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Atomic Deuterium Maser*
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An atomic deuterium maser operating on hyperfine transitions was used to measure the
ground-state hyperfine separation in deuterium. The result was pp(D) =327 384 352.5222(17)
Hz where the hydrogen hyperfine frequency is assumed to be exactly 1420 405 751.768 Hz. The
construction of the device is discussed and a theory of the deuterium maser is presented with
special attention given to frequency shifts occurring in the output frequency. In addition, a
possible shift of the deuteron Larmor frequency because of the earth's gravitational field was
also investigated and found to be &10 4 Hz.

I. INTRODUCTION

The work reported here was motivated by the
desire to obtain a more accurate measurement of
the ground-state hyperfine splitting vo(D) in deute-
rium. Although a more accurate measurement
does not provide a better check of the theoretical
value of vo (D), ' it is important for other reasons.
For instance, in the measurements of the g~ ratios
in the hydrogen isotopes, 2'3 vo(D) is a parameter
that must be known accurately to interpret the data.
Moreover, it was useful to investigate the use of
the deuterium maser as a possible alternative to
the hydrogen- maser primary-frequency standard.

The most precise previous measurements of

vo (D) have been made in experiments where reso-
nances in deuterium were detected by monitoring
the electron polarization in another pumped alkali
which could interact with deuterium atoms via spin-
exchange collisions. The accuracy in these experi-
ments is ultimately limited by spin-exchange fre-
quency shifts (due to deuterium-deuterium colli-
sions) which can only be roughly estimated. In the
atomic deuterium maser (D maser) such spin-ex-
change shifts are present; however, as in the hy-
drogen maser (H maser), they are easily accounted
for.

lytical solution exists for this Hamiltonian and is
called the Breit-Rabi formula. ' The hyperfine en-
ergy levels as a function of magnetic field are il-
lustrated in Fig. 1. They are generally designated
by numbers since there does not exist a convenient
spin representation for which the Hamiltonian is
diagonal at all magnetic fields. At low field (x«1)
the wave functions can be approximated by the

l F, mz) eigenstates as shown.
Since the maser detects energy differences be-

tween levels, a more useful diagram is the repre-
sentation of the frequencies of the various transi-
tions vs magnetic field. Such a diagram, which in-
cludes the two transitions which are least sensitive
to magnetic field at low fields, is given in Fig. 2.
(A more complete diagram is given elsewhere. )
We note that the 2 —6 transition frequency goes
through a minimum at about 30 mG; hence if the
maser is operated on this transition at the "field-
independent" point, the output frequency is quite
insensitive to fluctuations or drifts in the applied
magnetic field (Ho). This was done in practice and
therefore field-stability requirements were greatly

H = hoI'J —gJPBJ Ho —g~P~I Ho

II. DEUTERIUM HYPERFINE STRUCTURE

For the problem of deuterium ground-state hy-
perfine structure, the Hamiltonian of interest can
be written

&=kaI J —g~paf H, —gpaI H, , (2. 1)

where p~ is the Bohr magneton, g~ and gi are the
electron and nuclear g factors in the atom (note
that gz = —2), J and I are the electron and nuclear
spins, and Ho is the externally applied static mag-
netic field. The first term is the Fermi contact
term for the hyperfine interaction and the last two
terms represent the interaction of the electron's
magnetic moment and that of the deuteron with the
external magnetic field. For J = —,', an exact ana-
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FIG. 1. Deuterium hyperfine energy levels as a function
of magnetic field.
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Ho

MINIMUM AT 30 MILLIGAUSS

FIG. 2. Field dependence of the 1 6, 2 6, and

3 5 hyperfine transition frequencies.

simplified.
It should also be noted that the 3—6 g transition

frequency goes through a minimum at approximately
40 0 hut it was undesirable to operate the maser at
these higher fields because (i) fractional-stability
requirements on the solenoid supply would be more
stringent, and (ii) field inhomogeneities would be
larger at the higher fields causing sizeable inhomo-

geneity shifts (see Sec. VII B).

IH. APPARATUS

The D maser was constructed similarly to exist-
ing H masers. ' " It is illustrated schematically
in Fig. 3. Deuterium atoms are created in and

effuse out of an rf discharge bulb. A static hexa-
pole magnet focuses the upper three hyperfine lev-

els into a beam while defocusing the lower three.
This state-selected beam (& 10"atoms/sec) then
passes into a Teflon storage "bulb" which confines
the atoms (for about 6 sec) in a constant phase mi-
crowave field defined by a circular-cylindrical
cavity tuned to the hyperfine frequency and operating
in the TEM~ mode. When the cavity Q and atom
fluxes are sufficiently large, self-sustained oscil-
lations occur. The low, uniform magnetic fields
required were supplied by a solenoid wound on the
inside of a set of three concentric moly-permalloy
magnetic shields.

In designing the maser, particular attention was
paid to reducing systematic frequency shifts. This
meant that optimum signal-to-noise conditions were
not simultaneously achieved. However the resulting
signal-to-noise ratio was adequate and did not limit
the experiment. The most serious systematic shift
is that due to the presence of neighboring transi-
tions. [It is called 5v, s (D) and is discussed in Sec.
V E. ] It is proportional to the square of the 6—2

transition-frequency linewidth (m
' r 2'), and there-

fore minimizing this linewidth is important.
In practice, the limiting relaxation in this type

of storage-bulb apparatus is due to atom collisions
with the bulb surface. It is called wall relaxation
and is designated T&„'. For the D maser this re-
laxation could be estimated from studies done in
the hydrogen maser. " " It would be made small-
est by constructing a multiple-region maser~5 with

a large intermediate storage region, thereby re-
ducing the atom collision rate with the wall sur-
face. However, since it was desirable to utilize
an existing vacuum system and magnetic shields, "
a single cavity maser provided the smallest wall
collision rate.

A second condition on linewidth is that it be part-
ly due to spin exchange. When this is true, the
linewidth can be varied by changing the atom den-
sity in the storage bulb (by changing the atom flux),
which provides a convenient method for calculating
spin exchange and cavity shifts in the output fre-
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quency. " We would like all other relaxation pro-
cesses to be comparatively small. For instance,
we would like the relaxation due to escape from the
bulb (Te') to be such that T, » v2.

Therefore, if T2 is known, then T, should be
chosen such that T, » T2~. With this value of T,
the atom flux level is governed by the requirement
that spin-exchange relaxation T~E be comparable
to wall relaxation. Now that the flux levels are
specified we must have a high enough cavity Q value
in order to achieve oscillation. [More generally,
the quality parameter I must be small enough (see
Sec. VA). ]

A. Storage Bulb and Cavity

In practice the above design principles could not
be strictly followed. If we make Tb arbitrarily
large, then an arbitrarily small flux is required in
order to make T»~ comparable to T, . This means
that only a very small power output is available
from the atoms and therefore an arbitrarily high
cavity Q is needed to sustain oscillation. For rea-
sons discussed below, this is undesirable and
therefore T, was chosen to be on the order of T2
and T2sE '

Even with the highest obtainable fluxes, oscilla-
tion could not be obtained with the natural Q of the
cavity (Q,a). (In Practice Q, =0. Bx 10s while the
maximum theoretical value is Q„=1.0& 10' for the
type of cavity used. ) Therefore an external feed-
back amplifier (Fig. 3) was used to compensate
partially resistive losses in the cavity and thereby

raise the Q to a large enough value to achieve os-
cillation. Unfortunately this scheme has the effect
of adding unwanted noise to the maser oscillation
and increasing frequency drifts due to cavity pull-
ing. In addition, the system is critically dependent
on amplifier gain stability; if the gain becomes too
high, the cavity plus amplifier system will self-
oscillate. This puts practical limits on the maxi-
mum obtainable Q; in this experiment stable Q's
of 3~ 10' could be obtained; however, typical op-
erating Q's were chosen to be =4&&105.

It should be noted that the main difficulties with
the "Q-multiplied" scheme can be avoided if one
uses a two-cavity scheme with external amplifica-
tion between the cavities. In this arrangement
frequency shifts caused by the cavities should be
the same as for the isolated cavities regardless of
the amplification between them. 5 Moreover, since
the feedback "loop" is completed by the atoms, the
cavity-amplifier system is stable for all gain
values.

The most difficult problems encountered in the
construction of the D-maser cavity and storage bulb
were caused by the required large size of these
pieces. (Since the D maser was made similarly to
existing H masers, the dimensions of the apparatus
scale approximately as the ratio of the wavelengths. )
It would be desirable to construct the cavity of a
low thermal-expansion-coefficient material but this
was prohibitively expensive and impractical.
Therefore the all aluminum cavity shown in Fig. 4
was constructed. A circular annulus forms one
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end of the cavity and by moving on rollers in the
ax direction provides the coarse tuning for the
cavity. This movement is controlled by four rods
which are threaded into the annulus but pass through
the "annulus support" on Teflon bushings. Move-
ment of these rods in the x direction is constrained
relative to the annulus support, but by turning them
one way or the other, the annulus can be moved
back and forth. The turning of these rods is syn-
chronized by attaching sprockets to the ends of the
rods external to the cavity and connecting them
with a chain. Finally, the motion of the annulus
can be accomplished external to the va, cuum cham-
ber by connecting a rotary vacuum feedthrough
to one of the sprockets. Fine tuning of the cavity
is provided by a voltage variable reactance (in the
form of a varactor) coupled into the cavity. ~'

In order to isolate thermally the cavity from the
vacuum chamber and therefore reduce temperature
drifts, the direct thermal contacts between the
cavity and vacuum chamber were kept at a mini-
mum. The cavity rested on four small Teflon
blocks which were atta, ched to an aluminum dolly
whose wheels were mounted on Teflon bushings.
The "beam tube" was connected to the "pump-out
pipe" with a thin sheet of Teflon film. The vacuum
chamber was internal to the structure containing
the magnetic shields and thermal insulation. '
However, it was not temperature controlled. With
this arrangement, typical cavity-drift rates were

2 Hz/min; moreover, it was determined that fre-
quency drifts were primarily due to the cavity and
not the Q-multiplication electronics.

Because the cavity was quite opaque to radiation
at the Zeeman frequency (=29 kHz), the Zeeman-
transition-inducing loop (used to monitor the mag-
netic field) was placed inside the cavity. This does
not affect the cavity mode of interest provided that
the loop does not couple to this mode.

For the atom storage bulb, similar problems due
to large size were encountered. It was impractical
and prohibitively expensive to make a storage bulb
of glass or quartz as is done for the H maser. "
Therefore a multipiece storage region of Teflon
film was constructed (Fig. 4). The essential fea-
tures of the bulb are the outer cylinder of Teflon
film, the aluminum endplate coated with Teflon,
the two-position Teflon cone used to vary the bulb
volume and therefore determine the "wall" frequen-
cy shift (see Sec. VB), and the Teflon collimator
used to increase the bulb lifetime. The outer cyl-
inder was made of one sheet of 20-mil film. A

seam was made along a generator of the cylinder
by use of a solid Teflon clamp. The flexible cone
was made of a flat sheet of 2-mil film and had one
seam made like the one for the outer cylinder; it
was attached to the outer cylinder by a similar
clamping arrangement. The bulb was held in the

small-volume position (solid line in Fig. 4) or the
large-volume position (dashed line in Fig. 4) by a
copper stem attached to the cone with a circular
Teflon plug and attached to the rear of the cavity
with a brass bushing.

The front endplate, which formed the front part
of the bulb, and the rear endplate, both of which
served as part of the endplates for the cavity, were
made of aluminum and coated commercially with
at 1.5 mil thickness of FEP film. The edges of
these plates and the corresponding parts of the
cavity were cut at slight angles (greatly exaggerated
in Fig. 4) so that a tight seal could be made between
the outer cylinder and cavity endplates when these
endplates were clamped down.

The collimator was made of many parallel sec-
tions of Teflon tubing (FEP-shrinkable wire cover).
These tubes were held in a single tube of FEP-
shrinkable roll cover which was mounted to the en-
trance aperture of the bulb.

Cleaning the interior of the bulb was provided by
washing with Freon and good quality trichlorethy-
lene. Acid was not used mainly because of the dif-
ficulty in handling the bulb, which would retain its
shape only when held in the cavity. When under
vacuum, only mild baking ( & 80'C) could be used or
else the Teflon would distort and shrink.

With the above-described bulb (with the mean free
path for wall collisions at small volume X~~ =11.7
in. ) the expected wall relaxation rate based on

studies done in the hydrogen maser with DuPont
FEP-120 Teflon film coated onto quartz storage
bulbs"' would be 1.6& T2„& 12 sec. In order to
keep cavity Q at a reasonable level and still achieve
oscillation without excessive spin-exchange relaxa-
tion, the storage times were chosen such that
T&„=5. 9 sec, Tt„„='7.5 sec, where the subscripts
refer to the small- and large-volume configurations
of the bulb.

B. Source and Vacuum System

The atom source and focusing magnet are similar
to those described elsewhere. " The essential fea-
tures of the vacuum system have also been de-
scribed elsewhere. ' In order to reduce the
pumping requirements of the existing orb-ion
pumps, "a glass-fused capillary array with a z
factor of approximately 16 was added to the source
bulb (Bendix Mosaics, Sturbridge, Mass. ). In

addition, a baffle and extra pump (Granville-
Phillips titanium sublimation pump) were added to
the source chamber as indicated in Fig. 4. Pres-
sures were measured with Varian UHV series
gauges placed in recesses near the pump openings.
With the source turned off the pressure measured
at the lower orb ion was typically 2&10 8 Torr.
(This reading is the apparent reading normalized to
N2 gas; H2 gives a reading which is high by a factor
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FIG. 5. Block diagram of the Q-multiplication scheme.

Q multiplication of the cavity was accomplished
in a straightforward manner and is quite similar to
schemes used by other authors. The block dia-
gram in Fig. 5 illustrates the technique and a sim-
ple analysis of this system is given in the Appendix.

The detection electronics compared the output
frequencies of the deuterium and hydrogen masers;
therefore it primarily consisted of amplifiers,
mixers, and filters. The essential elements of the
comparison electronics are illustrated in Fig. 6.
The crystal oscillator is locked to the H maser as
shown in the left-hand side of the diagram. Both
the frequency provided by "synthesizer 2" and the
time base for the counter can be expressed as a
function of v(H); therefore the counted signal (v„„)
gives a comparison of v(D) with respect to v(H). In
practice the "phase detector" and "mixer" con-
sisted of several mixers, filters, and amplifers, 22

and the crystal was offset about 5. 3 parts in 10' in
order to simplify synthesizer requirements.

To observe radiative decay times in the maser,
a pulsing scheme similar to that described by Berg '
was used. Typically, pulse lengths were 0. 1 sec
in duration and the pulsing amplitude was adjusted
to obtain = —,

' z spin flips. At flux levels used for
oscillation, S/N on the initial decay amplitude was
=20 1.

of 2. ) With an atom flux of (2 a 1)&& 10'~ sec ~, the
measured pressure at the lower orb ion is 3&&10

Torr. At this flux and at T„=6 sec the calculated
bulb pressure is 2& 10 Torr.

C. Magnetic Shields and Solenoid

The magnetic shields surrounding the cavity and
main vacuum chamber have been discussed else-
where. " A solenoid was wound inside but as
close as possible to the innermost shield. The
spacing between windings was =1 in. , and a current
of =60 mA produced the required operating field of
=30 mG in a direction perpendicular to the cavity
axis and normal to the earth's surface. I,inewidths
of the Zeeman transitions (v, = p, s g~H, )/2h were
primarily attributed to magnetic field inhomogenei-
ties,' typically they were =3 Hz. Assuming a model
for the inhomogeneities one can estimate their
magnitude.

D. Electronics

where the subscripts stand for spin-exchange colli-
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FIG. 6. Block diagram of the frequency comparison elec-
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IV. THEORY

Section II discussed the static problem of deute-
rium hyperfine structure; the Breit-Rabi formula
yielded the energies of the various levels in a static
magnetic field Ho. Now we discuss the dynamical
problem of the maser; therefore we must include
the effects of the oscillating electromagnetic field,
collisions, etc. Experimentally, the frequency of
the radiation in the maser cavity v(D) is measured.
Therefore we need expressions which relate the
observed frequency v(D) to vo(D). To do this, it is
convenient to break the problem into two parts.
That is, we find (i) an equation that relates the ra-
diation in the maser to both the cavity and magne-
tization due to the atoms and (ii) equations that relate
the magnetization to the atoms. (Specifically we
will relate the magnetization to the density matrix
representing the atoms. ) These equations can then
be solved to give an expression for the power
emitted and the frequency of oscillation in terms of
measurable or calculable quantities. Specifically,
the expression for the output frequency can be writ-
ten in terms of the atomic and cavity frequencies
and suggests the experimental technique for deter-
mining vo(D). We first discuss the problem of the
atoms interacting with their environment and obtain
an expression for the magnetization; later we relate
the radiation to its environment (cavity and mag-
netization ).

For a description of the atoms it is useful to use
the density-matrix approach. 24 This method has
previously been used to describe the hydrogen
maser' ~ and yields all the available information
when the motions of individual atoms in an ensemble
are not known. Following Crampton we write the
equation for the rate of change of the deuterium
density matrix p(D) as

z—,P())) (z, o(D)) +(=z,—q(D)) +(z—,P(D))

+ —p(D) ~, (4. 1)d
dt joR

'
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TABLE I. Factors multiplying collision rates for deuter-
ium spin exchange.

A(1) = 2 (1 —P)Df f g(1 +P) +22+ 2D55)

A (2) =- -', (1 —P) (D« -D22) - -,
' (1 + P) (2D33 D66) + y (5D22 —2D55)

A(3) = —T(1 —P) (2D22+D5)) + y(1 +P) (D33 D44) + 7(5D33 2D66)
f 1 f

A (4) = —
6

(1-P) (D33 + 2D66) + 2 (1 + P)D44

A (5) = —3 (1 —P)Dff —P(1 + P) (2D33 3D55+ D66) —
~ (2D22 —5D55)

A(6) = 8(1 —P) (2D22+D)5) —9D33 3(1 +P)D)4+ (p —TP)D68

A (7) = P (15Df f + 14D22 + 17D33 + 24D44 + 19D55 + 16D66)

A (8) = ~ (24D f f + 17D22 + 14D33 + 15D44 + 16D ~5 + 19D66)

P = 2 (Jg) = Df f + 3D22 —3D33 —D ~ —3D55 + 3D66

sions (SE), flow contributions (F), radiation and
"free P recession" (RAD), and other relaxation not
included in the first three terms (OR). We will
eventually be interested in the conditions of steady
state; therefore, for the left-hand side of Eq. (4.1)
we will set D« = 0 and D„cce ' "' ", where D, &

is
an individual element of p(D). ' Since the problem
is similar to that treated for the H maser, ' ' de-
ve lop ment and discussion of the equations apply only
to the particular example of the deuterium maser.

A. Spin Exchange

Crampton, ' ~6 has derived the contribution due to
spin exchange . It should be noted that only the main
terms are discussed here; small corrections due to
nuclear identity, for example, are discussed in Sec.
VG B. The diagonal terms are

D('(= -A(i)/TDD, i = (1, 6)

where

TDD )3(D)(Vp g 03F(D D) )3

or

TD'D =)3(D)((FI/pk) 5~ (2l +1)sin'(5', —5', ) ), .
1 =0

TDD is the collision rate and n(D) is the deuterium
density. The product of the relative velocity of the
atoms V„,and "spin-flip" cross section a»(D, D)
can be written in terms of phase shifts for the trip-
let and singlet wave functions for the different an-
gular momenta during the collision; the average is
over the thermal velocity distribution. The A (i)
are given in Table l. [Note that the equation for
(D55)3E given in Ref. 5 is incorrect. ]

The off -diagonal elements of interest are D„and
D» . We have

(D53)53 = [-A(7)/TDD]D53+i&(@53(SE)D53 (4. 3)

(D53)33 [ A(8)/TDD]&53+3+(d53(SE)D53 y (4. 4)

C. Other Relaxation

Contributions by other relaxation mechanisms
(e. g. , wall relaxation, Majorana flops, magnetic-
field-inhomogeneity dephasing) are written

(L); ) „=(1/Tg)(5 —D((), i=(1, 6)

(&;;)oa= —(1/T3)&„, i~j=(1, 6) .
(4. 6)

Clearly this is only an approximation . For in-
stance, Majorana relaxation rates are different for
different levels. However, since this is not a domi-
nant relaxation process, its exact description is not
as important. More significantly, frequency shifts
caused by the above effects are either directly mea-
surable (e. g. , wall shift) or negligible.

D. Radiation

Contributions to Eq. (4 ~ 1) due to radiation arise
when an oscillating electromagnetic field connects
the various levels of the system Here the D maser
exhibits a small but important difference compared
with the H maser The reason is that while the
radiation in the D maser is predominantly due to
the 6—2 transition, there is a slight contribution
by the nearby 3—5 transition. ~ At the desired
operating field (=30 mG) these two transitions are
separated by only = 40 Hz, and therefore there is a
small but significant overlap of the lines . This
gives rise to a frequency shift derived in Sec. V E .

Strictly speaking the derivation of (d/dt)p(D)~&D
should be made by treating the field quantum me-

where

n (d53(SE) —= —[&DD/9TDD](D33 —D55),

n'+53(SE) = —[5:DD/ 9 TD D 1(fl33 fl55)

)(DD/TDD=n(D)(V„, k(D, D))

= n(D) ((mll'/2gk) 0 (M+ ()sin2(ll, —s, ))1=0

z» is called the frequency-shift parameter. '

B. Flow

The "flow" contributions to Eq. (4. 1) can be
written 5

(&;$)F= (1/T5)(C;g —L);$), i= (1, 6)
(4 5)

(D„)F= —(1/T3)DO, i Wj= (1, 6)

where T(&' is the geometrical relaxation rate out of
the bulb, and the C;,. are parameters which specify
the degree of state selection in the beam which en-
ters the storage bulb. For example, if the state-
selecting magnet is working "ideally" (i ~ e. , select-
ing the upper three hyperf inc levels and rejecting
the lower three), then C, q

= C33= C33 —,
' and C44= C55

= &66 =0.
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chanically, ~'~ but for our purposes a classical
treatment is sufficient. Therefore we wish to add
to the Hamiltonian of Eq. (2. 1) the term

V= —p, 2(gJ J+g,I ) ~ H, cosset, (4. V)

where H~ is perpendicular to H6. (The 6 —2 transi-
tion is a w transition. ) Choosing H, = Hj i, we have
V= p, &HAJJ„e'"', where we have neglected the anti-
rotating component of the field and the coupling to
the nuclear moment. The latter approximation
causes no frequency shift and makes a negligible
correction to the power emitted by the atoms. Most
straightforwardly, (d/dt)p(D)RAD can be derived
from the equation

;,p(D)=;[0', p(D)l, (4. 8)

~'S= 2A fthm(~&& ~62)

-2
~~~= O'V(&W ~62j T2~~

where

x -=(2p, If,/e)(6l ~„l 2&,

(4. 9)

and cd&& is the resonant frequency of the atoms on

the i —j transition and can be written as 22 vb(D)

plus corrections due to wall shift, magnetic field
shift, and second-order Doppler shift [see Eq.
(5.4) j. Therefore the only other significant contri-
butions from Eq. (4. 8) to Eq. (4. 1) come from the
3—5 transition. For these two transitions of in-
terest, we have

(D22)RAD 2 ~62 l (4. 10a)

(D66)RAD XP62 ~

(D62)RAD —2~62D62 22 +( 22 66)e

(D33)RAD = &&63 ~

(4. 10b)

(4. 10c)

(4. 10d)

where H = H+ V and H is the Hamiltonian of Eq.
(2.1). The only significant contributions to Eq.
(4. 1) from Eq. (4.8) are the terms (D„)RAD, where
i and j refer to levels for which there is a signifi-
cant transition probability because of radiation. If
we include all the terms of Eq. (4. 8) in Eq. (4. 1)
then for steady-state conditions we obtain a set of
simultaneous nonlinear (because of spin exchange)
algebraic equations which must be solved. For
steady-state conditions the solution for the off-diag-
onal elements can be written in the form D„
= (a;, +iP;;)e "', where a;; and P,~ are real and &u

is the angular frequency of the radiation. When ~
is nearly equal to the angular frequency for the
6 —2 transition, then o62 and p62 would be signifi-
cantly large and, for all other i, j,

E. Expression for Magnetization

We now obtain an expression for the atomic mag-
netization in terms of the density matrix. We are
interested in the average over the bulb of the x
component of the magnetization; for a single atom
the relevant operator is p. „=g~p. & J„+g,p.&I„. The
total magnetization can be written

MXTQT (M.&be"' + &~.)b e (fi/ Vb)( ibm& 6

(4. 11)
where N is the total number of deuterium atoms in
the bulb and V, is the bulb volume. Neglecting the
nuclear moment we obtain

&P. &b =Z.P.
x[(6IJ.I2&(B62+D~62)+&51&.l»(D +D')j

(4. 12)
and therefore

&M,&b (ITb /Vb)(2p2)

x[(&. +is )«I&.I2&+(n„+iP„)&51&.l»l,
(4. 18)

where I is the total atom flux.

F. Equation of Motion for Field; Slater Equation

Previously 6 the problem of an equation of motion
for the field has been solved by using a result de-
rived by Slater' that relates the magnetization in
a microwave cavity to the radiation. An equally
rigorous but perhaps more transparent approach to
the problem is given here. In this derivation the
phases of the magnetization, oscillating field, and
currents are easily accounted for"; however it is
essentially the same as the one given by Slater. As
before we treat the field classically.

The derivation given here relies on the assump-
tion that near resonance for a particular cavity
mode we can approximate the microwave cavity,
associated coupling loop, and output line (terminated
by an impedance Z, ) by a series LRC circuit. ' The
analogy is especially clear if we consider a reen-
trant-type cavity where the electric and magnetic
field energies are confined primarily to different
regions of the cavity. Since the atoms interact only
with the oscillating magnetic field H&, we assume
that inside the inductance L there exists a region
of magnetization M. Thus, the model of the maser
can be given as in Fig. 7. A coupling parameter P
is defined in terms of a load matched to the line;
that is, if Z, = Zo, which is the characteristic imped-
ance of the line, then n2Z6/R = P. (For simplicity
we assume Z, = Z6 throughout the following. )

Faraday's law of induction yields the voltage
across the inductor

(+55)RAD AP53 ~

(D53)RAD 2(053D53 +22 x(D53 D55)e ~6

(4. 10e)

(4. 10f) V =K —(B„&b, (4. 14)
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1
I ~(

v v~ ~4vt (M~)g(H~)gV" =0 . (4. 20)

& IdeoI Transformer

~l j'

ZL
I

n:I

FIG. 7. Circuit analog of the maser.

V =Z —[(H„),+ 4vq '(Ilf „),], (4. is)

where g is the usual filling factor'

V( (Hx)q V,
V, (H),V, '

where K is a real constant containing geometrical
and units factors and (8„),is the average oscillating
magnetic-field amplitude in the x direction over the
region of the magnetization (e.g. , bulb volume).
We can also write

This is the result obtained by directly applying the
Slater equation to the problem of the maser.

G. Solutions to Equations of Motion; Oscillation Conditions

We now have the necessary equations [(4.1) and
(4. 20)] to solve for the output power and frequency
of the maser. We first solve for the power and
establish the conditions that must be met to achieve
oscillation.

For this problem we need the real part of Eq.
(4. 20) which merely states that the power radiated
by the atoms is equal to the power absorbed by the
cavity. We assume that the power radiated by the
3—5 transition is negligible; that is, we assume
that the contributions (4. 10d) and (4. 20e) can be
neglected in Eq. (4. 1) and that n, 3= P,~= 0 in Eq.
(4. 13). One can work the problem without these
assumptions but the difference in power output is
negligible. The real part of Eq. (4. 20) yields

V, is the bulb volume, and V, is the cavity volume.
Ampere's law says

(H), =K I, (4. 16)

where K is a real constant containing geometrical
and unit factors and I is the current. Using Eq.
(4. 16) in Eq. (4. 16) and assuming that the magne-
tization is zero, we obtain

x = —6(I/I()) T, Psa,

where we have defined

3k Vb

4~p, 'Q(2(6I J„l 2)) q' T,

and, following Ref. 11,

1/T, =—(1/T, +1/T, )(1/T2+1/T, ) .

(4. 21)

KK =L . (4. 17)

Summing the voltage around the circuit we obtain
with the help of Eqs. (4. 14) through (4. 17)

Next we write the expression for D,2. We have from
Eqs. (4. 1), (4. 8), (4. 6), (4. 6), and (4. 10) that

D62 (1/~2)D62+ t+ 62 62 t~z (D22 D66)

c —(H„), +4m' —(M„),) where
(4. 22)

+It(1+P)(H„),+ —„(H„)dt=0 . (4.18)
1 f

Taking the derivative of this equation with respect
to time we obtain

, (H„),+ ' —(H„)„+(d, (H,)„

and

1
(062 = (()62+ 4(d6g (SE)

1 1 1 1 1
+~ +

72 T262 Tb T2 TKE

X(7)
T 2' TDD

where

= -4.rt
' —(M„), , (4.19) For steady-state conditions we assume D62

= (&()2+tp6q) e'"'. Therefore Eq. (4. 22) yields

&82= &2(~ ~ 62) p62 (4. 28)

(u', = (I.C) ', Qc (ucL
@L 1 p

~ Qc-

((d —(d62) o.6, + (ps//1, ) + 2 x(Dzz D66) = 0 . —(4. 24)
This can be taken as the classical equation for the
field in a cavity near resonance. If we assume that
the field and magnetization vary as e'"', then using
the definition of g we can rewrite Eq. (4.18) in the
for m

k
~ss = ~ a(~ ~ 53) pcs (4. as)

Although they are not needed here, we write the
corresponding equations for the 3—5 transition.
We have
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MASER AT SMALL VOLUME
m = 0.046

Qc 400 000 q'-0 l45

of power vs flux using measured input parameters
(m, T„T3, T2, 3 2) is shown in Fig. 8. [m is defined
as

(v„,~„(D, D))e

0 e ~~ I.O 2.0

ATOM FLUX = 10' Igec
OUTPUT POWER = l0 ' P Wotts

p&G. 8. Theoretical plots of m.aser power vs atom fl~.

Tt
22 66) 8(l/I ) Zr ~

(4. 27)

If we define Po=- 6 A~Io and note that the power
radiated by the atoms can be expressed as P= -Nhco
&& (D22)»0, then with the help of Eq. (4. 10a) we can
write

~ P/Pp
6T (I/I )

( — 53) 53+ (P53/ 2)
- 3 ( 33

- 55) = o, ( )

where

pd 53
= (053 + EQ)53(SE)

1 1 1 1 A(8)
+ +

P ~P 53 Ty T2 TDD

Combining Eqs. (4. 21)-(4.24), and noting that
(~g —&F62) «3'2 when the maser is oscillating, we ob-
tain

and is called the quality parameter. As m gets
smaller the maser will oscillate with less flux. ]
Filling factors (3l ) were calculated assuming that
there was no distortion of the fields by the bulb; the
spin-exchange cross section was assumed to be the
same as that for hydrogen. ' In Fig. 8, the places
where the power output is zero indicate threshold
fluxes for various maser parameters. In practice,
measured threshold fluxes and values of v2 agreed
quite well with those predicted by the computer
program.

H. Spin-Exchange Limit

For the D maser as in the H maser, spin-ex-
change collisions allow one to broaden the atomic
linewidth and thereby obtain a method of "tuning. " '
Spin-exchange collisions also play another impor-
tant role in the D maser: If state selection is
"ideal, " then the oscillation on the 6—2 transition
tends to be maintained when the density of atoms in-
creases rather than reduced as for the hydrogen 0
maser. This behavior is analogous to that of the
1—4 transition in the H maser. '

The above effect occurs because spin-exchange
collisions conserve the z component of the total
angular momentum 8(D) IC(D)=-(E,)]. It is most
evident when all non-spin-exchange processes can
be neglected (including radiation). In this case
Eqs. (4. 28) yield the equilibrium values5

Therefore the diagonal equations in Eq. (4. 1) can
be written

I (I —P2)3~2

2 8+P2 1 —P j (4. 29)

D] =—A(i) 1 1
+—(C„-D,,)+—(-, -D;;)

+5;, i=(1, 6) (4. 28)

where

6, ——5,-1 and 5, =53=54=65=0 .
Equations (4. 27) and (4. 28) (with the requirement
that D;; =0 for all i) form 2, set of seven simultaneous
nonlinear algebraic equations in seven unknowns

[D«, i = (1, 6) and P/Pp]. Unfortunately, a simple
analytic solution does not exist as in the case of the
hydrogen 0 maser. ' For the D-maser problem
an exact solution is not necessary from the stand-
point of power considerations. However, it was
desirable to make an exact solution in order to study
the pulling by the nearby 3—5 transition. There-
fore a computer program was used; a typical plot

where P is the electron polarization (P= 2(J,)). -
For the beam entering the bulb (assuming ideal
state selection), 8(D) = 0. 5, and this value must be
the same in the spin-exchange limit. Therefore we
can use Eq. (4. 29) and the expression for 8(D) in
terms of the D;, to find the D„ in the spin-exchange
limit. In particular, we find D»-D«=+0. 087

(D33 D55) Therefore, when spin -exchange pro-
cesses are important, the population difference
D»-D« tends toward a positive value which main-
tains the 2 6 oscillation while D33 D55 tends
toward a negative value which diminishes the radia-
tion on the 3—5 transition.

This is important because if spin-exchange relax-
ation could be neglected, then with "ideal" state
selection both the 2—6 and 3—5 transition would
radiate about equally. (The separation of the lines
is much less than the cavity bandwidth. ) This would
cause the additional problem that the radiation from
the 3—5 transition would tend to pull the 2 6
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transition frequency. " Therefore it is desirable
to work at flux levels where for a proper choice of
cavity Q, the 2—6 transition will oscillate but the
3 5 transition will not.

The above behavior is observed in practice. At

high-cavity Q and low fluxes (where spin-exchange
relaxation is negligible) both transitions oscillate
with about equal strength. As the Q is reduced,
both oscillations die out at approximately the same
point. At fluxes where spin exchange contributes to
the atomic linewidth both transitions will oscillate
at high-cavity Q but the 3—5 oscillation has less
strength. As the Q is reduced the 3—5 oscillation
dies out but the 2—6 oscillation remains.

J. Solution for Oscillation Frequency

More important than an exact description of the
power output of the maser is an accurate expression
for the frequency of oscillation v(D). Equation
(4. 20) relates this frequency to (i) the cavity (fre-
quency snd Q) and (ii) the total atomic magnetiza-
tion. Combining Eqs. (4. 13), (4. 23)-(4.25), and

(4. 26), using the approximations l (d —to t21«72,
~ ~ —

&o53 ~
» r 2, and noting that (5 I J'„I 3) = —(6 I Z„l 2)

we can write the imaginary part of Eq. (4. 20) in
the form

COc CO

C

" 72-'((u —&u53)
' . (4. 30)

822-D66

This result is the same as that obtained for the
hydrogen 0 maser except for the second term on

the right-hand side, which represents the pulling of
the 2—6 transition by the 3—5 transition.

A more intuitive way to obtain Eq. (4. 30) is by
the "phase-shift method. " If we think in terms of
the equivalent circuit model for the cavity (Fig.
7) we can make the following argument. The
oscillating field induces a magnetization whose
phase (given by the ac susceptibility) is (())H „with
respect to the field. This magnetization induces a
"cavity voltage" given by V(M) = E:(d/dt)4((g (M„)-,
whose phase is Q&( «» with respect to the magne-
tization. This voltage induces a current (I) in the
cavity whose phase (derived from the series imped-
ance of the equivalent circuit) is (t)«&(& z with re-
spect to the voltage. This current gives rise to an
oscillating magnetic field which by Ampere's law is
in phase with the current. If we require consistency
around the "loop" we must have

4H &(+AH V(H&+AVo((& I M(2 ), van=0, 1, 2, . . .

It is straightforward to obtain expressions for the
various phases and when this is done we arrive at
Eq. (4. 30).

It should also be noted that the last term in Eq.

(4. 30) could be obtained by approaching the problem
in a slightly different way. Other authors ' have
considered that the presence of neighboring transi-
tions causes a change in the permeability of the
cavity which causes frequency shifts in the cavity
and therefore in the maser. Both approaches are
essentially the same. However, the one given here
has the simplicity that the frequency of oscillation
appears as a function of only two things: the empty
cavity and the total magnetization. When the total
magnetization is examined in detail this frequency
shift appears straightforwardly.

V. FREQUENCY SHIFTS AND MEASUREMENT
TECHNIQUE

The measurement procedure was essentially the
same as that used in previous experiments with the
hydrogen maser. ' Therefore the following dis-
cussion will primarily concern the corrections that
must be made to the D-maser frequency; the cor-
rections that must be made to the H-maser fre-
quency have been discussed elsewhere. ' o

In order to find v6(D) we must correct the ob-
served frequency v(D) for various frequency shifts
which we group into five categories. Each of these
categories is discussed below along with the ac-
companying measurement technique.

A. Cavity and Spin-Exchange Shifts; "Tuning" Procedure

The "tuning" procedure outlined in Ref. 11 pro-
vides a method for correcting the observed frequen-
cy for cavity and spin-exchange shifts thereby
yielding v62(D) (see Sec. IVD). It is valid if we can
relate v62(D) to the maser frequency v(D) by an

equation of the form

v(D) —v „(D)= (1/r )(K,[v, —v (D)]+I(„), (5. 1)

where v, is the cavity frequency, K, is a constant
depending on cavity parameters, and K~ is a con-
stant depending on spin-exchange parameters (but

independent of r2). For the D maser Eq. (5.1) is
not strictly true and is modified by the pulling due
to the 3—5 transition. By combining Eqs. (4. 27)
and (4. 30), using the definitions for &u,2, 6&u62(SE),
and I6, and making the approximations that 2Q,
&&(&u, —(062)/(d62«1 and Q, /Q, «1 (Q, = v6~52) we ob-
tain

2(([v(D) —v62(D) ]

1 2Q,
v (0) ' ' (44((6)iZ. )i2))')

( 27(T2 [P62(D) v53(D)]]'
822 +66 „

(5. 2)

Equation (5. 2) has the form of Eq. (5. 1) except for
the last term, which accounts for the pulling of the
3—5 transition. If we include this last term, then
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5v (D),„-5v„(D)„ (6. 6)

where the subscripts sv and lv denote the small-
and large-volume configurations of the storage
bulb, respectively. For the D maser X„/X„
= l. 256(10), where the error is due to nonuniformi-
ties in the bulb contour. (The "stem" correction
was negligible. ) It is perhaps more instructive to
write Eq. (5. 6) in the form

in the terminology of Ref. 11 we can write

(D) —v (D) = [ (D)„—(D) ]/(R —1)+5v, (D),
(6. 3)

where the subscripts A and 8 refer to the "high"-
and "low"-flux conditions of the source (high- and
low-atom-density configurations of the maser), and
R =nv, „/nv, is the ratio of atomic linewidths for
the 2 and B flux conditions. The quantities v(D)„,
v(D)~, and R are measured and 5v53(D) can be cal-
culated (Sec. VE). Therefore we have a method of
obtaining vbz(D). We can now determine vp(D) from
the equation

vb2(D) = vo(D) + 5v„(D) + 5v„(D) + 5vn(D), (5. 4)

where 5v (D), 5v„(D), and 5vn(D) are the wall,
magnetic field, and second-order Doppler -shift
corrections, respectively.

B. "Wall" Frequency Shift

The D-maser wall shift was measured by the de-
formable bulb technique. ' That is, it could be
derived by measuring the change in wall shift be-
tween the two volume configurations of the storage
bulb and calculating the respective mean free paths
(A.) for atoms in the bulb. We have" "

C. Magnetic-Field Frequency Shift

5v (D) = —10.01163 1 — ' o Hz . (6.7)
gp

D. SecondMder Doppler Shift

From Ref. 10,

5vg)(D)/vo(D) = —0. 689 x 10 ib T, (6.8)

where T is the temperature expressed in degrees
Kelvin. The temperature was monitored by mercury
thermometers placed inside the magnetic shields.
From Eq. (5.6) we note that the relative calibration
of the thermometers is more important than the
absolute calibration.

E. Frequency Shift Caused by 3~5 Hyperfine Transition

Here we are interested in two things: (i) the shift
5v, b(D) for each volume configuration of the storage
bulb and (ii) the relative shift 5v„(D),„—5v„(D),„
for use in Eq. (5.6). In the notation of Sec. V A we
have

As for the H maser' the magnetic field was
monitored by inducing Zeeman transitions between
the magnetic sublevels and observing the resonances
by monitoring the power output of the maser. We
want to set the magnetic field equal to the "field-
independent" value; therefore the Breit-Rabi for-
mula gives the relevant Zeeman frequencies (v,o) as

v, (2—1) =28600. 2 Hz,

v, (2—3) =28605. 2 Hz,

v, (6 5) = 28645. 3 Hz .
When we are near the "field-independent" point,
then

(
[vo(D) + 5v„(D),„]—[vo(D) + 5v„(D)„] 5v»(D)=(R5vg —5v~ )/(R —1),

where we have defined

(6. S)

(6. 6)

Since A.„/X,„—1 is less than 1, this equation tells
us that the largest error in the deuterium frequency
is necessarily the error in our determination of
5v (D)„. That is, the uncertainty in 5v„(D),„due
to the uncertainty in X,„/A, ,„was in practice negligi-
ble and, therefore, the main uncertainty was due
to the uncertainty in the relative determination of
vo(D) +5v„(D) at the two volume configurations.

The H-maser wall shift was taken relative to that
of Harvard Maser No. 1, whose wall shift has been
measured several times. ' '" Its uncertainty was
taken as + 2. 5&&10 Hz which accounts for the un-
certainty in vo(H). Note however that this error does
not contribute to the error in 5v„(D) because the hy-
drogen-maser wall shift, although not precisely
known, was assumed to be constant for all measure-
ments (see Sec. VIA).

oP = —[2' Tg(tdg2-&H)] ( 22 66

To get an idea of the magnitude of 5v* we write

")xto-' HK .0.64 I'a -a
7'2 (D~ -D66

Now 7,=1 sec and (D» D55)/(D» D») ~ 1 (or else
the 3—5 transition would oscillate) and therefore
5v*- 0. 5&& 10 Hz. Unfortunately a simple method
does not exist for determining 5v,b(D). However
the computer program discussed in Sec. IVG can
be used to calculate 5v~ [and 5v»(D)] if the maser
parameters (Tb, m, R, Tq, Tm, rb) are known.
Plots of 6v" vs flux for various typical input param-
eters are shown in Fig. 9. If we know the value of
r2(B) for a particular set of input parameters, then
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the value of 8 yields r~(A). The computer program
relates 7~ to the flux and as indicated in Fig. 9 we
can then relate particular values of r, to the shift
6v*. In practice T„rn, and 8 were fairly well
known while Tj, T~, and 7~ were hardertodetermine
(see Sec. VI B). If various possible combinations
of input parameters are used (determined by the un-
certainties in these parameters) then with the help
of plots like those given in Fig. 9 we can obtain
estimates of 5v,~(D). Such estimates yielded
5v~3(D)„= (+0.1+0.3) &&10 ~ Hz for the data mea-
surements. The error quoted here results from
(i) the uncertainty of input parameters for a partic-
ular run and (ii) slight variations of input param-
eters over all the runs. Similarly we obtain

5v~~(D)„—5vns(D), „=(+0.4a 2. 0) && 10 4 Hz .
F. Measurement Procedure

In taking data, it was necessary to overcome
short-term fluctuations and compensate for drifts.
(The main drift was that in the D-maser frequency
caused by cavity temperature drifts. ) In a time of
about 2 h a "run" could be made consisting of a set
of individual measurements of vo(D)+5v (D)
+5v~s(D). Each run was made at one volume position
of the deuterium storage bulb; changing the volume
required letting the system rise to atmospheric
pressure and pumping down again, which took about
3 days. Individual measurements were taken in the
following manner.

(a) Both maser output frequencies were first tuned
as well as possible to the resonant frequency of the
atoms. This was done by observing the change in
output frequencies for the A and B flux conditions
and varying the cavity frequency to get a null re-
sult. (b) The D-maser magnetic field was adjusted
to the "field-independent point" and then the H-
maser Zeeman frequency was measured. (c) Three

10-sec averages of v„„, (the frequency at the counter
in Fig. 6, which is typically =1 Hz were made for
the following configurations of the masers: H&, D&,

H~, D~; H~, Dg, Hg, Dg,' and H~, D~, where H„,
D~ denotes that the H maser was in configuration A
while the D maser was in configuration 8, etc. Be-
tween measurements of v„„,for each of these con-
figurations, it was necessary to wait for flux and
amplitude levels to stabilize. Therefore, the rela-
tive times when v„„,was measured were recorded
so that linear drifts could be compensated. (d) The
Zeeman frequencies were remeasured to check for
drifts.

Before and after each run the R ratios, the ab-
solute temperatures, and v~ for the D maser were
measured. Consistency was found in these mea-
surements and therefore it was assumed these pa-
rameters were constant in a run.

VI. RESULTS

A. Frequency&omparison Measurements

The results of the frequency-comparison mea-
surements are displayed in Fig. 10. In Fig. 10
are plotted the average values of Y for each run
(set of measurements of Y) where Y is defined by

Y=—vo(D)+5v„(D) +5v5~(D) —32V 384352. 5100 Hz .
(8. 1)

Experimentally Y is determined from measure-
ments of v„„and the analysis of Secs. VA, VC,
VD, and VE. Therefore, it is directly dependent
on vo(H), which is assumed to be exactly
1420405 751.768 Hz. ' In the same way it is also
dependent on 5v„(H) but at this point we neglect the
uncertainty in 5v (H) because 5v (H) cancels out
in our determination of 5v (D) from measurements
of Y for the two volume configurations of the D
maser. Later of course we must include this error
when we calculate vo(D) from the definition of Y.
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FIG. 10. Results of data runs. g, measurements at
small volume; x, measurements at large volume; {g) de-
notes number of data points in a particular run.

The error bars in Fig. 10 correspond to the de-
viation of the mean (o&) for each run, which is de-
fined by

o) = $, (Y( —Y~)8/Nq(N) —1), (6. 2)

where Y& is the average value of Y for run j, Y& is
the value of Y for measurement i in run j, and N&

is the number of measurements in run j (indicated
beside the error bars for each run}. These error
bars corresponded only to the fluctuations between
separate measurements of Y in a particular run;
uncertainties in the frequency corrections 5v (D),
5v~(D), 5v„(H), and 5v~(H) were negligible com-
pared to these fluctuations, and therefore they
were assumed to be zero for each measurement
of Y.

In particular, rms fluctuations in measurements
of vb„, over 10-sec averaging times were typically
3.Ox 10 o Hz. [These fluctuations were predomi-
nantly caused by fluctuations in v(D}. J For both
masers, uncertainties in the measurement of R
could be neglected compared to this and therefore
uncertainties in the calculation of cavity and spin-
exchange shifts were due to fluctuations in vb„, .
Fluctuations and drifts in the D-maser Zeeman
frequencies over the measurement time were typ-
ically 10 Hz away from v, ,

' therefore the un-
certainty in the magnetic field frequency shift was
negligible. It should be noted that the fluctuations
in magnetic field were due to external magnetic
perturbations and not to fluctuations in the solenoid
current supply. This was consistent with the ob-
servation that magnetic fluctuations were greatly

reduced in late evening and early morning as op-
posed to daytime when there was activity in adja-
cent laboratories. Similarly, uncertainties in the
Doppler-shift correction due to temperature fluc-
tuations could be neglected. Fluctuations in maser
parameters were small enough that fluctuations in
5v, o(D) for measurements in a particular run could
be neglected. Finally, uncertainties in the H-maser
corrections 5v„(H) and 5vD(H) could also be ne-
glected compared to fluctuations in vb„, .

In Fig. 10, the points labeled A correspond to
Ysg for the entire collection of measurements at
each volume. (Strictly speaking we should sepa-
rately evaluate the data taken relative to H masers
1 and 3 because of calibration errors between them.
These errors however could be neglected. ) The
data appear to exhibit nonstatistical fluctuations.
This is reflected in the Birge ratio (RN), which
for the data at small volume is A~= 1.8 This be-
havior could partly be explained by the small num-
ber of measurements in some of the runs. System-
atic effects between runs could also cause these
results; some of the more important of these ef-
fects are discussed in Sec. VII. However because
this nonstatistical behavior could not be adequately
explained, the errors on Y for both volumes were
increased to those indicated by the letter B in Fig.
10. That is, Y,„=0.008 46(25) Hz; Y;,=0.009 22(25)
Hz.

Using the value of 5v, o(D)„—5v, o(D)„ from Sec.
VE and applying Eq. (5. 6) we obtain

5v (D)„=—0. 0031(16) Hz.

It is interesting to compare this result with that
which we might expect assuming a value for 5p,
the phase shift per wall collision. Unfortunately,
no wall-shift data exist for the FEP Teflon film
used in this experiment. However for the hydrogen
maser, 5P has been measured for two different
samples of DuPont FEP-120 Teflon film coated onto
quartz storage bulbs. '0'3 These measurements
indicated that for hydrogen at 22 C we would ex-
pect

5y =5yoo(H) = —9. 6x10 rad/collision (Ref. 43),

5(5 —= 5$oo(H) = —6. 9x 10 6 rad/collision (Ref. 40) .

A theory of alkali-wall collisions predicts that
5Q = f vo m'~8, where m is the atomic mass, vo is
the atomic hyperfine frequency, and f depends on
the surface and atoms but should be the same for
the hydrogen isotopes. Therefore for deuterium on

Dupont FEP-120 Teflon we would expect

5(t oo(D) = —3. 2 x 10 rad/collision,

()goo(D) = —2. 3x 10 o rad/collision.

If this type of Teflon were coated onto the D-maser
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bulb (A,„=14.7 in. ), then by Eq. (3) of Ref. 40 we

should expect

5v„(D),„43
= —0.0024 Hz,

5v (D),„=—0.001V Hz .
Since a 40% change was observed in the two differ-
ent samples of the same kind of Teflon used in the
hydrogen masers, the agreement of these estimates
with the value measured in this experiment is prob-
ably good.

Including the H-maser wall-shift error we obtain
I'„=0.009 22(63) Hz. Using the estimate of 5 v»(D)q„,
Eq. (6. 1) yields

vo(D) = 327 384 352. 5222(17) Hz .
This value of vo(D) agrees with but is more accu-
rate than an earlier determination by Larson, who
obtained

vo(D) = 32V 384 352. 51(5) Hz .
It should be noted that the error quoted in the pres-
ent experiment is a factor of 3 larger than would
be obtained if the dominant error in the experiment
was that due to the H-miser wall-shift uncertainty.

B. Measurement of Decay Rates

Measurements of v'2 could be made" by using the
pulsing scheme discussed in Sec. III D. In practice
it was necessary from the standpoint of S/N to oper-
ate at flux levels where spin-exchange collisions
contributed to the linewidth. Therefore, it rvas
difficult to separate T2 from v2, and measurements
indicated only that T2- 3.2 sec. Field-inhomogeneity
relaxation was negligible and therefore it was as-
sumed that T~= T&~. This can be compared with the
range of possible expected values of T2„given in
Sec, IIIA.

VII. SYSTEMATIC FREQUENCY SHIFTS

It is useful to divide possible systematic frequency
shifts into two categories: (i) Systematic shifts that
occur in the known frequency corrections due to
improper measurement techniques. For instance,
we might ask if the magnetic field changes when we

go from configuration B to configuration A in the
D maser. If it does, then we introduce an error in
our calculations of vo(D) because we measure v, (D)
for only one configuration and assume that it stays
constant. (ii) Systematic shifts due to frequency
corrections not accounted for in Sec. V.

A. Systematic Shifts in Known Frequency Corrections

It was possible to check for most effects of sys-
tematic shifts in the known frequency corrections.
Some of the more important possible shifts are the
following.

(a) Does changing the D maser from conditions
to B change its cavity frequency? This type of ef-

feet might arise if for instance the gain of the feed-
back amplifier was nonlinear [see Eq. (Al)]. The
most rigorous test of this effect was to study Eq.
(5. 2) for a range of atom fluxes. Tests were made
by operating the maser in three flux conditions for
which the ratios of the atomic linewidths were
known. Including the effects of the pulling by the
3—5 transition, agreement with Eq. (5. 2) (where
v, is assumed constant) was obtained.

(b) Is 5v»(D) constant for all the runs'P Because
maser parameters varied slightly over the various
runs, 5v»(D) could not be held constant. However,
with the help of the computer program it was esti-
mated that upper limits on the variation of 5v~s(D)
over the entire set of runs was +0, 15&&10 ' Hz,
which is not large enough to explain the nonstatisti-
cal fluctuations.

(c) Does changing the bulb volume change the bulb
surface? Here we encounter the most serious ob-
jection to the deformable bulb technique '9 for
measuring the wall shift. Such an effect would prob-
ably be small because the total wall shift is small
and the amount of flexing of the bulb surface is
rather small. Large effects would also give anom-
alous relaxations.

The D maser reported here had an additional dis-
advantage, namely, provision was not made for
changing the storage bulb volume under vacuum.
This meant that between runs at the small- and
large-volume configuration, the bulb surface was
exposed to air and perhaps contamination which
might result in a changing surface. Although the
presence of such contamination could not easily be
detected, the result of Sec. VII B (c) gave some in-
dication that it did not cause large effects.

B. Other Systematic Shifts

Several possibilities of other systematic shifts
were investigated, of which some of the more im-
portant are the following.

(a) First-order Doppler shift. Theoretically such
a shift would be negligible; a partial test for such
a shift is provided by measurements of Y with the
input and output lines to the cavity reversed. A null
result was found.

(b) Corrections to spin-exchange equations caused
by nuclear identity. In Sec. IVA, Eqs. (4. 2)-(4. 4)
were derived assuming that the nuclei of the deute-
rium atoms in a collision are distinguishable.
Crampton~~ has outlined the procedure for taking
their indistinguishability into account and when this
is done22 the pulling due to spin exchange [Eq. (5. 2)]
is no longer strictly proportional to 72 . However
estimates of the magnitude of this correction~2 in-
dicated that it is negligible here.

(c) Corrections to spin-exchange equations caused
by a wall-polarization effect. A wall-polarization
effect has been used to account for relaxation and
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frequency shifts in maser storage bulbs. 4 "~ The
basic mechanism for this shift has been discussed
elsewhere. ' ~ It can arise in transitions where
the average value of the electron spin changes, and
it is proportional to the collision rate with polarized
spin sites on the wall. Larson' could explain a
shift in his measurements by the above effect. If
we assume that the D-maser storage bulb surface
was the same as that in Larson's H maser, then
we would expect a wall-polarization shift in the D
maser of =0.016~10 ' Hz. If the D-maser bulb
had significantly more spin sites on the wall, one
might expect difficulties. One means for studying
this effect was to change the temperature of the bulb
and see if any shift could be observed. (Larson
observed a 100% change in making measurements
at 27 and 40 'C. ) Therefore, relative measure-
ments of Y were made at 20. 8 and 30.8'C. The
difference was l &Yl= (0.16+0.26)x'10 ' Hz.

(d) Inhomogeneity shifts due to quadratic averaging.
In this case we are interested in a shift expressed
as

5v,, = (v(HO) ) —v((HO)),

where Ho is the external magnetic field and the
brackets denote the volume average over the storage
bulb. Neglecting the shift discussed in Sec. VII B(e),
(v(HO)) is the output frequency of the maser and

v((H, )) is the calculated output frequency using the
value of (Ho) inferred from the Zeeman frequency
measurements. If we choose a simple model for
the magnetic field inhomogeneity, then we can relate
the dephasing relaxation to the inhomogeneity" and

therefore to the shift 5v,, Such estimates based on

magnetic -linewidth studies~ indicated that this
shift was negligible for both masers.

(e) Inhomogeneity shift due to poor volume averag-
ing. Brenner has discovered an inhomogeneity fre-
quency shift that can arise in motional averaging
systems. ~ This shift can in general be expressed as

»i, = v... -(v(HO)),

where v,„,is the observed frequency. Such a shift
can occur if the volume to which the atoms are con-
fined is composed of two poorly communicating sub-
regions that have different average values of mag-
netic field and consequently different average fre-
quencies. In the maser, the bulb and bulb-collimat-
ing stem are in this category of subregions and
shifts of this type have been observed. '

These shifts however are more likely to occur on
strongly field-dependent lines rather than the highly
field-independent lines used in this experiment.
Using Brenner's theory and estimates of possible
field inhomogeneities as in Sec. VII B (d) such shifts
would be negligible for both masers. In the D ma-
ser, they could experimentally be ruled out by

calibrating the average magnetic field with transi-
tions of different field dependence. ' If consistency
is found then the Brenner shift could be ruled out.
In particular, for the D maser, the field could be
calibrated by observing Zeeman transitions (pro-
portional to electron moment) and also by observing
the difference frequency between the 6 2 and 5 —3
transitioris (proportional to the nuclear moment).
Agreement was found and from this result, the
Brenner shift was totally negligible.

VIII. D MASER AS FREQUENCY STANDARD

One might consider the use of the D maser as a
frequency standard. Although the performance of
the device reported here was not as good as the H

maser, the authors think that the experiment could
be improved by (i) making a provision for changing
the bulb volume under vacuum and (ii) increasing iz
and thereby reducing 5v53(D). As a primary stan-
dard the D maser has the advantage that its fraction-
al wall shift (6v„/vo) is smaller than in the hydrogen
maser by the ratio of mean free paths of atoms in
the bulb. (Of course the multiple-region hydrogen
maser" is better than the D maser in this respect. )
It appears however to be limited by (i) the pulling
of the 5 —3 transition and (ii) the effect of nuclear
identity on spin-exchange shifts (Sec. VII B), both
of which add systematic corrections to Eq. (5. 1)
that are difficult to calculate. The hydrogen maser
is free of the above difficulties, and therefore ap-
pears to be superior as a primary standard.

IX. GRAVITATIONAL DIPOLE MOMENT IN THE
DEUTERON

A few authors 7 have discussed the theoretical
possibilities for a nuclear particle possessing a
gravitational dipole moment. Velyukhov claimed
that he had found evidence for a gravitational dipole
moment in the proton. Subsequent measurements
were made that invalidated this earlier measure-
ment; Young established an upper limit of 0. 3 Hz

on the gravity shift of the proton Larmor frequency.
If the deuteron possesses a gravitational dipole

moment ]ni, then we must add the term —)nl g to
the Hamiltonian of Eq. (2. 1) (g is the acceleration
of gravity in the laboratory). For the 2 6 transi-
tion, 4I, =1, 4J, =O. We would evidently see a
shift of 2gngh

' Hz between measurements of Y' with
the gravitational and magnetic fields parallel or
antiparallel. Such measurements were easily made
with the present apparatus, and an upper limit could
be established on the gravity shift of the deuteron
Larmor frequency. We found )ngh &10 4 Hz.

If we write gD in units of proton mass and Fermi
length, the above result indicates that gn & 3000
proton-F. From the equivalence principle gD should
be zero; moreover one might not expect to see an
effect until $D was measured to less than 1 proton-F.
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APPENDIX A: CAVITY WITH FEEDBACK

Ill
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For the problem of a cavity with feedback, the
circuit analog for the maser (Sec. IV F) is especial-
ly useful. We assume that we can represent the
feedback network (Fig. 5) by a single amplifier with
input impedance Rl. , output impedance R~, and volt-
age gain A =Aoe', where 8 is the total phase shift
in the feedback loop. Then the circuit analog for
the maser can be given as in Fig. 11. We can solve
the circuit problem for the effective series imped-
ance seen by the magnetization voltage

V„= -K —4vrg '(M, ), ,

and we obtain (assuming for simplicity R~ =R~ = Zo)

V„/I = Z,« = R [1+p, + p, —A, ( g p,)'~'cos6]

FIG. 11. Model of cavity with feedback network.

where

+iR[Qo(v/v, —v, /v) -Ao( p, p2)~~~sino], (Al)

p1 nl ZOR pg= RAZOR 'Qo = 2tt'v LR

If we assume 6 = 80+a, (v —v,) and make the ap-
proximations that (v —v, )/v, «1 and 8 «1, then
Z f f can be written in the form

Z~gf =R [I +gQ 2(v —v ~)/v ~ ] ~

This expression has the same form as the series
impedance (near resonance) of a cavity without
feedback.
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Experimental studies are reported of spontaneous-emission profiles observed in the axial
and radial directions from high-current arc discharges of the type used in cw argon-ionlasers.
The greatly increased sensitivity from a new computer-oriented method of line-profile analy-
sis has permitted observation of linewidth parameters over a wide range of discharge current
and pressure. These studies have shown the existence of several interesting new effects and
have required a substantial modification of previously held concepts regarding the nature of
line broadening in these discharges. A new theory for line-profile analysis in the radial direc-
tion is presented which incorporates the Tonks-Langmuir potentials and provides a correction
for an arbitrary number of charge-exchange collisions in the radial acceleration of ions to the
wall. A modification of the earlier theory of Eagan and Perel is suggested which brings that
method of transverse line-profile analysis into reasonably close agreement with the present
(more complex) Inethod of analysis. Values for the mean radial velocity and electron tem-
perature are obtained from profile analysis in the transverse direction. Studies of ion and
neutral temperatures based on Voigt profile analysis in the axial direction are presented,
along with the determination of the average electron density based on Stark broadening of the
neutral and ionic lines. Precise values of the natural widths on the major argon-ion laser
transitions are determined through extrapolations of the axially observed Lorentz-width data
taken at low pressures to zero discharge current.

I. INTRODUCTION

The interpretation of spontaneous-emission pro-
files from ion laser transitions in high-current
arc discharges has been the subject of a number of
recent papers. ' ' Previous experimental studies
have demonstrated the existence of many interesting
and seemingly anomalous properties of these dis-
charges: for example, strongly current-dependent
broadening, lack of thermodynamic equilibrium of
excited species, and strongly anisotropic velocity
distributions of excited-state ions. The previously
reported experimental studies of the problem were

conducted with relatively low-resolution spectro-
scopic techniques which were incapable of deter-
mining much more than the full linewidths involved.
We have recently developed much more precise and
sensitive methods for line-profile analysis which
permit detailed scrutiny of the line shape, as well
as the extraction of linewidth parameters, over a
wide range of intensity. Application of our present
technique to the study of the argon-ion laser transi-
tion has shown that several major modifications of
the previous assumptions on line shape are required
for an adequate description of light emitted from
the high-current low-pressure capillary discharges


