance to the storage bulb ensures thaystem was derived from a high-quality quartz crystal
the net flux of low-field seekers entering the storage bulb ioscillator® loosely phase locked to a Rb frequency

distributed between thie) and the/d) states|c) state atoms standard so as to improve its longterm stability. The frac-
are converted intda) state atoms within the confines of the

cavity via stimulated emission of radiation. Once low-field-

seeking atoms leave the maser storage bulb they are drawfA home-built device, based on the design of Williasisal.[32].
towards the state selector by the fringing fields of the 1.4- °%An Oscilloquartz “very high stability” OSA model 8600.03

Tesla solenoid. Additional magnetic impurities embedded irBVA oscillator which was further temperature regulated using stan-
a metallic foil and placed strategically near the entrance talard techniques.

the 40-GHz microwave cavity ensure that the flux of atoms 'Efratom model FRK-L.
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FIG. 4. The electronic “tuning ring” or Q spoiler” shown 500 L—— 0 e
mounted on the base of the Cu rf shield for the 1420-MHz resona- 1420.0 1420.2 1420.4 1420.6 1420.8
tor. The Cu structurge) below this base simply acts as a housing Frequency (MHZ)

for the graphite bias leads and as a thermal shield for the lower part
of the maser storage bulb. Details indicated in this figure inclage

) ) - . . . FIG. 5. A typical mapping of the resonant frequency and the
the Cu ring which comprises three partial annuli and is mounted toquality factor of the 1420-MHz split-ring resonator as a function of

Yhe bias potentials applied to the varactor diodeg (and theQ
c?poiling FET (/). “Horizontal” lines correspond to lines of con-
stantV, and *“vertical” lines correspond to lines of constavi.
Interpolation allows one to derive combinations\gfandV, which
produce contours of constant tuning or consf@nt
tional frequency stability of the crystal oscillator is better
than 5x 103 for averaging times in the range 0.1-10 sec.
The stability of the quartz-Rb combination is of order 1 partapplied. GaAs varactor diod¥sare mounted between two of
in 10'2 over time periods comparable to the duration of thethe partial annuli while the third capacitive gap is filled with
experiments, which limits our practical frequency resolution@ 0.015-cm Teflon spacer. The latter gap is bridged electri-
to about 1 mHz. The maser output is heterodyned down to §ally between the drain and the source of a GaAs PET
convenient(about 10 Hz frequency, converted to a square Packaged in a hermetically sealed PI._CC.pacléégEIectn-
wave by a limiting amplifier and then measured with an HPc@! contact to each section of the tuning ring and the gate of
5345 frequency counter. A direct measurement of the powe‘ihe FET was made using hl_gh-re5|stanc1_a graphite [€ads.
output of the maser is made by injecting a calibrated signa-lrh_e various elements of the ring are held in place_belov_v the
into the section of coax between the maser and the pream|3pllt rng re;onator by a teflon fmm?r- Small metallic Springs
lifier and thus measuring the gain of the detection system n series with the diodes and the ring accommod.ate motion
. ) caused by thermal contraction as the apparatus is cooled to
situ. The heterodyne detection system can also be used as

; sBb-Kelvin temperatures.
1420-MHz spectrometer for pulsed magnetic resonance ex- The geometry of the tuning ring is such that its lowest
periments at th@-c transition.

resonance is close to 1900 MHz. By changing the bias po-
tential V; which is applied to the varactor diodes, the reso-
nant frequency of the ring is shifted, in turn pulling the tun-
ing of the 1420-MHz resonator. This geometry provided an
Both the tuning of the 1420-MHz split ring resonator and &fféctive tuning range of about 500 kHz or roughly 30% of
its coupling to the external circuitry can be varied by coarse€ full width at half maximumFWHM) of the 1420-MHz
mechanical adjustments. The primary modification to thd €SOnance. Similarly, by changing the bias potenialap-

UBC CHM for the purposes of studying the spin-exchangeol'ed to the gate of the FE{essentially a variable resistance

frequency shifts was the addition of a second resonatol the tuning ring, the Q of the tuning structure and hence

whose tuning and quality factor could be controlled by ap-

plying potentials to various semiconductor devices. Via the ;,

coupling between the two resonators, the tuning and th

qualit)_/ factor of the primary resongtor can thus be change§Otential of—4 V. and 1.6 pF at-15 V.

in a highly controlled and reprodUCIbIe manner. NEC model 720: note that the prepackaged devices are suffi-
The S?COHd resonatqr, which V\_’e alternately refe_r to as thaently magnetic so as to warrant the effort of mounting dies in

“tuning ring” or * Q spoiler,” consists of a 2.5-cm diameter ,on nagnetic packages.

gold-plated Cu ring wh a 3 mm by 3 mmsquare Cross  l4cyrocera America, Vancouver, WA 98661: part numbers

section(see Fig. 4. The ring is cut radially into three elec- pg45238 and KE77004-1.

trically isolated pieces to which various dc bias potentials are 15The Polymer Corporation, Reading, PA 19603.

between the annuli are bridged by two varactor dio@®sand a
FET (c). Not shown are the graphite bias leads individually encase
in Cu braid.

B. “Tuning ring” or “* Q spoiler” assembly

Frequency Sources, Chelmsford MA 01824, model GC51105-
7: these devices have a hominal capacitance of 0.6 pF with a bias
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that of the main resonator can be modified. TQisspoiler  attempt to account for any variation efas the atomic den-
allowed us to vary the quality factor of the split-ring resona-sity is changed. This model also predicts that the fraction of
tor between about 570 and 820 during the present experthe atoms in then-= 0 states inside the storage bulb is very
ments. Although the tuning an@ spoiling functions of the close to 0.5 and that variations in the supy{+ p..) are
1900-MHz ring are not completely independent of eachonly about 4% over the full range of atomic densities for
other, by mapping out the resonant frequency andQhef  which the maser oscillates. In our analysis of the frequency
the split ring resonator as a function of the two bias potenshift data presented in the following section we implicitly
tials (see Fig. 5, a two-dimensional mapping can be con- assume thatg..+ paa) remains constartf

structed from which orthogonal changesQnandA are eas- After suppression of maser action, the population distri-
ily derived. bution quickly approaches thermal equilibrium. Under these
conditions and assuming weak coupling to the 1420-MHz

IV. EXPERIMENTAL PROCEDURE resonator, the amplitude of a free induction de@ap) re-

_ i sponse to ar/2 tipping pulse at tha-c hyperfine transition
Ideally, a test of the spin-exchange-induced frequencys proportional to the atomic density. The power emitted by

shift described by Eq(10) requires that the shifb—wo be  the radiating atoms immediately following the rf pulse is
measured while the 1420-MHz resonator frequengy its  gjven by

quality factorQ,, and the densitieg;;ny of all four hyper-
fine levels within the maser bulb are varied and monitored in

a controlled manner. In addition, the filling factgrand the

density-independent linewidth; must be measured. By far F{ hwo) 2
the most difficult task in thls overall strategy is the densny Loweh X Vet 7p)2Vb77Q| 1-—ex keT ,
measurement. In fact, during the current experiment, we didP= ng ,
not have the ability to control or measure the four densities 8 @)
independently. Rather, we used magnetic resonance tech- ksT

niques to infer these densities somewhat indirectly. In the (14
discussion which follows, we highlight our approach to the
measurement of each of the parameters relevant to the inve

S . e \f/’herevb is the volume of the storage bulb and the other
tigation of spin-exchange frequency shifts in the UBC CHM'parameters are as described previously. Half of this power is

transmitted to the detection circuitry when it is critically
coupled to the resonator. By measuring this power, the
atomic density can be determined.

The combined spin-exchange—cavity-pulling frequency An essential part of the density calibration procedure is
shift described by Eq(10) is a function of the H-atom den- the accurate measurement of the filling factorThe filling
sity in the storage bulb of thescillating maser. This density factor for the storage bulb and resonator used in this work
cannot be measured directly and must be inferred from meavas measured using a perturbation technique that involves
surements of the atomic density made while maser oscillgfilling the maser storage bulb with liquid cryogens at tem-
tions are suppressed. The procedure we adopted for theperatures just below 100 K34]. When liquid O, (which is
measurements was to first stop maser action by attenuatingaramagneticis introduced to the storage bulb the frequency
the microwave power being fed into the state selector, andf the resonator is shifted because of the change in both the
then to measure the atomic density in the storage bulb usingermeability and the permittivity relative to the empty cell.
pulsed magnetic resonance technigi&l. While the maser The dielectric contribution to this shift is accurately ac-
is operating there is a constant flux of low-field-seeking at-counted for by subsequently filling the cell with liquid Ar,
oms approaching the storage bulb. When the state selectorughich has a relative permeability essentially that of free
turned off, this flux is almost completely stopped. Thespace and a dielectric constant very close to that of the liquid
H-atom density which is measured is thus less than tha®,. The residual paramagnetic contribution to the liquid
which is present inside the storage bulb of the oscillatingO, frequency shift can then be related to the filling factor of
maser. the cell. Measured in this fashion the filling factor of the

We rely on a computer simulation of the quasi-steady-storage bulb and resonator used in this work was found to be
state dynamics of the maser to infer a “density enhancemer@.271). We note that prior to the introduction of the teflon
factor” « which relates the atomic densities in the nonoscil-support for the tuning ring, the filling factor for the storage
lating maser to that in the oscillating ma$8r9]. This simu-  bulb of the UBC CHM as measured in this way was 0124
lation has been used previously to model parameters such as The free induction decay response to a magnetic reso-
the density dependence of the distribution of atoms betweenance tipping pulse contains considerably more information
the four hyperfine states, and the power output of the masethan just a measure of the atomic density. In particular, both
The results of the simulation depend upon factors such as thae frequency and the initial phase of the FID are of consid-
efficiency of the relaxing foil used to equalize th&®) and  erable importance in the work described here. The frequency
|b) state populations near the state selector. Reasonable as-
sumptions for these parameters lead to a density enhance-—
ment factor ofk=1.4. Fortunately this value is only weakly ®There is in fact no way to directly measure the distribution of
dependent on the parameters of the model: we estimate thatoms between the various hyperfine states given the present con-
the uncertainty in« is of order 5%. Note that we do not figuration of the UBC CHM.

1+3 exp{ -

A. Zero-field magnetic resonance: the free-induction decay
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of the FID is measured against the same oscillator used to L e e
measure the oscillation frequency of the maser. This provides
a means to accurately determine the density-independent fre-
guency wg, against which all frequency shifts are
referenced’ The initial phase of the FID plays a less obvi-
ous but equally important role in the analysis of the data. An
example of a FID response to a rf tipping pulse at she
hyperfine transition is shown in Fig. 6. Superimposed on the
decay is a fit of the data to the relevant equations found in
Appendix B of Ref.[31]. We note that the decay is not a
simple damped exponential.

To elaborate on the role played by the initial phase of the
FID one must consider the boundary conditions for reflection
and transmission of rf signals to and from the 1420-MHz
resonator. As the resonator is detuned from the local oscilla-
tor (LO) frequency, a fraction of the rf power which is in- T P A
jected as a magnetic resonance tipping pulse is reflected by 0.0 0.2 0.4 0.6
the cavity. This introduces a phase shift between the LO and Time (s)
the rf field seen by the atoms. The magnitude of this effect is
such that a detuning increases the phase shift between the FIG. 6. An example of a FID response to a rf magnetic reso-

phase of the LO and the phase of the atom'(_: coherence b_y Mance tipping pulse at theec hyperfine transition of the H atom. A
amount®=A. As the atoms precess and radiate power whichit of the data to the relevant equations describing the dEgthhas
is coupled back out of the detuned resonator, an additiongjeen superimposed on the data. Note that the decay is not a simple
phase shift® =A is introduced between the atomic coher- gamped exponential; roughly one quarter of the observed damping
ence and the detected FID response. The net result is that #caused by radiation dampifigs). This decay was recorded at 0.5
first order, the initial phase of the detected FID is phase with 7.1x 10! atoms per cr in the maser storage bulb.
shifted by® =2A with respect to the phase of the LO when
the resonator is detuned by an amount Deviations from
this linear phase relationship induced by higher order cavityesonator were then mapped out as a function of the bias
pulling effects and spin-exchange frequency shifts can bgotentialsv, andV, applied to the semiconductor devices in
neglected. The relevance of this relationship is that keepinghe electronic tuning circuitA and Q were determined by
track of the initial phase of a FID with respect to the LO aSSweeping the frequency of an injected Signa| and f|tt|ng the
the resonator tuning is changed enables one to accuratefgflected power to a single Lorentzian line shape with a lin-
measure the relative change i as seen by the atomic ear background. An example of the grid of resonator tunings
system and quality factors so determined is shown in Fig. 5. A series
of potentials enabling us to make orthogonal changeA in
andQ were then derived from this data. During the present
experiment, we restricted ourselves to two sets of param-
Prior to carrying out the frequency-shift measurementsegters; a sequence of potentials giving rise to a series of de-
the resonance of the 1420-MHz split-ring resonator waguningsA at constantQ near the maximum obtainabl@,
tuned to thea-c hyperfine transition of the H atom and criti- and a second sequence @fs at a constant detuning near
cally coupled to the external circuitry using coarse mechaniA =0. We note that the reproducibility of a particular setting
cal adjustments. The tuning and the quality factor of thewas better than the precision to whi€h and A could be
measured.
Reflection measurements of the tuning and the quality
while in principal this procedure is straightforward, accurate ~ factor of the resonator are inherently susceptible to errors
determination of the atomic frequency from the FID requires condintroduced by standing waves in the external circuitry. To
siderable care. Stimulated emission of radiation, which is responestimate the influence of systematic errors introduced by
sible for maser action, also influences the free-induction decay. Ththese effects we measured the’ ‘parameters[36] of all
coupling between the atomic system and the microwave field withicomponents in the external circuitry, using an HP 8754A/
the resonator causes the atoms to precess in their own radiatidn26 RF network analyzer, and used these as input to a com-
field. In this context, the effect is commonly referred to as radiationmercial computer simulation of the microwave circuitry. Par-
damping, and was studied in detail by BlodB5]. Generalizations ticular care was taken to investigate the effect of changes in
to general cavity tuning have been given by Morri8@] and Hay-  the effective electrical length of coaxial cables both inside
den[22,31). One finds that the effective precessing magnetizationand outside of the dilution refrigerattf.The results of this
of the H atoms can be described by a set of differential equationgnalysis indicate that our measurements of quality factors
which must be numerically integrated and fit to the FID data. Ne-should be accurate to about 1%. Discussion of the accuracy
glect of this effect can lead to the introduction apparentfre-
quency shifts in the analysis of FID data. All FID data reported here
has been analyzed in this manner. A more thorough description of *&induced, for example, by changirig*He levels in the 4.2-K
the actual analysis of this data can be found in [R22]. bath of the dilution refrigerator.

Amplitude (arb. units)

B. Resonator tuning and quality factor
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FIG. 7. The initial phase of the FID response as measured with G- 8. The frequency of the FID response measured with re-
respect to the phase of the local oscillator and plotted as a functiofiPeCt 1© the frequency of the 1420.405...MHz local oscillator plot-
of the measured resonator detuning, The slope of the line which  ©d as @ function of the H-atom density within the maser storage

has been fit to the data is 1.983) which is in agreement with the bulb. The line fit to this data extrapqlates to a zero density_ fre-
theoretical value of 2. From this result we infer that changes in thdluency of 1420.405 783 480 MHz which we take as the density

relative tuning of the resonator as measured in reflection are accderpende_nt transition frequen&yo._ Note that the uncertainty in
rate to about 1% this value is a measure of the precision and not the accuracy of the

measurement. An arbitrary frequency of 1420.405 783 MHz has
been subtracted from the data.

of the absolute cavity detuning is given in Sec. V.

It has previously been mentioned that relative detuningghe maser was measured several times in succession using a
can be measured quite accurately by observing the initial0-sec averaging interval. This frequency measurement was
phase of a FID as the tuning of the resonator is changed. Ithen repeated as a function of the preQs and A’s de-

Fig. 7 the initial phase of a FID is plotted as a function of thescribed above. At each setting the maser frequency was mea-
resonator detuning determined by the reflection measuremestired a minimum of three times. Multiple checks of the un-
described above. The theoretical slope of a line fit to this dat@erturbed oscillation frequendymaximum@Q, A=0) were
should be 2. Experimentally we observe a slope ofmade throughout these measurements. Maser action was then
1.98323), from which we infer that our measurements of temporarily stopped by inserting a resistive card attenuator

relative detunings are accurate to about 1%. into the broad wall of the Ka band waveguide feeding the
. state selectdr’ This allowed the measurement of the H-atom
C. Frequency-shift measurements density in the storage bulb of the maser with2 tipping

Throughout the series of measurements described belowulses. The latter measurement was made in the unperturbed
the H-atom density within the maser volume was maintainedavity setting. Maser action was then reestablished and the
at a constant level by periodic firing of the rf discharge in theoriginal operating conditions verified before moving on to
atom source. Changes in the density were made by varyinthe next series of measurements at a new H density. After
the discharge pulse duration and repetition rate. Densitiesepeating these measurements over a range of densities span-
produced in this manner did not fluctuate measurably withiming the full operating range of the CHM, t@ and the
the detection sensitivity, typically of order 1% the measureddetuning of the resonator at each of the preset conditions was

density. _ remeasured.
Temperatures of the various volumes of the maser were

measured using calibrated germanium resistance thermom- V. ANALYSIS OF THE DATA
eters and regulated to within a fewK. The temperature of
the storage bulb volume was maintained at a temperature of Some of the data obtained during the course of this work
0.5003) K throughout the spin-exchange measurements. Fanas previously been analyzed and repoff2#,37,38. We
the present experiments, the maser was operated in the moitelude this information here in attempt to present a compre-
where thga)-to-|d) ESR transition was pumped in the state hensive description of the data analysis.
selector.

Measurement of the maser output frequency has already
been described; the power output of the maser was moni-1°Rather than sweeping the microwave frequency or the magnetic
tored using an HP 3478A ac voltmeter. Once stable masefeld off resonance which would compromise the reproducibility of
operation was established at a given density, the frequency dfe operation of the state selector.
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FIG. 9. The output power of the maser plotted as a function of ~FIG. 10. The deviationsf of the maser oscillation frequency
the measured resonator detuning and arbitrarily normalized sucfiom the density-independent frequenigyplotted as a function of
that the peak amplitude of a fit of the data to ELF) is set to 1. We the inverse quality factor of the 1420-MHz resonator near zero de-
infer from this fit that there is an offset,= —0.014(30) in the tuning. A least squares fit of the data to a straight line extrapolates

; ; —1_
measurement of the absolute resonator detuning. The estimate & @ residual frequency shift of 20.7-3.6 mHz atQ""=0. The
this offset is refined using the data shown in Fig. 11. absolute tuning of the resonator is established by repeating this

measurement as a function of the H-atom den&@ge Fig. 11
A. Density-independent frequencyw,
and the absolute resonator tuning solid curve represents a least squares fit of the data to a

Our analysis commences with the establishment of thduadratic of the form

density-independent oscillation frequeney and the abso- )
lute resonator detuning. In Fig. 8 we plot the frequency of a —=1—a(A—Ap)? (15
FID response to a rf tipping pulse as a function of the Po
H-atom density W't.h'n the maser storage bulb. Referred tQ/vith a andA as free parameters. We infer from the results
our reference oscillator, the data extrapolates to a zero- . .

: n of the fit that the absolute zero of the resonator detuning
density frequencyf ,=1420.405 783 434) MHz where the N

o o ccurs at an apparent detunidng= —0.014(30).
uncertainty is a measure of the precision of the measurement. L .
- : . The second determination of the absolute resonator tuning

The actual value of y= wy/27 as measured against a cali-

brated Rb frequency standard is several Hz Ifive have is based upon an analysis of the maser frequency shift data

not corrected the data for this offset since we are interestet ken at constar_ﬂ detuning ne&-0. Equation(10) implies
at the oscillation frequency of the maser should depend

only in deviations of the maser oscillation frequency fromIinearly ong or Q! at constanhy, and constant detuning.

this value. In the limit of zero detuningwe ignore terms iMA?) the

As described previously, phase information from the . s
FID's provides us with an accurate measure of thlative :gsg(iual frequency shift extrapolated to infiniieis expected

tuning of the split-ring resonator. It is essential to also have

an accurate measure of thbsoluteresonator detuning. That lim (- wo)| =(A—Ag)Tg+(A—Ag— Q)T
is, we assume that standing waves in the microwave circuit  _.. 07la~0 o= o 0 ¢
external to the cavity may cause thgparentdetuning of the (16)

resonator to be shifted by an offs&ét from the actual de-

tuning (i.e., that seen by the H atomdNe have employed where again the possibility of an apparent shiif in the

two independent methods of determining the absolute resaneasurement of the detuning has been explicitly included. In

nator detuning. In Fig. 9, the normalized power outputFig. 10 we plot an example of the deviatié of the maser

P/P, of the maser is plotted as a function of the resonatopscillation frequency from the density-independent fre-

detuning determined from reflection measurements. Th@uencyf, as a function ofQ 1. A least squares fit of the
data to a straight line extrapolates to a residual frequency
shift of —20.7+3.6 mHz atQ " 1=0. In Fig. 11 this residual

20Note that even after this correction has been appfigés higher  shift is plotted as a function the H-atom density within the

than the unperturbed zero field hyperfine frequency of the H atomstorage bulb. The residual has no obvious dependence on the

This is due to a combination of density-independent shifts causetil-atom density; nor would we expect there to be a detectable

by the bias magnetic field, collisions between H atoms and th&/ariation based upon either the calculations of Verledal.

“He buffer gas, and collisions of H atoms with the walls of the or the measurements of,, I, andQ presented later. We

storage bulb. attribute the average residual frequency shift-09.021(4)
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FIG. 11. Compilation of the residual frequency shifts extrapo- FIG. 12. The deviation of the maser oscillation frequency from
lated to infinite Q near zero detuningsee Fig. 1D shown as a wg measured at consta@t and plotted as a function of the H-atom
function of the H-atom density within the maser storage bulb. Thedensity in the storage bulb for a nhumber of resonator detunings
average residual frequency shift ©f0.021(4) Hz(indicated by the  ranging fromA~ —0.2 (lowest data s¢tto A=0.2 (uppermost data
dashed linesis independent of the H-atom density as expected, ande). The straight lines represent least squares fits to the data. Near
is attributed to an offsek ;= —0.046(1) between the measured and A=0.09 (second data set from the fothe slope of the fit to the
actual detuning of the resonator. Further references lave been data passes through zero. In the “classical” interpretation of spin-
corrected for this offset. exchange collisions thiwould correspond to the spin-exchange tun-

ing pointA=A" exceptfor the fact that the maser oscillation fre-
Hz as being due solely to an offset of the resonator tuningiuency is offset from zero. We interpret this offset as being due to
from zero[i.e., (A—Ay)T'g, whereA~0 is the measured hyperfine interactions between colliding atoms.
detuning at which the data were taKemn the following ) ] ) . ]
section we obtain a measurementgfwhich to first order is Maser dynamics. Given the present experimental design, it
independent of the absolute resonator tuning and thus we af¥¢as not possible to measure the relative populations of the
able to determine thak,= —0.046(10). This result is con- hyperfine states; we therefore makg no attempt to untangle
sistent with the previous determination &f; it is the value  the dependence of the frequency shift et paa). We do,
we adopt throughout the remainder of this analysis. Fronffowever, implicitly rely on a prediction of the computer

this point on, the detunings which are reported have beefimulation of the maser dynamics. That is, we assume that
corrected for this apparent shift. variations in p..+p,s) across the operating range of the
maser are indeed small and that we can adequately model the

— ) _ , e frequency shift by fitting each data set in Fig. 12 to a straight
B. Ag, I'o and the classical spin-exchange tuning criterion line. This topic is discussed further in the following section.
In Fig. 12 we plot the deviation of the maser oscillation ~ Using the assumption made above we extrapolate the fre-
frequency fromw, as a function of the H-atom density in the quency shifts at consta@ andA to zero density. From Eq.
storage bulb for several detunings of the split-ring resonatof10) we expect that this extrapolated shift is given by
at constan). The lowest data set corresponds to a detuning ] — 5
A~—0.2 while the uppermost data set was taken at M (= wo) =[A+ Bho(1+ A%, 17
A~0.2. Each data set has been fit to a straight line to indi-
cate the average slope over the full range of densities. Thef@bviously the maser does not oscillate under these condi-
is an obvious change in the slope of the data from negative tBons; however, by fitting our data to E(L7) we are able to
positive as the detuning is increased. Closéte0.09 (the  determine bothy andA,. In fact, since the extrapolation
data set second from the tothe averageslopeof the data procedure is independent of the density enhancement factor
passes through zero. In the traditional interpretation of spin, the results we obtain for these two parameters are inde-
exchange collisiongc.f. Eq. (12)], this corresponds to the pendent of the computer simulation results.

spin-exchange tuning conditich=A'. We note, however, The extrapolated zero-density frequency shifts obtained
that the residual frequency shift at this pointnist zero as  from the data in Fig. 12 are plotted in Fig. 13 along with a
predicted by Eqs(10) and(12) with Q=0. least squares fit to Eq17). Even though it is slight, the

Based upon the full VKSLC theory, one expects the fre-curvature in the fit to the data is significant and indicates that
guency shift at constant detuning a@dto be linear inng Ao is negative. The linear term in the fit to E{.7) depends
except for any deviations induced by changes in the populaenly upon the relative measurement &fto first order and
tion of the mg=0 hyperfine states. In general the depen-thus provides a reliable measurement of the density-
dence of pec+ paq) ON Ny is a complicated function of the independent broadening. We finld,=5.47(11) s ?; the
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FIG. 13. The extrapolated zero density shift of the maser oscil- FIG. 14. The rate of change of the maser oscillation frequency

lation frequency measured at const@ntfrom Fig. 12 plotted as a V.Vlth respect to the H-atom density at'const@1plotted asa func-.
. . o tion of the absolute resonator detuning. The slope of the straight
function of the absolute resonator detuning. Uncertainties ar

smaller than the symbols used to represent the data. The negati(\la}ge which has been fitted to the data is related to the density-

curvature exhibited by the fit of the data to Ed.7), which is %e?fndf;t a)bf?dfg'gggggg% f'ragmﬂ\:\; h:jC:tuvl\wlﬁ‘ngogflvr\]/htiZE trhe:l;iltt
i ‘e einnifi il : ; 1\FPcc a 2— Y .
ggggrr?r:;?zﬁ :Z;E:r'gfu?: ;afn(c)i gngcifes ;Z?grfelggy?:;%a;r;e to the data passes through zero corresponds to the modified spin-
. . O

exchange tuning poimk” described in the text. The difference be-
determined from this fit. The result,=5.47(11) s! is indepen- g gp

- / tweenA” and A’ (see Fig. 1B gives an accurate measurement of
dent of the absolute resonator detuning to first order, and wheﬂ1e h-i induced frequency shift parameter

combined with the residual frequency shift described in Fig. 11

provides a means of determining the absolute resonator detunin%
We find\g=—21.7(2.8) 2 where the number in parentheses rep-
resents all sources of experimental uncertainty. The detuning at
which the extrapolated zero density frequency shift is zero corre- The average rate of change of the maser oscillation fre-
sponds to the detuning’ which in the DIS interpretation of spin- quency shift with respect to the H-atom density is obtained
exchangeshouldmake the maser oscillation frequency independentfrom the slope of the fits to the data shown in Fig. 12 and is
of ny. plotted as a function of the absolute resonator detuning in

Fig. 14. Neglecting any dependence @f.{+ p..) on ny,

value used in the previous section to establish the absolufgd. (10) implies that
tuning of the 1420 MHz resonator. The ratio of the linear

01(pectpas)+0,, Q, and the modified spin-exchange
tuning criterion

term to the constant term in the fit to EQL7) provides a i(w_wo)zg[A+lg)\_o(1+A2)_Q]
measure of the produgd\,. B is accurately known from INH
measurements of the filling factf84] and the quality factor X[01(pect paa) + 021 (18)

and thus the largest uncertainty in our result for the

classicat® spin-exchange frequency shift cross sectign is While the dependence of(f—fo)/dn, is expected to be

due to the _un@rtamty in the absolute detuning of the resoEluadratic inA, the uncertainties in the data are too large to
nator. We find\o=—21.7(2.8) & [38].

) ] %) L justify fitting to more than a straight line, as indicated in Fig.
Before leaving this topic, it is worth pointing out that the *; 4 Keeping in mind that we have plotted theeragerate of

detuning at which the extrapolated zero-density frequencypange of the maser oscillation frequency with respect to
shift passes through zero corresponds to the detuning ., “\ve interpret the detuning for which the fit to the data

which in the DIS interpretation of spin-exchang@ould passes through zero as a measure of the modified spin-

make the maser oscillation frequency independentof o, change tuning criterion =A”. We infer from Fig. 14 that
From the data shown in Fig. 13 we infer that ,»_ ygg50006

A'=0.1443). In thefollowing section it will be seen that 0.018

e By examining Eq.(10), one finds that to first approxima-
the offsit of the oscillation frequency fromy, doesdepend tion )t/heh-i freqﬂen%y shift parametéEq. (11)] is gif)/en by
onny whenA=A".

the differenceA” — A’ between the two spin-exchange tun-
ing criteria. More precisely) is equal to

2YWe use the term “classical spin-exchange frequency shift cross .
section” for A\ as it corresponds to the single frequency-shift cross Q=(A"—A") (1-A'AT) (19)
section in the DIS approximation. (1+A'2) '
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which for small detunings reduces t0'—A’. The impor-

tance of writingQ) in this fashion is that it is readily seen that o L o
) can be accurately determined essentially independent of L

the absolute resonator tuning and the H-atom density calibra- L

tion. From the zero crossings indicated in Figs. 13 and 14 we |

obtain a valug€) = —0.057(+ 0.009/~0.021) for theh-i fre- o1 b i

guency shift parameter. This result has been reported previ-
ously[37].

Neglecting terms imA2, the slope of the fit to the data =
shown in Fig. 14 is given by

oo
A aTH(w_wO)

allowing us to obtain a direct measurement of the spin- T

exchange-induced broadening. We infer from Fig. 14 that ol ey
T1(pect pas) + 0,=0.385(30) 2, a result which, while it 0 1 2 3
depends upon the absolute calibration of the H-atom density T (K)

inside the oscillating maser, depends only upon a relative

measurement ah. The uncertainty in the density enhance-
ment factor x (about 5% is reflected in the uncertainty
which is reported foo; (pec+ pas) + 02. Combining this re-
sult with the determination of(), we infer that

= ;[El(Pcc'l' Paa) t 52]1 (20 i 1
A=~0 - |

FIG. 15. A plot of the dimensionless hyperfine induced fre-
quency shift parametef) at low temperatures as calculated by
VKSLC [12,13,2Q. The solid curve corresponds t@+ paa)
=0.5 and is therefore the result to be compared to our experimental

— 0.005 : :
M(Pect Paa) + o= —0.022 5070 A, value (open circlg. The other case corresponding tp.{+ paa)
=1 (dashed lingis included to illustrate the variation @ as the
VI. CONCLUDING REMARKS composition of the atomic gas is changed in terms of the hyperfine

) _level populations.
We have described the measurement of a number of spin-

exchange parameters relevant to the operation of hydrogeftcuracy using information contained in a free-induction-
masers at temperatures below 1 K. Specifically, in terms Oﬂecay response to a magnetic resonance tipping pulse.
the fully quantum mechanical theory of hydrogen spin-  The value we report for the classical spin-exchange fre-
exchange collisions developed by VKSI[€2,13, we have  quency shift cross sectiog, depends upon the absolute reso-
measured the classical spin-exchange frequency shift croggtor tuning, but not upon the computer simulation. This
section)q, the hyperfine-inducedhti) spin-exchange fre-  tuning is determined in a swept frequency cavity reflection
quency shift paramete2, and the combined spin-exchange measurement and, as such, is susceptible to systematic errors
broadening cross sectian (pcc+ paa) + 0. From these re- introduced by standing waves in the microwave circuitry ex-
sults we infer a value for the combined spin-exchange freternal to the 1420-MHz resonator. We have used two inde-
guency shift cross sectioky (pcct+paa) TA2. In each case, pendent techniques to measure the perturbing influence of
measurements were carried out at a temperature of 0.5 K argfanding waves, and thus believe that we have properly ac-
with half of the colliding atoms in then.=0 states[i.e.,  counted for this effect in our analysis of the data.
(pect paa) =0.5]. The least certain result we pres&nis the value for the
The most significant result of this work is the measure-combined  spin-exchange broadening cross section
ment of a nonzero value for thie-i spin-exchange cross o;(pcct+ paa) + 0. This result depends upon our determina-
section. Our data is clearly inconsistent with a conventionation of the atomic density within the storage bulb of the
DIS treatment of the hydrogen atom spin-exchange probleroscillating maser. We have been forced to use a computer
which predicts that) should be identically equal to zero. simulation to infer this density from measurements made un-
The data thus highlights the importance of including hyper-der non-oscillating conditions. We do, however, have reason
fine interactions in the analysis of spin-exchange collisions ato believe that the simulation gives a reasonably accurate
low temperatures. picture of the maser dynami¢8,9]. Furthermore, recent ac-
The principle systematic uncertainty in the interpretationcurate measurements of the longitudinal spin-exchange re-
of our data is the fact that we must rely on a computer simutaxation rate for a gas of atomic hydrogen at 126] can be
lation of the quasistatic dynamics of the maser to determin@sed to estimate the broadening cross section measured in
the absolute H-atom density within the storage bulb of thehis experiment. As described below, this comparison lends
oscillatingmaser. Less uncertain, but nevertheless a concerfiyrther support to the value we report here.
is our determination of thabsolutetuning of the 1420-MHz Comparison of our experimental results with the theoreti-
resonator. Care has been taken to ensure that the value wael predictions of VKSLC made using “state-of-the-art” in-
report for() is independent of both of these sources of po-
tential systematic errors. Consequently, the principle system-—
atic uncertainty in our measurement 9f arises from our %2The result for the combined spin-exchange frequency shift cross
determination ofrelative resonator tunings. We have, how- section \;(pcc+ paz) + N, is inferred fromQ and o4(pect pag)
ever, demonstrated that this can be done with considerables, and is thus susceptible to the same uncertainties.
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teratomic potentials leaves several questions to be answered. 10—
While there is qualitative agreement between theory and ex- r ]
periment as far as the magnitude of the various quantities is N
concerned, a number of serious quantitative disagreements -
exist. Most significant perhaps is the fact that the value we 0
measure for thé-i shift cross sectio) = —0.057 59%° has
the opposite sign from the theoretically predicted value
0 =0.078[20] at 0.5 K with (p..+ paa) =0.5. Note that with —10
reference to Figs. 13 and 14, the theoretical prediction sug- o
gests tha\” (Fig. 14 should occur at a lower detuning than <

A’ (Fig. 13 rather than at a higher detuning. Our result for

) has been plotted in Fig. 15 along with the predictions of -20
VKSLC for selected values ofp(..+ p,,). Efforts to recon-
cile this discrepancy by careful examination of the theoreti- -
cal calculations have not been succesgd]. Furthermore, N T
no reasonable variation of the known potentials has yet been 0.1 1 10 100 1000
shown to produce the necessary change in sign required to T (K)

bring the two results into agreemenit.

One must ask whether the effect we observe is indeed . . .
dbv h fine int i betw lidina H at FIG. 16. A comparison of experimental and theoretical results
caused by nypertine interactions between colliding 1 a Oms1‘or the classical spin-exchange frequency shift cross sectpon

or whether it is the sum of that effect and some other fre-rpq 5oiq jine represents the calculations of VKSLC and is expected
quency shift for which we have not yet accounted. One sucly, pe the most accurate. Also shown are the earlier calculations of

shift which has plagued similar measurements in the past ijlison [51] (short dashesand Berlinsky and Shizgd#5] (long

due to collisions between radiating atoms and eifhgror  dashes Deviations between the calculated results are due to the
|d) state atoms which are also present in the storage bulbletails of the interatomic potentials used by these authors; the dif-
When these collisions occur in the presence of magnetic fieléerence between DIS and the fully quantum mechanical calculations
gradients they can give rise to a frequency shift known as &f Ao are negligible on this scale. Our result foy (indicated by the
magnetic inhomogeneity shi#0]. This effect, however, is ©open circle deviates from the theoretical calculations in contrast to
completely suppressed by the application of magnetic fielgthe situation at higher temperatures. Also shown in the figure are the
much weaker than those used in the present work. It is difneasured values ok, reported by Cramptoret al. [42] (open
ficult to imagine other mechanisms which could have pro-Sduaré and Desaintfuscieet al. [43] (open diamonds

duced the discrepancy we observed.

Walsworth and co-worker41] have reported an experi- periment is obtainef42,43. Our results, and those of a few
ment in which an adiabatic fast passage technique was usgdevious workers, are compared with several theoretical cal-
to look for indications of thé1-i frequency shift in a conven- culations of\ in Fig. 162* Note that the difference between
tional room-temperature masefThe quantity which was the DIS and fully quantum mechanical predictions are neg-
measured in their experiment corresponds to the difference iligible on this scale. The discrepancies between the various
Q) between two conditions in which the distribution of atomstheoretical predictions are due solely to differences in the
between the various hyperfine states was changed. The rpetentials used in the calculations. Given the sensitivity of

sults of their experiment are in accord with the work we) to the interatomic potentials and the fact that it is expected
report here, in that the observed effect also had the opposig pe insensitive to the influence of hyperfine interactions
sign to that predicted by VKSLC. during collisions, our measurementqf may prove to be an

A significant quantitative disagreement between theoneycellent parameter against which to gauge future modifica-
and experiment also exists in the case of the classical spifons to the H-H interatomic potentials.
exchange frequency shifky,. The value we report)g Our final result,o1(pec+ pag) + 0,=0.385(30) A& for
=—21.7(2.8) A, is nearly twice as large as the theoreticalthe combined spin-exchange broadening cross sectigns
prediction\o=—11.8 A? at 0.5 K[20]. This is in marked ando, with (p.c+ paa) =0.5, is compared to theoretical cal-
contrast to the situation over the temperature range 77<culations in Fig. 17. Also shown are a number of experimen-

363 K, where satisfactory agreement between theory and eXally determined values for the broadening cross section at
higher temperatures whets, is expected to dominafel4].

The agreement at high temperature is again significantly bet-
ter than at low temperature wheeg is expected to be the

(&)

2*The H-H interatomic potentials are the most accurately known
of all interatomic potentials. Improvements to the relevant poten- 2*The definitions of the spin-exchange frequency shift and broad-
tials have been mad@&9] since the original calculations of VKSLC; ening cross sections used by early authors differ from the notation
however, these changes do not produce significant modifications totroduced by VKSLC. When necessary, here and in Fig. 17, we
the values of the theoretical spin-exchange cross sections relevah&ve modified the reported cross sections to be consistent with
to our work[20]. VKSLC.
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dominant ternf> Unlike \q, o, is sensitive to the inclusion ] A
of hyperfine interactions in the relevant calculations. The dif-
ference between the calculations of VKSI(¢blid line) and 10 |
the earlier calculation of Berlinsky and Shizgdb] (dashed -
line) is thus due both to this effect and the fact that different
potentials were used.

During a recent experiment intended as a means of check-
ing the accuracy of the broadening cross section reported
here, the longitudinal spin-relaxation ratd 1for a gas of H
atoms at 1.2 K was measurf26].2% In the DIS approxima-
tion one finds that spin-exchange collisions between homo-
nuclear species yields, /T,=3, whereT, is the transverse
broadening cross section. Assuming this relationship remains
valid at 1.2 K, we can infer a value fooi(pect paa)
+7,.%" The result so obtained has been plotted in Fig. 17
(open square The consistent deviation of our experimental 0.1 R
results foro(pee+ pag) + o (Obtained in independent mea- 0.1 ! 10 100 1000
surementsfrom the curve predicted by VKSLC leads us to T (K)
suspect that the cause of the discrepancy lies in the theoreti-
cal description of the spin-exchange problem. FIG. 17. A comparison of experimental and theoretical results

The primary implications of the work reported in this pa- for the combined spin-exchange broadening cross section
per are twofold. From a purely technological standpoint, ther;(p.c+ paa) + 72 for (pect paz) =0.5. The solid curve represents
fact that our data exhibits qualitative agreement with the prethe calculations of VKSLC and is expected to be the most accurate.
dictions of the fully guantum mechanical spin-exchange calAt high temperatures-, dominates and the broadening is expected
culations of VKSLC implies that hyperfine interactions dur-to be independent ofp(c+ paa). At low temperaturesr; is ex-
ing spin-exchange collisions are likely to play an importantpected to dominate. Similar to the situation fqf, agreement be-
role in the operation of low-temperature H masers. The detween theory and experiment is better at high temperature than at
tailed manner in which these effects will influence the stabil-lower temperature. The value we report here is represented by the
ity of such masers is yet unclear given the apparent discrepen circle. The other low-temperature poiapen squarehas
ancies between theory and experiment. Effects analogous kgen inferred from a recent experiment _carried out to verify our
those studied here may limit the ultimate frequency stability®Sult at 0.5 K[26]. Also shown are the high-temperature experi-
of other devices such as atomic fountain clopk8—50, and ~mental results of Desaintfuscien and Audp#] (open diamonds
hence the importance of resolving these discrepancies e).'¢ €arlier calculations of Berlinsky and Shizg5] (dashed
tends beyond the design of future cryogenic hydrogen magurve) which neglt_act hyperfl_ne |nteract|c_)ns are shown for compari-
sers. From a more fundamental point of view, the disagreeg'on'.The. C‘.ﬁﬂcu'?t'ons of Allisofb1] at high temperatures are not
ment between our data and the predictions of VKSLC lead ureadlly dlstlngu_lshe_d f_rom those of VKSLC and so we have not

. L cluded them in this figure.
to conclude that spin-exchange collisions between H atoms

at low temperatures are not fully understood. Either some as L o
yet unknown effect is missing from the current description of

the operation of H masers at low temperatures, or the details
of the H-H interatomic potentials used to calculate the spin-
exchange cross sections are inadequate. The latter possibility
is intriguing as some of the parameters we have measured are
quite sensitive to the very-long-range part of the interatomic
potentials. They may well prove to be valuable indexes
against which future refinements of the potentials are

7z dominates

(F)

o7 dominates

L

o1(Q+R)+0z

29If we assume thatr, >0, at 0.5 K as predicted by VKSLC, our
measurements imply that; =0.77(6) A2.

265pecifically, the rate at which the difference between the occu
pation of the|a) and |c) states returns to its thermal equilibrium
value following a7 tipping pulse was studied. This type of mea-
surement was originally performed by Morroet al. [30,24,48;
however, systematic uncertainties regarding the determination Ogauged.
the filling factor[31] in these early experiments led us to question
the accuracy of their results. In the gxperiment reporteq in[l?é]. ACKNOWLEDGMENTS
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