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An experiment using the atomic-hydrogen maser is described which confirms several predictions of the
theory of spin exchange and which provides new information on the spin relaxation of hydrogen at solid
surfaces. Atoms in the (F= 1, mo=0) state, which are confined to a storage bulb, are put into a coherent
radiating state by a microwave pulse at the 8m+=0 hyperfine frequency. The initial amplitude and the
decay rate of the induced signal are measured. Atoms or molecules containing unpaired electrons are added
to the storage bulb at various constant rates, and the pulse measurements are repeated. In this manner, the
rate at which spin-exchange collisions decrease the oscillating dipole movement of the radiating gas, a T2
process, is compared with the rate at which the same collisions decrease the population difference (F= 1,
m@=0)—(F=O, mr=0), a T& process. It is shown for a spin-exchange theory which neglects spin-orbit
coupling and all direct magnetic interactions that the ratio of the relaxation times, Ts/T„is independent of
an collision parameters. For collisions between atomic hydrogen and atomic deuterium, nitric oxide, and
molecular oxygen, the predicted Ts/Tt ratios are 4/3. For hydrogen-hydrogen collisions, the predicted Ts/Tq
ratio is 2. The deuterium, nitric oxide, and oxygen results agree with the theory, but the hydrogen results are
at least 5% low. The magnitude of the discrepancy depends upon the composition of the storage-bulb wall,
and the error is explained by a wall relaxation process which has a rate proportional to the hydrogen density.
A second wall relaxation process is observed with a rate independent of the hydrogen density, but which in-
creases rapidly with temperature. Both wall relaxation processes appear to be related to the chemical re-
activity of atomic hydrogen. These phenomena are examined in detail for a series of hydrocarbon, Quoro-
carbon, and mixed hydro-Quorocarbon surfaces. Approximate experimental hydrogen-radiation decay-rate
cross sections also are given for a series of molecular gases.

I. INTRODUCTION

~ 'HIS paper describes a series of spin-relaxation
experiments performed with the atomic hydrogen

maser' —' in which atoms of hydrogen in the ground elec-
tronic state are allowed to collide with other atoms or
molecules containing unpaired electrons. The dominant
mechanism leading to a change of spin state in this
case is spin exchange, ' ' a process having as its physical
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basis the identity of the electrons. The change in spin
state of hydrogen can be inferred from changes in the
radiation Geld of the maser. If the maser is used in a
pulsed mode, it is possible to compare with some pre-
cision the rate at which spin-exchange collisions reduce
the oscillating magnetic dipole moment of the hydrogen
gas with the rate at which they decrease the population
diGerence of the stationary states between which the
radiative transition occurs. There is a single relaxation
time associated with each of these processes. The ratio
of these times, Ts/T~, is a number which is independent
of the absolute collision rate and of the detailed shape
of the interaction potentials. If the Ts/Tt ratio is
measured, the validity of the spin-exchange theory cari
be tested without reference to the absolute values of
any collision parameters.

The 6rst purpose of the present work was to test the
predictions of the spin-exchange theory by measuring
the Ts/Tz ratios for collisions between atomic hydrogen
and atomic hydrogen, atomic deuterium, nitric oxide
(a 'II diatomic molecule), and molecular oxygen (a sZ
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diatomic molecule). The results are of particular in-
terest in view of the apparent discrepancy between
theory and experiment in the measurement of spin-
exchange (frequency shift)/(line broadening) ratios for
collisions between free electrons and alkali metals. ~"
The (frequency shift)/(line broadening) ratios are very
sensitive to the shape of the interaction potentials, and
interpretation of the results requires detailed compu-
tation of partial-wave phase shifts, a complication not
met here.

The Ts/Tt experiments demonstrate clearly that
spin exchange is a coherent process. Part of the phase
information associated with the knowledge of the in-
stantaneous oscillating magnetic moment of the radi-
ating gas is preserved even if each atom undergoes an
exchange collision of arbitrary strength. The degree
of coherence is reflected in the value T2. For the
(F=1,ms ——0) —+ (F=O,ms =0) transition of hydrogen,
the theoretical Ts/Tt ratio for hydrogen-hydrogen
collisions is 2 and the theoretical Ts/Ti ratio for
hydrogen-nonhydrogen collisions is 4/3. The difference
arises from the fact that phase information can be
passed from atom to atom. A hydrogen atom initially in
a stationary state can be left in a radiating state
following an exchange collision with another hydrogen
atom initially in a radiating state.

The second purpose of the present work was to learn
more of the nature and extent of spin relaxation at the
maser storage bulb wall. The hydrogen maser utilizes a
storage technique in which the atoms are confined to a
bulb in the center of a microwave cavity. During the
time that the atoms interact with the cavity field, they
undergo many thousands of collisions with the bulb
wall. The relaxation at the wall must be known to
interpret the spin-exchange results, to understand in
detail the function and limitations of the maser, and to
learn how the storage technique might be improved. The
experiments have been performed with walls coated
with Teflon and with the surface prepared by the re-
action of dimethyldichlorosilane with fused quartz. This
aspect of the work is related to relaxation rate measure-
ments made in bu6'er-gas-free optical pumping experi-
ments, especially by Bouchiat, " who has studied. the
relaxation of Rb on hydrocarbon and deuterated hydro-
carbon surfaces, and to the broken-atomic-beam experi-
ment of Goldenberg, Kleppner, and Ramsey. "

Spin-relaxation measurements with the maser have a
beauty inherent in their simplicity: The structure of
atomic hydrogen is well known; hyperfine transitions
are detected directly by monitoring the radiation field;
relaxation due to magnetic field inhomogeneities can be

' I . C. Balling, R. J.Hanson, and I'. M. Pipkin, Phys. Rev. 133,
A607 (1964).' P. L. Bender, Phys. Rev. 134, A1174 (1964)."L.C. Balling and F. M. Pipkin, Phys. Rev. 136, A46 (1964).

~ M. A. Bouchiat, J. Phys. Radium 24, 379, 611 (1963); thesis,
Universitd de Paris, 1964 (unpublished).

~3H. M. Goldenberg, D. Kleppner, and N. F. Ramsey, Phys.
Rev. 123, 530 (1961).

eliminated; the density of hydrogen and the gas under
study can be varied quickly and independently; and
the storage times are sufficiently long that signal in-
tensities and decay rates can be measured readily to
an accuracy of about 1%%uq.

This paper is organized in the following way. In
Sec. II the nature of the experiment is outlined and the
assumptions on which the spin-exchange theory is
based are reviewed. In Sec. III the experimental tech-
niques are described. In Sec. IV the results of the experi-
ment are discussed. In the final section the implications
of the work are summarized. "A detailed description of
the design and construction of hydrogen masers" and
a d,etailed discussion of the analysis of exponentially
decaying pulsed signals" will be given elsewhere.
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FIG. 1. Schematic of the atomic hydrogen maser modi6ed
for spin-relaxation studies.

'4 H. C. Berg, thesis, Harvard University, 1964 (unpublished).
» D. Kleppner, H. C. Berg, S. B. Crampton, K. F. Ramsey,

R. F. C. Vessot, H. E. Peters, and J. Vanier (to be published).
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II. THEORY OF THE EXPERIMENT

We are concerned. with transitions which occur be-
tween the four hyperfine states of 1$ atomic hydrogen,
which at low magnetic fields have the quantum numbers

(F,ms) = (1,1), (1,0), (1,—1), and (0,0), which we label

1, 2, 3, and 4, respectively. The experimental arrange-
ment is illustrated in Fig. 1. (The vacuum envelope
and the inlets for admitting gases other than atomic
hydrogen and deuterium are not shown. ) The left part
of the drawing represents the hydrogen maser as pre-
vioiisly described. ' ' Atomic hydrogen is generated
in a radiofrequency discharge and passes through an
inhomogeneous state-selecting magnetic field. This field
focuses atoms in the states 1 and 2 into a coated fused
quartz bulb centered. in a cylindrical cavity. The cavity
operates in a TEoii mode and is tuned to the Amp= 0
hyperfine frequency at approximately 1420.405 Mc/sec.
There is a fixed magnetic field along the axis of the
cavity of several milligauss, maintained by a solenoid
and a series of magnetic shields (not shown). The atoms
are confined to the bulb for the order of 1 sec, during
which time they make about 10' collisions with the
wall, retaining to a large extent their initial hyperfine
states. In the present experiment the hydrogen-beam Aux

is small enough that self-excited maser oscillation does
not occur, and the probability that two hydrogen atoms
collide with one another before leaving the bulb is
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relaxation is negligible compared to the escape rate
—1el

(H22 H44) (I2 I4) (H22 H44)
cD IT,g Tel

lation-density difference n, we find

= '+D(FDHO'SF)

(4)

(H» —H«) (1)
Tml

where I; is the number of hydrogen atoms entering the
bulb per unit time in the state j and I=It+Is+Is+I4.
In treating the wall relaxation phenomenologically,
we assume that it can be characterized by a single T~
and a single T2 relaxation time. '9

The steady-state value of NH(Hss H44), which we
dedne to be no, follows at once from the condition
(d/dt) (Hss H44) =0.

To the right side of Eq. (3) we must add the term
—(4nD)(FDnosF), vHs4 and the pulsed signal decays
exponentially at a rate T,t '+T„s'+T s

' where'P

Tgs g'+D(&DHo SF)sv ~

Dividing Eq. (2) by Eq. (4), we 6nd

So Tg]
+1

tz Tt '+T

np= (Iz I4)/V p(T—,t '+T„t')—,
—

(2)
which can be written in the form

where we have used the relation NIr=IT, t/Vp, where

V~ is the volume of the storage bulb.
After the pulse, the radiation decay rate can be

computed from the time rate of change of the density
matrix element II24 or H42. With the added gas source
o8,

H24= —H24 H24 Zpg24H24 )
dt T,g T„2

(3)

"It is sufhcient that the wall-relaxation process induces transi-
tions between the hydrogen statesi and j at a rate T;; ' such that
I';, =TI,& for ij, kl=21,41; 23,43; 24,42; 12,14; and 32,34. In
this case TI '= T21 '+T23 '+2T24 ' and the four-level problem
~educes to a two-level problem characterized by a single relaxation
time. This is true for hydrogen-nonhydrogen spin-exchange col-
lisions, for hydrogen-hydrogen spin-exchange collisions, if the
atoms are treated as distinguishable, for any process for which
the Tg are equal (complete randomization of spin state), and for
any process which removes atoms from the bulb (chemical
reaction).

where co&4 is 2m times the hyperfine frequency of the
free atom, and we ignore any terms associated with a
wall frequency shift. Equation (3) can be solved by the
substitution Hs4(t) Hs4(0)exp( —i~t). The amplitude
of the signal, which is proportional to Hs4(0), decays
exponentially at the rate T,& '+T„s'.

Let atomic deuterium be added to the storage bulb
at a rate such that the total deuterium density is ea.
The time rate of change of the hydrogen density matrix
elements due to hydrogen-deuterium spin-exchange col-
lisions are given in the matrix of Table VII of the
paper of Balling, Hanson, and Pipkin. s (The use in the
deuterium example of the results derived there for free
electrons is justi6ed. below. ) We must add to the right
side of Eq. (1) the spin-exchange term —nD(FDHasF), „

X(Hss —H44), where zDH is the relative deuterium-

hydrogen velocity, crsp is the spin-fI. ip cross section
de6ned in Ref. 9, Eq. (25), and the average is over the
relative velocity ~». For the new steady-state popu-

sp T~s l Tp Tgs l
Tp—= 1+ —1~ I +1,

gz Tgrt )Tgls Tgt) Tgs

where Tp
—' ——T„s'+T, t

' i—s the decay rate observed
with the added-gas source oK The value in square
brackets depends on the nature of the wall relaxation,
i.e., on the value T„s/T„t,and on the magnitude of the
wall relaxation relative to the escape rate T,~ '. It is
independent of the added-gas density provided the
added gas does not change the structure of the wall.
Pulsing with the added gas off provides a measurement
of mo and To '. Pulsing with the added gas on provides a
measurement of n and Tp '+T,s '. In the present ex-

ample T,~
—' is proportional to m~. If the pulse measure-

ments are made for a series of deuterium pressures and
the values of gzp/tz are plotted as a function of Tp/Tgs,
then we should obtain a straight line which passes
through the point np/I=1 and Tp/Tgz=0 and which
has the slope

(9)

Opening a trap door and increasing T,j is equiva-
lent to adding a gas for which Ts/Tt=1. The slope
for the trap-door experiment is just the factor
$1+(T„s/T„t1)Tp/T~sj ', —a number which is less,
equal, or greater than 1 if T„s/T t is greater, equal, or
less than 1, respectively. Once this factor is known,

Tgs/Tgt can be found for any added gas which does not
change the structure of the wall.

The escape rate T,~
' is a function of the geometry

of the storage bulb, the average velocity of the hydrogen
atoms, and the nature of the reffection of atoms from
the walls. If this reQection is disuse, and the dwell time

~The 1,0; 0,0 and 0,0; 1,0 elements of the matrix of Table
VII, Ref. 9, should read —3Bg4 and —3H42, respectively; the other
terms average to zero.
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TwnLE I. The matrix e(IZ) o (02). The state labels are written
so that the erst number gives the state of the hydrogen atom, and
the second number gives the mg value for the spin-1 system. The
elements not shown are zero.

H SPIN EXCHANGE, SLOPE 2

0, NO, Og SPIN EXCHANGE,

SLOPE 4I5

1 1
2, 1
3, 1
4, 1

1, 0
2, 0
3, 0

0

1, 1 2, 1 3, 1 4, 1 1, 0 2, 0 3, 0 4, 0 1, —1 2, —1 3, —1 4, —.1
2

2 2

—2 —2

no

n

TRAP DOOR EXPERIMENT,

CHEMICAL REACTION, COMPLETE

RANDOMIZATION OF SPIN STATE,

SLOPE I

RANDOMllATION OF PHASE,

SLOPE 0

of the atoms on the wall is negligible compared to the
time required for them to cross the bulb, then T,l ' can
be calculated from the equations of molecular flow.""
Since T„2'=To ' —T,l ', the slope of the trap-door
experiment provides an estimate of T„s/T„i.We can
learn something of the extent and nature of relaxation
at the wall.

If atoms are completely removed by chemical re-
action, the Ts/Ti value is 1. If the relaxation process
removes atoms from the ensemble and returns them
with equal probability to each of the hyperfine states,
the Ts/Ti value is 1. If only the phase of the radiating
atom is randomized, the Ts/Ti value is 0.'s

From Eqs. (5) and (6) we find for deuterium T,s/T, i
=4/3. This result is independent of the spin-flip cross
section a-sF, of the distribution of velocities ~DH, and
of the deuterium electron spin polarization. The same
result is expected for collisions with the molecule NO,
which contains a single unpaired electron.

The hydrogen-hydrogen result can be computed in
similar fashion using the matrix of Table X, Ref. 9,
with the result

B'248'42, and the complete steady-state equation has not
been solved. In practice, the unpolarized hydrogen-
beam fl.ux is about 150 times larger than the state-
selected beam flux, (Hss+H44)=', , and the os' term
cannot be observed. (The o sv term does not appear in

the form of the theory in which the atoms are con-
sidered distinguishable. )

The o (H) o (Os) matrix for collisions between hydro-

gen and a system with two unpaired, electrons, for which

the spin angular-momentum quantum number is 1, is

given in Table I. Using this matrix in the equations of
Ref. 9, we And that the Tg~ times depend upon the
oxygen electron spin alignment, but that the T,2 time
is independent of the alignment. If the molecules are
in the spin states m8 ——&1, then

—1 2Tgl 3+02 &HO20SF av- (12)

To/Tgp

Fee. 3. Theoretical dependence of the initial signal height ratio
no/n on the relative radiation decay rate increment To/Tg2 in
the event T~s ' =0 or T s/T~r = 1.

T„-'=Nn(vHnLo„+ (2a„+2II44—1)~„.)),, (10)

T,s
—' ——-', eH(vnir[~ss+ (2H»+2H44 1)os'.))«, (—11)

If they are in the spin state my= 0, then

Tst '= (8/9)los(vnosasi)«' (13)

where o.sp and o sv are defined in Eqs. (B3) and (B5),
Ref. 9. In deriving these rates we have assumed that
the added hydrogen is unpolarized, and we have neg-
lected the term proportional to i which, when added to
the right side of Eq. (3), gives rise to a small frequency
shift. Provided (2H»+2H44 —1) is not changed by puls-

ing, T,s/T, i 2. The quantity ——(B'»+H44) is the prob-
ability that an atom will be found either in the state 2 or
the state 4, a probability which is unchanged by induc-
ing a transition between the states 2 and 4. The spin-
exchange time-rate-of-change expression for (H»+F4),
however, contains a term of the form sriavirH(o sv —&sv )

"P.Clausing, Ann. Physik 12, 961 (1932).
~ S. Bushman, Scientific Foundations of Vacuum Technique

(John Wiley Bz Sons, Inc. , New York, 1962), 2nd ed. , pp. 90-95.
'3 This value would be observed, for example, if transitions were

induced with equal probability between the states 1,2 and 2,3
in the speCial case I1=Ig =I~ and I4 ——0.

In practice, oxygen is not aligned. The electron spin
is coupled to the rotational angular momentum of the
molecule, thousands of oxygen-wall collisions occur for
every oxygen-hydrogen exchange collision, and the spin
state is continuously randomized. In this case,

In all cases,

T„—'= (32/27)eo, (vHo, o sF).v

T. '=(8/9) o( o. ). .

(14)

(15)

From Fqs. (14) and (15) we obtain the predicted slope

4/3 for the oxygen experiment.
The results predicted by the theory for the various

relaxation experiments are summarized in Fig. 3,
where the slopes given are those valid in the event
T s/T 1=1 oi' T s =0.

%e have quoted from the results of the partial-wave
formulation of the spin-exchange theory begun by
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Dalgarno'4 and extended by Balling, Hanson, and
Pipkin. ' " The results can be derived with equal
generality in the semiclassical formulation of Purcell
and Field~ and Wittke and Dicke. ~ ' The electron-spin-
state transformation operator used in this formulation,
which when applied to the initial electron spin state
generates the Gnal electron spin state, is, in fact, the
most general unitary electron-spin transformation con-
sistent with the equations of motion for a Hamiltonian
which commutes with the total spin angular momentum
S=-', &(o'i+Os), where ei and os are the Pauli electron-
spin operators for the two colliding systems. This
transformation is of the form

U= Z se'FBI' &Bi,

where I'~+~ is the projection operator for the state of
total spin 5, and ps is a number which depends on the
dynamics of the collision. The theory. is semiclassical
because explicit evaluation of phase shifts of the form

Qi —Ps requires the assumption of a classical path, but
the Ts/Tr results depend only on the structure of the
transformation and not on. the specific values $8.

In using a transformation of this kind, it is assumed
that spin-orbit coupling, the magnetic coupling between
the electrons and the nuclei, the coupling between the
electrons and the external magnetic field, and the tensor
part of the electron dipole-dipole coupling can be
neglected during the collision. Under these assumptions,
the outcome of the collision depends only on the electron
spin of the added gas, and. the results predicted for
free electrons, deuterium atoms, and nitric oxide mole-
cules are the same. The proton spin state is not changed

by the collision provided the collision period is small
compared to the period of precession of the proton in the
magnetic field of the electron, which is the period of the
hyperfine frequency, 7)&10 " sec. (Since a hydrogen
atom at room temperature travels about 3 A, in 10 "sec,
this condition is well satisfied. ) These are the assump-
tions tested by the present experiment.

The operator U may be written in the form
a+brfi os. For the spin- —', case, a=s(3e'&'+e'«) and
b= 4 (e'&&—e'»). It can be shown that a hydrogen atom
undergoing a radiative transition from the (F=1,
nzi 0) to the (F=O, mp——=0) state has a probability

pi ——a*a= s+ s cos(pi —ps) of being unperturbed by an
exchange collision which occurs at a random time during
the oscillation period of the cavity Geld."If the second
atom is hydrogen, there is an add, itional probability
ps ——Re(u*b) = b*b= —',—s cos(pi —pp) that the first atom
leaves and. the second atom enters the radiative state.
It is this event which distinguishes hydrogen-hydrogen
and hydrogen-nonhydrogen collisions. If an electron
is not exchanged, (pi—ps)=0, 27r, 4n. then

pi ——1 and ps=0. If an electron is exchanged, (pi—ps)
=~, 3~, 57r, , then Pi ——rs and Ps ———,'. If the col-

24 A. Dalgarno, Proc. Roy. Soc. (London) 262, 132 (1961).
'5 See also A. E. Glassgold, Phys. Rev. j.32, 2144 (1963).

lisions are strong so that all phase shifts are large and
random, then pi=-,' and ps ——s. For oxygen collisions,
ii= sr(2e'&'~'+e'&'~'), and b = ', (-e'&'~' —e'&»s), so that
pi= a*Q= (5/9)+ (4/9)cosg)sos —Qiis), wllicll is 1, 1/9)
or 5/9 for no exchange, exchange, or strong collisions,
respectively. In computing pi and ps, we have assumed
that the collision occurs at a time t~ and averaged the
outcome of the collision with respect to t~ over the hyper-
Gne oscillation period. The outcome of an exchange
collision depends on the initial hydrogen state, but the
initial state of the radiating atom oscillates in time at
the hyperGne frequency from one which is predomi-
nantly (ms ——+-', , mr=———,') to one which is predomi-
nantly (nzs= ——,', mr=+is). The average is required
because the collisions occur at random times during the
oscillation period. The Gnal result is not at all obvious.

IIL EXPERIMENTAL TECHNIQUE

A. Modi6cation of the Maser

The measurements were made with the second hydro-
gen maser described briefly by Ramsey. ' A detailed
paper treating construction and operation of hydrogen
masers will appear elsewhere, "so we include here only
those features of special relevance to the present
experiment.

Consid. erable care was taken to keep the vacuum
system as clean as possible by isolating the mercury
diGusion pumps from the forepump with a Zeolite
13-g trap" and by eliminating all organic material other
than Viton-A (some 0-rings in the source chamber) and
nylon (the monofilament thread used to open the trap
door). Although the background pressure in the storage
bulb chamber was no more than 5&(10 ' mm Hg and.
no change in relaxation rate could be demonstrated on
cooling the pumps to increase this pressure to 10 ~

mm Hg, it must be stressed that the system was not
ultraclean. Materials used in construction included
stainless steel, aluminum, titanium, copper, gold, brass,
Pyrex, fused quartz, and soft and hard solder.

The trap door was designed to open into the storage
bulb vacuum chamber. It was necessary to add a
titanium getter pump to this chamber to suppress the
background pressure of polarized atomic hydrogen,
Fig. 4. Polarized atomic hydrogen which Qows back into
the bulb through the open door decreases the measured
Ts/Ti ratio. Without the titanium pump, a sizable
maser signal was observed on sealing the state-selected
beam bulb entrance and opening the door, even though
there was no line-of-sight path from the state-selecting
magnet to the door. With the titanium pump, the Ts/Tr
flow-back error was reduced to —1%. Before a series
of experiments were run, the pump was activated for
a few minutes by heating the titanium wire. No change
in relaxation rate was observed during this procedure.

The state-selected. hydrogen source was regulated to

"M. A. Biondi, Rev. Sci. Instr. 30, 831 (1959),
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FIG. 4. Top view of the titanium pump assembly used in the trap-door experiments.

minimize any drift in beam intensity between measure-
ments of the maser signals. This was d,one by inserting
as an atom recombination detector one arm of a
platinum-wire (0.0001 in. ) resistance bridge into the
beam near the source and by controlling the discharge
power with a feedback system. Without the regulator,
the beam intensity wouM drift about 10% per hour.
With the regulator, the drift was less than 0.&% per
hour.

Four diferent storage bulb surfaces were used. The
first was a coating of dimethyldichlorosilane on fused
quarts (GE Dri-Film SC-02). The second was a coating
of a co-polymer of hexaQuoropropylene and tetra-
fluoroethylene (du Pont FEP Teflon Product Code 120)
which was exposed to Dri-Film. The third was an FEP
coating contaminated with a substance emitted from
a hot Viton-A 0-ring. (Viton-A is a duPont co-polymer
of vinylidene fluoride and hexafluoropropylene. ) The
fourth was PEP Teflon. The bulb entrance plugs and
the trap d.oor were coated either with Teflon or Dri-Film,
and the tube leading from the added, gas discharge to
the bulb was coated with TeAon.

The cavity and. magnetic shield assembly is shown
schematically in Fig. 5. The fieM used was about SX '10 '

I2—

~ 'cD !0—

8—

6-
o 4
CX

I
FIELDS AT WHICH

Ti-T2 EXPERIMENTS

WERE RUN

1 I I

I.O—
V

G. The operating points are indicated in Fig. 6, w»ch
shows total radiation decay rates and relative signal
amplitudes as a function of the applied magnetic field.
The relaxation rate behavior shown in the figure is
consistent with the Zeeman relaxation rate theory d.e-

veloped for the maser: the rate goes to zero as the
transition frequency between the states 1 and 2 or 2

and 3 exceeds the bounce frequency of the atoms in the
bulb. 4 The relative signal height can continue to change
as a function of Geld at the higher fields if transitions
occur before the atoms reach the bulb, but the outcome
of the TR/2"x experiment does not depend on the compo-
sition of the beam. At low fields the relative signal
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FIG. 5. Schematic view of the cavity and magnetic shields.

FIG. 6. Total decay rate and relative signal height as a function
of magnetic field. The dashed curves are for an inner shield of
Mumetal and the solid curves for one of Moly Permalloy. (Shield
materials manufactured by the Allegheny Ludlum Steel
Corporation. }
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heights approach 2/3, which is the behavior expected for
a state-selected beam for which Ij ——I2 and I3=I4=0.

Both Pyrex and fused quartz radiofrequency dis-
charges were used to generate unpolarized atomic hydro-
gen and deuterium. The open end of the tube seen at
the right of Fig. 5 was connected to a stainless-steel
vacuum system pumped with a 15-liter/sec VacIon
pump. (This system was modified in the course of the
work and was ultimately made ultraclean, containing
besides the pump only stainless steel, gold, fused quartz,
and Pyrex. ) The size of the discharge exit and the
storage bulb connecting plug were chosen so that the
pressure in the discharge was about 0.1 mm Hg and
the mean free path in the tube leading to the storage
bulb was about the length of the tube at the cruxes
required for the experiment. The gas was fed into the
discharge through a palladium-silver leak. '~ The maser
relaxation rate did not change on increasing the H2 or
D2 pressure if the discharge was oG, and it did not
decrease signi6cantly on turning the discharge on if
the leak was cold. In the latter case, only a surface
discharge was observed. These measurements show that
the storage bulbs were not contaminated by foreign
material passing the palladium-silver leak or generated
in the discharge. In changing from H~ to D2 or from
Dq to H2, an exhaustive rinsing procedure was followed
in which the leak was repeatedly baked under vacuum,
cooled, and exposed to the new gas.

In a series of preliminary experiments a number of
approximate absolute radiation decay-rate cross sections
were measured by replacing the added gas discharge by
a gas handling system and the connecting Pyrex plug
by a fine capillary. The storage bulb pressure was
measured as a function of a source chamber pressure,
as read on a simple manometer, by connecting a McLeod
gauge to the bulb. The calibration was made over a
bulb pressure range for which the capillary flow was
effusive (1X10~ to 5X10 4 mm), so that it could be
extrapolated linearly to lower pressures. By this means,
an absolute calibration was obtained which was inde-
pendent of the size of the bulb or the McLeod gauge, so
the latter could be removed for the pulse measurements.

In the NO and Os Ts/Ti experiments, the gases were
leaked directly into the main storage bulb vacuum
chamber. The H-NO and H-O2 decay rate cross sections
are so large that attenuation of the hydrogen beam by
atom-molecule momentum transfer is negligible at the
gas pressures required to quench the maser signal. Only
those collisions which occur in the storage bulb are of im-
portance because a hydrogen atom spends 104 times as
much time there as it does in the beam.

B. Pulse Methods

The electronic system delivers a short pulse to the
cavity at the hydrogen hyper6ne frequency of sufhcient

mr R. W. Compton and M. T. Elford, J.Sci. Instr. 39, 480 (1962);
J. B.Hunter, Platinum Metals Rev. 4, 130 (1960).
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FIG. 7. Pulsed-signal detection system.

"The cavity oscillating-6eld amplitude following the pulse is
strictly proportional to the steady-state hydrogen polarization
density no or ts only in the limit of vanishing pulse width. By
extrapolating back to the beginning of the microwave pulse, the
error in the measured T2/TI ratios arising from the relaxation
which occurs during the pulse is reduced to the order 0.1/0.

power to bring the atoms to the optimum radiating
state. It then detects the energy emitted by the atoms
and analyzes the signal for its decay time and its initial
amplitude. These measurements can be made to within
1% when the maser is operated at a beam flux so small
that the signals decay exponentially in time.

The general features of this system are shown in
Fig. 7. A pulse at the hydrogen hyperfine frequency is
generated by the modulator when the 29.6-Mc/sec gate
is closed by a 0.003-sec square wave. The pulse power
is 10' times larger than the maser signal power, so the
pulse is delivered to the detector and to the cavity in
such a way that the net signal arriving at the balanced
mixer does not saturate the detector. The cavity is
critically coupled to the line and tuned to the transition
frequency by a standard reQection technique. The i,f.
signal is amplified about 70 dB and converted to 5.76
kc/sec. The conversion is linear to well within 1%.The
bandwidth of the system is then limited to 150 cps by
a bandpass amplifier with a Lorentzian transfer function.

Both the amplitude and the initial shape of the signal
are modified by the bandpass filter, but once the filter
transient has had time to decay and provided the
signal-to-noise ratio is su8Rciently high, the output
signal decays exponentially with the same time constant
as the cavity oscillating magnetic field. If the decay
constant analysis is delayed until the filter transient
has decayed, then the initial amplitude can be obtained
by extrapolating back in time. "The analysis is more
complicated at lower signal-to-noise ratios; the signal-
to-noise-ratio decreases as the signal decays.

An integration technique was developed in which the
signals were repeatedly integrated over two successive
periods of time. The 6rst three segments of the upper
traces in Fig. 2 monitor the analysis delay time and
the first and second integration periods, respectively.
By repeating the analysis for diGerent integration
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periods, it is possible to detect any significant departure
from simple exponential decay. (One can also take a
multiple exposure photograph of an oscilloscope display
of the output signal and fit the photograph with a
standard curve, but this method is far less successful. )
The details of the signal-to-noise theory and the inte-
gration technique are considered in another paper. "

C. Measurement Procedure

The choice of the maser operating point is of prime
importance. If the hydrogen beam Aux is too high,
either the signals become nonexponential, or hydrogen-
hydrogen spin exchange occurs, or both occur, depending
upon the value of the cavity and bulb parameters. If the
signals are nonexponential, the amplitude-decay-rate
analysis is not valid. . If hydrogen-hydrogen spin ex-
change occurs, the wall-relaxation process is obscured
and the trap door experiment is not a legitimate control.
On the other hand, if the hydrogen-beam Qux is too
low, the signal is too small. In practice, the problem of
nonexponential decay dominates, and the amplitude of
the signal which can be obtained at the largest usable
beam Aux is proportional to To ' and independent of all
other cavity and bulb parameters (provided the cavity
is critically coupled to the line). The experiment can
be done well if To ' is greater than about 1.6 sec '; the
bulb escape rate T, ' is chosen accordingly.

The experiments were done in sets, one member of a
set serving as a control on the spin-relaxation properties
of the storabe bulb wall. A set consisted of as many ex-
periments as could be performed consecutively in a few
hours time. The pulse power was optimized and the
behavior of the maser signal was studied as a function
of beam Aux at the beginning of each new set of measure-
ments. The source was set and regulated at a Aux at
which the signal was exponential but below which any
Aux-dependent decay-rate change could be detected.
This insured that the hydrogen-hydrogen spin-ex-
change relaxation rate was less than about 0.02 sec '.
(A direct estimate was made of the background hydro-
gen density later by measuring the pulsed-signal ampli-
tude at oscillation threshold. ) In the main, only two
operations were performed during a set: the added gas
sources were turned up and down or on and off (or the
trap door was opened and closed), and the i.f. amplifmr
gain was varied, as higher gain was required for the
analysis of lower level signals. The relative gain was
calibrated after each set of experiments by feeding a
fixed low-noise signal into the amplifier through dummy
crystals and by measuring the detector output with the
integration system at each of the gain settings used.

A typical T2/Ti experiment could be completed in
about 1 h and involved the analysis of about 15 maser
signals. Measurements of e and Te '+ T,e

' were made
at about 10 diferent added-gas pressures, and every
2 or 3 measurements of this kind were bracketed by
measurements of ne and Te '. (In Dri-Film bulbs the

eo and To ' measurements were made only at the begin-
ning of the experiment for reasons which will be apparent
below. ) The value of ne used in computing a given ne/, e
was interpolated from the two adjacent eo measure-
ments, assuming any drift in eo to be linear in time. The
value of Te ' used in computing T /eT, ewas the average
value of all the To ' measurements. The various
(+o/e, To/T, 2) points were plotted (see Figs. 3, 9, and
10) and a least-square fit was made to the line passing
through the point (1,0), assuming the values of ee/I to
be normally distributed at fixed values of T&/T, 2. The
slope and the 95 jo confidence interval for the slope were
computed. The computations and curve plotting were
done on an IBM 7094 computer.

A. Tgm/Tgr Ratios

We plot in Fig. 8 the results based on the relative
slopes of the experiments in a single set, i.e., the T,2/T, i
values which are independent of any fixed wall-relax-
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Pro. 8. T2/Tj ratios for H, D, NO, and 02. The bulb surfaces
have been described in Sec. III A. The results in parentheses were
plotted by assigning the relative slope 1.33 to the experiment with
the smallest conidence interval; a trap-door control was not
available for these sets. NO was used as a control for many of the
hydrogen experiments.

"H. C. Berg and D. Kleppner, Rev. Sci. instr. M, 248 (1962).

IV. RESULTS AND INTERPRETATION

The data are tabulated in detail in Ref. 16, and we
will try to condense the essentials of that eGort here.
The surface phenomena are considerably more complex
than formerly supposed. 4" There appear to be two
kinds of wall-relaxation processes, one which we have
allowed for in Sec. II, which is a fixed process, and
another which depends on the density of the atomic
hydrogen. The fixed process is successfully dealt with
by the trap door control, but the density-dependent
process is not. Whereas the deuterium, nitric oxide, and
oxygen T&/Tt results agree beautifully with the theory,
the hydrogen values are low. But there is no doubt about
the existence of the atom-to-atom coherence effect: the
hydrogen-hydrogen T2/Ti ratio is at least 1.9.

In the paragraphs that follow, we present the Te/Ti
results and discuss the density-dependent and the
density-independent wall relaxation. We conclude with
the measurements of the absolute radiation decay rate
cross sections of NO and O~.
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spin-exchange collisions occur with free radicals gener-
ated or adsorbed at the wall. (By "free radical, " we
mean any atom or molecule with an unpaired electron. )

The hydrogen Ts/Tt ratios are smaller than the theo-
retical value 2, and they vary widely from surface to
surface. There is no doubt that this variation arises
from a property of the bulb wall. Neither 25 atoms nor
c'II„(v=0) metastable molecules should be generated by
the added-hydrogen source to a measurable extent. ""
A great deal of work was done to rule out the possibility
of any other source of contamination of the added-
hydrogen beam.

l

2
To& Tga

FIG. 9. The data for a set of experiments done with TeQon bulb
2. The slopes and 95% con6dence intervals are NO=I. 15&0.01,
door=0. 86+0.01 (corrected). Relative to door=1, NO=134.

ation process. "The data from two sets are shown in
Figs. 9 and 10.

The measurements made in TeQon bulbs are by far
the most reliable for the following reasons. With Teflon,
no changes in the wa11 can be attributed to the added
gas once the gas has been removed. When the source is
turned oG, the decay rate returns promptly to its initial
value. Any experiment can be repeated during a set,
and the results always agree to within the confidence
limits of the data. There is no dependence on the order of
the addition of the gases. Small day-to-day changes in
the absolute slope measured for the nonhydrogen gases
are observed, even if the vacuum system has not been dis-
turbed. Large day-to-day changes in the hydrogen slopes
occur, and this is the main source of the scatter in the
hydrogen results for a given surface. In all cases, the
95%%u~ confidence interval remains small, typically &0.04.

With Dri-Film, the added gases do cause a marked
long-term change in the wall. Following the addition
and removal of H and D, the relaxation rate To ' re-
mains larger than its initial value for several minutes;
following the addition and removal of NO and 02, it
remains smaller than its initial value for about 1 h. For
this reason, the Dri-Film bulbs were soon abandoned.

The D, NO, and O2 ratios each agree with the theo-
retical value 4/3. While this result a,llows us to rule
out the relaxation of hydrogen by direct chemical
reaction with these gases, it does not tell us whether

B. Hydrogen Density-Dependent Wall Relaxation

The hydrogen results can be explained in a simple
and direct way if the atoms collide with active sites on
the wall generated by the adsorption or chemical re-
action of other hydrogen atoms. If the number of these
sites is proportional to the hydrogen density and the
Ts/Tt ratio for the active site relaxation process is less
than 2, then the Ts/Tt plots are straight lines and the
slopes are less than 2. The rate of site formation de-
pends on the detailed chemical state of the wall, and
it is not surprising that the hydrogen results drift from
day to day (the vacuum system is not ultraclean) and
from bulb to bulb. Since deuterium and hydrogen are
chemically similar we should expect a deuterium density-

30Three small corrections have been applied to the slopes,
each based on a measured quantity. The trap-door slopeshavebeen
increased 1% to allow for polarized atom ffow-back, Sec. III A,
and about 1% to allow for the decrease in the number of hydrogen-
hydrogen collisions, Sec. III C. The hydrogen slopes have been
decreased about 3%. The added hydrogen has a small negative
magnetization (I&(I4) which can be measured by pulsing the
maser with the added hydrogen beam on and the state-selected
beam oB. The correction is inversely proportional to the maser
signal level.

I'rG. 10.The data for a set of experiments done with TeQon bulb
3. The slopes and 95% conadence intervals are H=1.34+0.07
(corrected), D = 1.01~0.06, NO = 1.00&0.04 and O~ ——0.99~0.01.
Relative to Op=1.33, H=1.80, 0=1.35, NO=1.34.

"W. Lichten, Phys Rev. 120, 84. 8 (1960); 126, 1020 (1962).
3' W. E. Lamb, Jr., and R. C. Retherford, Phys. Rev. 79, 549

(1950).
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dependent eRect. Since no divergence in the D, NO,
and 02 results is seen, the active site Tm/Ti value must
be nearly 4/3. (It could be as small as 1.20, and the
deuterium results in Teflon would only be 2% low. ) The
T,2/T, i hydrogen ratio must then be at least as large
as the largest value observed, Fig. 8.

Let the Tj and T2 times associated with the density-
dependent surface effect be T,» and T,2, and the times
associated with the hydrogen gas phase relaxation be
Ty, j. and T~2. The change observed in the decay rate on
adding hydrogen is T,&

' ——T» '+T, 2 '. The inverse
times are all proportional to eH. T,»

' and T,2
' are

proportional, as well, to the rate at which a given hydro-
gen atom strikes the wall, 8H/X, where vH is the average
hydrogen velocity and ) is the mean free path in the
bulb. t 6H= (8 kT/re)'", where k is Boltzmann's con-
stant, T is the absolute temperature, and m is the mass
of hydrogen atom. j If we include this process in the
theory of Sec. II and divide out the fixed wall-relax-
ation effect by a control experiment in the usual way,
the relative slope can be shown to be

(17)

where

(18)

is independent of eH. If T»/Ti, i——2, T,r/T, i 4/3, and-—
(T~/Ti), .i=1.80 (the appropriate values for Teflon),
then r=0.30: 30% of the added-gas decay rate is
induced at the wall. The relaxation in the Dri-Film
bulb, on the other hand, is completely dominated by the
wall.

Unfortunately, (T2/Ti), .i is very insensitive to X,
and the d,ensity-dependent effect cannot be demon-
strated readily by using bulbs of different size. For a
given eH, T,2 '/T» ' r/(1 r) is in——depend—ent of equi.

If we hold eH constant and. halve the diameter of the
bulb, TI,2

—' remains constant and T,2
' doubles; the

structure of the wall remains the same, but the mean
free path is halved. For r=0.3, r/(1 —r)=3/7. For
r/(1 r) =6/7, r 6/13, a—n=d. (T2/Ti), .i 1.69, which is-—
only 6% smaller than the large bulb value. Teflon bulbs
of various 3 were used, , but r was only changed by a
factor 1.6, and any difference in relative slope was
smaller than the scatter in the data.

Suppose a fraction of wall collisions p lead to the
formation of active sites which live a mean time y and
then spontaneously heal. How large is r if a fraction r
of the relaxation rate T,2

' arises from collisions at the
wallP (In the next section we will see that if the sites
generated by one hydrogen atom are removed only by
the interaction of another hydrogen atom, the number
of active sites is independent of the hydrogen density. )
For simplicity, assume that the atoms all move with
the same velocity vH. From Eqs. (11) and (18), and

from the relation vHH=v2wH, we have

r'+H&H&az
T82

v2 (1—r)
(19)

8&2rh/3 (1 r)pNe—H . (21)

For r= 0.3, X=10—cm, p=10 ' (there are at least 10'
adiabatic collisions at the Teflon wall), N=1, and nH
= 2.5 X10' cm/sec, r 5 sec. The fraction of the surface
area which is active is quite small: at a hydrogen density
for which Ti2= 1 sec, 3riHvHpro sr/16 ~10 ' In p—ra.ctice,
if v. is not small compared to T,», its effect should be
observed on turning oR the added hydrogen source: the
signal decays back to its initial level with the two time
constants T,» and ~. As noted. in Sec. IV A, we observe
this behavior with Dri-Film bulbs.

C. Fixed Wall Relaxation

At beam levels for which T~2 ' is negligible, the
density-dependent effect is negligible; no change in
To ' is seen on changing the intensity of the state-
selected beam. Yet the values of To ' are larger than the
values of T,»

' computed from the results of Clausing's
calculations on the effusion of gases in cylindrical
tubes. '"""The difference must arise from a 6xed or
density-independent wall-relaxation process, Table II.
The mean number of wall collisions which occur in the
relaxation time T„2range from 7&(10' for the Dri-Film
bulb to 1.1X10' for TeQon bulb 4.'4

The T 2/T„i ratios given in Table II for Teflon are
larger than can be explained by chemical or spin-
exchange relaxation. The values are sensitive to the
measured slopes and to the difference between To

—' and
T,» ', especially when the difference is small. The values
in the last column hold if T,»

' is actually half as large
as the value computed, from the results of Clausing.
(Unless the escape rates prove to be wrong, there is
no justification for this choice. ) The qualitative dif-
ferences from surface to surface are clear. Compare the
change in T„~/T„iwith the magnitude of the density-
dependent effect, as judged by the hydrogen results of

"We have not checked the plug escape rates experimentally,
but it is easy to do with the maser by comparing tubes and thin
holes.

~ We have observed up to 3&(10' collisions with fused quartz
and 4&(10 with a polychlorotriQuoroethylene wax (Halocarbon
Products Corporation).

The number of active sites per cm' of surface is pr times
the hydrogen Qux ~eHvH. If the active site is a free
radical, the radiation decay rate cross section of the
site is of order 30.si/4. A given atom strikes the wall
nH/X times per second, and it may hop from spot to
spot 1V times before it leaves the surface, therefore,

T,p
' 3eHi'H'prNa. si/16K. (20)

Equating Eqs. (19) and (20), we find
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TAsr.z II. Summary of data on fixed wall relaxation. The bulbs were spherical; the mean free path is 2/3 the diameter. T,i is com-
puted from the exit plug radius r, Clausing's Qow factor E, the volume of the bulb V&, and the average velocity of atomic hydrogen
eu ', T i i =nrsEsn/41 s. To ' is the average of the measured values. T„z' ——To '—T,i '. The equivalent door slope is the average of the
measured door and D, NO, Os slopes, but the latter have been divided by 4/3. T~z/T~i is computed from Eq. (9) assuming (Ts/Ti)door=1. (T„s/T„i)*is computed in similar fashion, but the value used for T,i ' is a quantity 0.5 as large as the computed value of
column four. The background hydrogen-hydrogen exchange relaxation rate was not well known for the TeQon-then-Dri-Film bulb, so
the equivalent door slopes may be low; the three entries refer to days 1-2, 3—5, and 6—8 after the exposure of the bulb to Dri-Film. The
Viton-A contamination levels of the three entries for that surface are not necessarily the same.

Storage-bulb surface

D ri-FihIl

Teflon then Dri-Film

Teflon then Viton-A

Tegon 1
2
3

Bulb mean
free path

(cm)

6.5

6.5
10.3
10.7
10.7

Temp.
('K)

296

289
308
366

296
296
296
294
331
363

-1
el

(sec ')

1.12

0.93

1.73
1.80
1.97

1.76
2.03
1.82
1.83

- 1.98
2.04

To-I
(sec ')

1.37
1.40
1.43

3.33
3.60
5.21

2.98
~.34
2.05
2.04
2.33
2.52

T -1
flP2

(sec ')

0.42
0.47
0.50

1.60
1.80
3.24

1.22
0.31
0.23
0.21
0.35
0.48

Equivalent
door slope

0,92

0.95
0.88
0.74

1.00
1.00
0.95

0.77
0.86
0.88
0.86
0.87
0.82

T&2

1.2
1.4
2.0

1.0
1,0
1.1

1.7
2.2
2.2
2.6
2.0
2.2

1.2
1.4

1.0
1.0
1.1

1.3
1.2
1.2
1.3
1.2
1.3

Fig, 8. Note that Viton-A contamination suppresses
the density-dependent effect, increases the fixed wall-
relaxation rate, and leads to the T„s/T„ivalue 1. As
the TeRon-then-Dri-Film wall ages, the nature of the
surface relaxation changes markedly, but the change in
T„2' is small.

The following chemical process is characterized by a

fixed wall relaxation rate and a T„s/T„tvalue between
1 and 4/3. The first event is the formation of a free
radical by the reaction of hydrogen with a molecule of
the wall EH:

H +EH~ A +H, . (22)

(We use a dot to indicate an unpaired electron. ) I'he
hydrogen molecule is of no further interest. Another
hydrogen atom may spin exchange or react with E,
restoring the wall:

eae- H. +R ~EH. (23)

eol ~

& eoa-

ee-
4'-

3g)

a10 iK

FgG. 11.Fixed wall relaxation rates as a function of temperature
fit to the model ln(li/snT~2) = i/kT+lin Readaing from to—p to
bottom: a=6X10~, b=0.1 eV {TeQon bulb 4); &=2X1M,
b=0 07 eV (a single exit bu.lb for which T~s '=0.46 sec ' at
296'K); a=2.6X10 ', b=0.07 eV (a single neck bulb for which
T~g '= 5.48 sec ' at 305'K).

Let the fraction of the wall area which is RH be ft and
the fraction which is R. be fs Let the p.robability of the
erst reaction be pt for a collision between H and RH,
and the probability for the second reaction be ps and
for spin exchange be ps for a collision between H and
R ..The net rate of R. formation. is srsusHA (pifi psfs), —
where 3 is the area of the wall. The steady-state value
of fs is ptft/ps Since the. vast majority of collisions are
adiabatic, fi 1, and fs pi/ps The total re. laxation
rate is

T s '=(eu/))(pifi+psfs+spsfs)
=(»-Pi/)~) D+ s (Ps/Ps) 3. (24)

In the limit that ps))ps, T s/T„i=4/3. In the limit
ps++psq Tms/Twl= 1.

As has been pointed out before, ' " the value of pt is
sufficiently large for the reaction between atomic
hydrogen and paragon hydrocarbons to make this
mechanism a reasonable one for relaxation on Dri-Film.
The commercial TeRon used in these experiments con-
tains wetting agents, and there is no reason to suppose
it is pure fluorocarbon. If it were, pi should be far too
small. (We have also observed that at least half again
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as much H must be added to a Dri-Film bulb than to a
Teflon bulb to attain the same value of Tss ', other
conditions being the same, which is direct evidence of
the conversion of H to H~. If tritium were used, the
wall should become progressively more radioactive. )

The temperature dependence of T ~
' was studied

over the range 273—373'K by heating the cavity and
bulb assembly and measuring T~—'. The data can be
fitted to the model

2"„s' ——(uH/) )a exp( —b/kT), (25)

where u and b are numbers independent of T, Fig. 11.
From the results given in Fig. 11, we see that a is of
order 10 ' and b is of order 0.1 eV. The wall relaxation
rate increases with temperature more rapidly than the
collision rate. Provided there is no gross structural
change in the wall, this behavior cannot be explained
if the atoms interact only with the local effective mag-
netic Geld of the wall, for the average time that the
atom is adsorbed at the wall decreases with temperature.
In Ref. 4, Eq. (58), b is interpreted as a chemical-
reaction activation energy, E„andit is assumed. that
an atom colliding with the wall will react with proba-
bility P= (2/3)'I'a if its initial kinetic energy is greater
than or equal to E,.hen this interpretation was made,
it was thought that most wall collisions were elastic,
i.e., that adsorption times were small. Preliminary
measurements on the temperature dependence of the
wall-frequency shifts (FEP Teflon, assuming again
that there is no gross structural change in the wall) sug-

gest that the adsorption energy is of order 0.17 eV.35

This means that an atom is trapped at the wall for a
period of time long compared to the vibrational period
of the atoms of the wall. It also means that the trapped
atom vibrates in a direction normal to the wall several
hundred times on the average before it breaks free.
Clearly, the reaction may occur at any time while the
atom is at the wall, provided the translational energy
of the wall molecule-trapped atom collision is sufficiently
high. Since the average time the atom spends on the
wall is proportional to exp(E/kT), where E is the
adsorption energy, we expect b to be a number smaller
than the activation energy, E .

If the adsorption energy is of order 0.1 eV, then ad-
sorption times approach 10 " sec, and the relaxation
mechanism proposed by Bouchiat becomes important. "
Bouchiat discusses the dipole-dipole interaction between
the magnetic moment of the electron of the adsorbed
atom (in her case, rubidium) and the magnetic moments
of the nuclei of the wall (protons or deuterons). The
relaxation rate T„t' is of order pssH'r, r,/lPr„where
p, o is the Bohr magneton; H is the average amplitude
of the magnetic Geld at the electron d.ue to the nuclei
of the wall while the atom is adsorbed at a specihc site
on the wall; r, is the average time an atom spends at
such a site; v, is the total adsorption time Sr„where
"S. 3. Crampton (private communication).

ALE III. Approximate radiation decay-rate cross sections for
several gases. (These are not spin-flip cross sections. )

Gas

NO
02
NOg
NHg
CH2CH2
¹O
CO
CO2
Xe

Cross section (cm')

(1.9&0.2) X10 "
(1.9&0.2) X10 "

X10—15

~2.5X10 "(10—12

~ 1{j-18
~10—18

~10—ls

($0 20

Ã is the average number of hops which an atom makes
from site to site before leaving the wall; and. 7, is the
average bulb transit time. For H=S 6 (the field 10-'
cm from a proton), r,=r,=10 "sec, and r„=4)&10s

sec, T ~
' 10 'sec '. Itwillbeof interesttoextend. tee

theory of Bouchiat to the hydrogen maser and. to com-
pute the theoretical ratio 1 s/T i.

NO ~

02 O

Tgp

sec '

0.5 1.0 1.5 2.0 2.5
Px 10 mm Hg

FzG. 12. Radiation decay rate increment T,2
' as a function of

the storage bulb pressure of added XO and 02.

D. Absolute Radiation Decay-Rate Cross Sections

The approximate radiation decay-rate cross sections
for a series of gases are given in Table III. The data for
the NO and, O~ measurements is shown in Fig. 12. A
polytetrafluoroethylene coated bulb was used at room
temperature (du Pont TFE Teflon Clear Finish
852-201). The signals were analyzed photographically.
Upper limits are given for some of the cross sections,
since the gas samples were not analyzed for oxygen.
Nitrogen dioxide is the only gas studied which accumu-
lates at the bulb wall: the cross section was estimated
by extrapolating back to the time that the gas was
first added. The decay rate cross section for gas G was
computed from the relation (N000HT, s) ', which ignores
any dependence on the relative translational energy of
the collision. The velocity-averaged 300'K hydrogen-
hydrogen spin-Qip cross section computed by Dalgarno"
is 2.1)&10 " cm'. From Eq. (6) and Table III we
estimate the hydrogen —nitric-oxide spin-Rip cross sec-.
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tion to be 2.5X 10 "cm'. From Eq. (15) and Table IH
we estimate the hydrogen-oxygen spin-fhp cross section
to be 2.1&(10 ' cm'. These measurements are rather
crude and could certainly be improved.

V. CONCLUSION

We have shown for the Amp ——0 hyperfine transition
of 1S atomic hydrogen that a simple relationship exists
between the rate that spin exchange collisions decrease
the oscillating dipole moment of the radiating gas and
the rate that they decrease the stationary-state popu-
lation difference (F=1, m» ——0) —(P=O, ortt ——0). We
have described a method of verifying this relationship
with a pulsed-mode hydrogen maser experiment, which
at the same time provides information on the spin
relaxation of atoms at a solid surface.

For collisions with deuterium, nitric oxide, and
oxygen, we have found the ratio for the T& and T&

relaxation times to be very nearly 4/3, in agreement
with a theory which neglects spin-orbit coupling and
all direct magnetic interactions. This is an important
result, for the masses, nuclear moments, electronic
angular momenta, and vibrational and rotational
structures of these systems all differ. The relaxation
process in the case of H—D, H—NO, and H—02 collisions
must be strongly dominated by electron exchange. For
collisions between free electrons and alkali atoms of
large atomic number, it is not at all clear that this is
true. "To clarify the interpretation of the free-electron
experiments, it will be of interest to do a careful
(frequency shift)/(line broadening) ratio experiment
with atomic hydrogen. We know in general that there
must be coupling between the spin and orbital states,
for otherwise, a system in spin exchange equilibrium is
not in thermal equilibrium. v '6

For H-H collisions we have found the ratio of the
T~ and T~ relaxation times to be at least 1.9. Since this
value is appreciably greater than 4/3, we have confirmed
that there is a spin correlation associated with the ex-

change interaction which transfers phase information
from atom to atom.

Hydrogen atoms are relaxed at the wall of the storage
bulb by at least two nonadiabatic processes. One, with
a relaxation rate proportional to the hydrogen density,

'6This can be seen at once in the following way. The spin-
exchange transformation, Eq. (16), conserves the projection of
the total electron-spin angular momentum. H we had a box of
hydrogen atoms in the (Ii =1,m+=1) state, the atoms would
remain in that state regardless of the number of exchange collisions,
even though it is the state of highest energy.

causes the measured hydrogen-hydrogen T2/T& ratios
to be smaller than the theoretical value 2. The other,
which is independent of the hydrogen density, has a
relaxation rate which increases rapidly with tempera-
ture. The density-dependent process is particularly
nasty, for it confuses any experiment on absolute spin-
exchange cross sections or (frequency shift)/(line broad-
ening) ratios which might be performed with the maser.

Hydrogen masers are being built which are more
nearly ultraclean, and there is hope that a systematic
study of the relaxation rate and frequency shift proper-
ties of a number of surfaces can be made over a wide
range of temperatures. We need to find a surface which
is more chemically inert to atomic hydrogen, and we
expect that a pure fluorocarbon will be. '" It will then
be possible to study physical adsorption and the
coupling between atomic hydrogen and the local ef-
fective magnetic Geld of the wall. If the maser is to be
used only as a frequency standard, i.e., as a continuous
wave oscillator on the amp=0 transition, the present
surfaces may be satisfactory: neither hydrogen-non-
hydrogen spin-exchange collisions' "nor collisions which
remove atoms by chemical reaction lead to a Amp ——0
frequency shift. /Note added irt Proof. We have con-
sidered the magnetic relaxation process of Bouchiat.
It may contribute to the fixed wall relaxation, but it
cannot change the measured Ta/Ti ratios or give rise
to a hydrogen-density —dependent effect.]

ACKNOWLEDGMENTS

The author is indebted to Professor Norman F.
Ramsey who supported and guided this research
throughout its course. Design and construction of the
second maser was a cooperative venture, involving the
talents of Professor Daniel Kleppner, Hugh G. Robin-
son, Stuart B. Crampton, and Douglas Brenner. Con-
tributions by Norval Fortson, Kkkehardt Recknagel,
B. S. Mathur, and Than Myint are also acknowledged.
Thanks are due to William Bossert, who wrote the
computer program and introduced the author to the
world of roRrRAN, and to David Pritchard, who assisted
by reading many photographs.

's E.W. R. Steacie, Atomic ared Free Radical Reactions (Reinhold
Publishing Corporation, New York, 1954)„2nded. , Vol. 2, Chap.
10.

'8 This has been shown experimentally with deuterium, S. 3.
Crampton, thesis, Harvard University, 1964 (unpublished}. The
hydrogen-hydrogen shift can be compensated for by a suitable
cavity tuning procedure: see Ref. 15 and S. 3. Crampton, D.
Kleppner, and ¹F. Ramsey, Phys. Rev. Letters 11, 338 (1963).




