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obtained by the method of least squares using the
doublet intervals in the third band where Coon con-
sidered his measurements to be most accurate. This
gave (DX/hc) =0.057 cm ' (htt/hc) =0.0038 cm '
(Art/hc) =0.0001 to 0.0002 cm '. The constant Art is
minute as one might anticipate from the fact that it is
proportional to h and to (P/8 ct/2—), both of which
vanish when the molecule has an axis of symmetry.
Indeed, the results would not be altered appreciably if
the term containing Ag were omitted, that is, if the
asymmetry of the molecule were disregarded entirely.
It should be stated, however, that this term, tiny as
it is, yet acts uniformly in such a direction as to improve
the agreement between theory and experiment.

FINE STRUCTURE RESULTING FROM COUPLING
OF NUCLEAR SPINS

There seems to be no reason why precisely similar
results should not also apply when S=O and nuclear
spin holds the center of interest. An attempt to use
them in describing fine structure observed in the
inversion spectrum of N"H3" has now been superseded
by the excellent work of Gunther-Mohr. '
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Electron loss processes in the afterglow of very pure hydrogen have been studied by the microwave tech-
nique. The conclusion is drawn that within the error of the experiment, no electron-ion recombination is ob-
served, and that high-mode diffusion is very evident. By properly accounting for the high diffusion modes,
the results are given as D,p= 700%50 cm'-mm Hg sec ' with the electron-ion recombination less than
~X10 g Cm 3SeC 1.

I ECTRON loss processes in the hydrogen after-
~ glow have been studied by the microwave method

by a number of workers. Although the results are re-
lated, no agreement has been achieved up to the present
time as to the actual loss processes in hydrogen. ' '
In view of the result of the work presented here, it is
possible to understand the disagreement between the
previous investigations of the hydrogen loss processes.
The main result is that, if sufficiently pure hydrogen is
used, the loss process for the electrons in the ranges
covered by previous investigators, as well as by us,
is explained by an ambipolar diffusion mechanism. If
the electron-ion recombination is present, this loss
process is so small that it cannot be measured with
methods available at present.

MICROWAVE METHOD

The microwave method measures the frequency shift,
hf, of a resonant cavity containing the electron-ion
plasma, relative to the resonant frequency, f, of the
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same cavity without the plasma. The relation between
the frequency shift and the average electron density,
(rt), is

1 (rt)

f 1+(v /co)' rt„

where the average electron density (rt) is given by

(n)=) rsvp'dn
f

E'dv. (2)

The quantity rtv= eerrtco'/e', E is the electric field of the
probing microwave signal, v is the momentum transfer
collision frequency per electron (v is proportional to
the pressure), co is the applied radian frequency of the
probing signal, and V'is the volume of the microwave
cavity. The linear relationship between the frequency
shift and the average electron density holds only as long
as the polarization field in the plasma is small compared
with the applied microwave field. The error in linearity
is less than 1 percent if rt&3X10sL1+ (v /co)'j cm '.

To interpret the measurements of the microwave
method, it is necessary to recognize the fact that only
an average electron density is measured. Neglecting
the infI.uence of the shape of the microwave field, the
microwave method measures the total number of the
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free electrons present in the cavity. Therefore, what-
ever the loss process is, the rate of loss of electrons refers
to the total number of the electrons present. For a
proper interpretation of the measurements it is nec-
essary to know the electron density distribution. The
three-dimensional electron density distribution, as
well as the probing microwave mode, can be split into
one symmetric and one antisymmetric part for each
dimension. The microwave method using a symmetric
mode measures only the symmetric part of the electron
density distribution.

r = Dvn —t E~—, r+ ———D, vn, +t,E n„
Bn /Bt+v r=0; .Bn/Bt+v r~ 0, ——

v E=e(n+ —n )/eo. (3)

Here I is the particle current density, D is the diGusion
coefficient, p the mobility; the subscripts indicate
positive ions and electrons. A convenient system of
proper variables for this equation system is: t/pA',
x/A, n/A', PA'r, and EA, where A is the fundamental
diffusion length. The solution to this equation system
can be written in the general form nA'=fL(r/A),
(t/pA')], where r=f(x,y,s). Unfortunately this func-
tion is not separable in terms of the variables r/A and
t/pA' Since the m. icrowave method measures an average
electron density the averaging process has to be applied
to these equations. The general result can be written
in the form A'(n) =g(t/pA'). This solution is rigorous
when the ion and the electron temperatures are in-
dependent of the coordinates. This form of the solution
is also independent of the magnitude of the space
charge. The function, g, depends upon the shape of the
probing microwave field and the initial spatial distri-
bution.

In the ambipolar limit, the equation system (2) may
be reduced to the following equation which governs the
decay of both the electron and the ion densities

AMBIPOLAR DIFFUSION

We restrict our discussion to those times when the
electrons can be considered in thermal equilibrium with
the gas and when the space-charge-inAuenced diffusion
is the dominant loss mechanism. The decay of the
electron and ion densities is governed by the following
equations;

one-dimensional case the general solution of the electron
spatial density distribution can be written as

nag; exp)(is/L)'D. t) cos(i7rx/L),
i= ~,3,5,7, . . . (5)

The first term of this series is the fundamental dif-
fusion mode and the higher terms are therefore properly
called higher diGusion modes. In the one-dimensional
case, the ratios between the time constant for the decay
of the fundamental mode and the higher modes are so
large (the minimum ratio is 9) that it is customary to
neglect the higher modes. In the three-dimensional case,
the general solution consists of the product of three
series like (4). The time constant for the fundamental
diffusion mode is T~——L'/3m'D„where I. is the side of
the quartz bottle. The ratios between this time con-
stant and those of the higher diGusion modes are

T,/Tg 3.67; T——g/Ta ——6.33; TJT4 9. ——

Since these ratios are relatively small, and the amount
of higher diffusion modes present may be large, these
higher diGusion modes may be present to a measurable
extent rather late in the postdischarge period. The
initial electron spatial distribution may vary widely
and it becomes impossible to recognize the ambipolar
diGusion process from the time dependence of the decay
curve alone. The characteristic feature of the ordinary
diGusion process, as well as of the space-charge-in-
fluenced diGusion, is that by using the proper time
variable t/pA', the time dependence of the average
electron density becomes independent of the pressure
p, the fundamental diffusion length A, and the absolute
value of the average electron density (n), for any given
initial spatial electron distribution.

ELECTRON ATTACHMENT SUPERIMPOSED
ON AMBIPOLAR DIFFUSION

The dificult feature of experiments of this kind is the
problem of purity of the gas. The most serious im-
purities are those that form negative ions; they are
oxygen and water vapor. The probability that an elec-
tron will attach to one of these molecules at room tem-
perature is around 10 '. In the ambipolar diffusion
range and when attachment is present, the decay of the
electron density is governed by the diGerential equation

Bn/Bt=D V2n.
Bn/Bt =D,V'n hklVn. —(6)

The criterion for ambipolar diGusion described by Eq.
(4) is n)n+ —n =so(kT/e'A'). The diffusion length
used in this experiment was of the order of one centi-
meter, and at room temperature this criterion can be
written as e) 10' cm'.

In the experiment to be described, the gas is con-
tained in a cubical quartz bottle placed at the center
of the microwave resonator. The general solution for
the average electron density in the ambipolar limit is
simple to derive but lengthy to write down. For the

In the pure gas, the number of hydrogen atoms present
is very small and we neglect the formation of negative
hydrogen ions. The number density, E, is therefore
the number density of the impurities; h is the cor-
responding probability for attachment; kE is the rate
of collisions per electron with the impurities.

Assuming that the impurity desnity is so large that
variations in g caused by the formation of negative
ions can be neglected, the solution for average electron
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density takes the form

(e)—It~—hkNtg(D (/g2) (7)

where g(D, t/A) is the solution with no impurities
present. Later in the afterglow when the higher diffusion
modes have decreased to a negligible value relative to
the fundamental diGusion mode, the average electron
density becomes

(e)=E exp{—fhkN+ (D,p/pA')gt}. (8)

Attachment losses are thus dominant in the late after-
glow when hkE»D, p/pA. The (D,p) for hydrogen,
as measured in this experiment, is 700 cm' —mm Hg/sec;
h.'=1 cm'. The collision frequency between electrons
and the impurities can be estimated to be of the order
of 10" p;/sec, where p; is the partial pressure of the
impurities. The criterion for dominant attachment
losses can then be written p;/p)&10 '/p', where p is
the pressure of the hydrogen. The criterion for ambi-
polar diffusion to be dominant (to an error of less than
one percent) is p,/p((10-'/p'. This indicates that
extreme purity is required in order to measure ambi-
polar diffusion late in the afterglow. At a pressure of
10 mm Hg, an impurity of less than one part in 10'
of hydrogen is necessary if the attachment process is
to be neglected.

If the surfaces of the container have been cleaned
during the discharge period, so that virtually no im-
purities are left on them, these surfaces will easily
reabsorb impurities when the discharge is over. It is
therefore possible that impurities present in the after-
glow are lost to the walls by diffusion. The inhuence of
the impurities can be seen by writing

Be//Bt = fDg/A'+hkN— 5e, .

BN/Bt = fD /cV+hkeg—N

Bine D;pti-
D,p+pA2Nohk exp~ —

~
. (10)

B(t/pA2) E A' ) .
This equation shows that the attachment loss may be

dominant in the early afterglow and negligible in the
late postdischarge period. If the impurities originate
on the wal/s of the container they must also leave the
walls during the discharge pulse in a diGusion process.
The product ph'No is then essentially independent of

p and A, provided that all other experimental param-
eters are kept constant. The process proposed here will
then behave as a diGusion process as far as dependence

where D; is the diGusion coeficient of the impurities.
When we put numbers into these equations we find
that the diGusion loss of the impurities is much larger
than the rate at which the impurities are transformed
into negative ions. Thus the term containing the elec-
tron density in the second equation of (9) may be
neglected, and the rate of loss of the electron is deter-
mined by

on 3, p, and A goes, although the attachment may be
the dominant loss process of the electrons in the early
afterglow. If a monomolecular layer of impurities is
released from the walls during the discharge period in
a container of the size used in this experiment (a cube
with the side 5.5 cm), the partial pressure of the im-
purities would be of the order of 10 ' to 10—' mm Hg.
This quantity of impurities is sufhcient to give domi-
nant attachment loss process when the hydrogen pres-
sure is larger than 10 ' mm Hg. It is thus not sufficient
to have pure gas; the container must be cleaned with
extreme care.

THE APPARATUS

A resonant cavity was built in the form of a parallel-
epiped. The three slightly different lengths of sides
allowed three diGerent resonant wavelengths for the
three fundamental modes of the cavity. These wave-
lengths were 9.5 cm, 10.0 cm, and 10.5 cm. One mode
was used by a power signal creating the plasma while
the others could be used for microwave probing signals.
A weak frequency-modulated probing signal was trans-
mitted through the resonant cavity in parallel with a
cavity wavemeter. After passing through the two
cavities, the probing signal was rectified and observed
as a function of time on an oscilloscope screen. The input
and output couplings to the probing modes were so small
that they had no measurable eGect on the resonant
frequency of that mode.

A photomultiplier and a slit system was moved along
one of the walls of the cavity. The signal from the
photomultiplier, displayed on an oscilloscope screen,
reproduced the distribution of light from the plasma
perpendicular to the wall at any chosen time. The light
distribution at the end of the discharge pulse was used
as a qualitative measure of the initial spatial electron
distribution of the decay period.

The discharge plasma was contained in a cubical
quartz bottle placed in the center of the microwave
cavity. The bottle was connected to a vacuum system
and a hydrogen supply. The inhuence of the funda-
mental diGusion length was found by using two quartz
bottles of different sizes. The discharge pulses were
repeated at a rate of 10—60 per second, and the pulse
length could be varied from 50 msec to 0.5 p,sec.

The vacuum system could reach a holding vacuum
of 10—"mm Hg after 24 hours. The hydrogen supply
consisted of a quartz tube containing uranium hydride
and a high-vacuum metal valve. The uranium hydride
was made in the following way. The quartz tube was
filled with uranium metal filings and baked at 800'C
until a holding vacuum of less than 10 ' mm Hg was
reached. Hydrogen was then let into the system and
uranium hydride formed at about 100'C. When the
hydride was heated to about 250'C, the hydrogen was
released.

Contamination of the hydrogen during the discharge
was a most serious problem even with the best baking,
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Fzo. 1. The decay of electron density in hydrogen.

discharge cleaning, and vacuum techniques. The
hydrogen could be shown to react with the quartz
bottle during the discharge pulse. To avoid this reaction,
the shortest possible discharge pulse, 0.5 psec, was used.

MEASUREMENTS

Since it was found during the course of the investi-
gation that impurities were produced during the dis-
charge period, we were forced to use a short pulse length
to achieve satisfactory purity. These short pulse lengths
produced asymmetric spatial distributions of the dis-
charge. In order to cover as large a pressure range as
possible without changing, the spatial distribution of
the discharge, we found it experimentally necessary
to use a very asymmetric discharge where high diffusion
modes were prominent. .However, if the diffusion process
is the only loss mechanism, curves plotted against the
proper variables for diffusion, (n)h2 and t/ph' should
have the same shape, independent of the initial elec-
tron density, as long as the initial spatial distribution
is held constnat. This is illustrated in Fig. 1. When
these two curves are superimposed by sliding one of
them in the vertical direction, they coincide within
experimental error.

The initial spatial distribution of the electron density
in the postdischarge period could be changed by varying
the coupling of the input power. Figure 2 shows that

when the initial distribution is very asymmetric the
density decays very rapidly in the early afterglow,
compared with the case when the initial distribution
is more uniform. In the late afterglow, the two decay
curves are parallel. This behavior is expected if higher
diGusion modes are present. A higher density at the
walls of the container would put a greater electron
density in the higher diffusion modes than would be
the case for a uniform distribution. Since the higher
modes decay faster than the fundamental, this would
explain the behavior of the curves. When the electron
density has decayed to a point where only the funda-
mental diffusion mode is present, the density decay
should be independent of the initial conditions, as il-
lustrated.

Typical of the range of data covered by this experi-
ment are the curves of Pig. 3. The initial spatial distri-
bution is the same for all curves, although the initial
densities vary from pressure to pressure. Since the data
are plotted in terms of the proper variables for diffusion,
(e)h' and t/ph', if the data fit the arnbipolar diffusion
theory they should coincide when displaced vertically.
The result of such normalization is shown in Fig. 4.
Data were taken for other initial spatial distributions;
for each constant distribution they exhibited a similar
good fit with the diffusion variables.

CONCLUSION

The measurements shown above demonstrate that
the diffusion mechanism is the dominant loss process
of the electrons in the afterglow of pure hydrogen. Our
discussion of the attachment loss process and impurities
originating on the walls of the quartz bottle, as well

as the necessity of using short discharge pulses to obtain
purity, indicate that an attachment process may have
been present in the early afterglow. The presence of
higher di6usion modes made it impossible to establish
this process in a more positive manner. Measurements
of small amounts of impurities were quite outside the
scope of this investigation. Fortunately, the result
of the measurements in the late afterglow enabled us
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FIG. 2. The in6uence of the initial spatial
distribution on the decay of electron density.

FIG. 3. Experimental runs of electron density decay at different
pressures with constant initial electron distribution.
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to draw definite conclusions. It can be seen from Fig. 4
that it takes considerable time for the higher diffusion
modes, and possibly the attachment process, to dis-
appear and leave the fundamental diffusion mode alone.
In some cases, this does not occur until the average
electron density is too small to be measured. It is there-
fore convenient to define an effective D p as

IOOO

900

% 800—a
O

Ci

This can be determined from the slope of the decay
curves. It is plotted in Fig. 5. It is obvious from this
figure that the effective diffusion coefficient multiplied
by the pressure is not constant in the presence of the
higher diffusion modes and possibly the attachment
process. The value of (D,p), when only the fundamental
diffusion mode is present can be taken as the true
D,p. For pure hydrogen this experiment gives D,p= 700
&50 cm'-mm Hg sec '.

Although it has been stated that decay curves taken
at difterent initial electron densities and with the same
spatial distribution have the same slope within experi-
mental error, they do not coincide exactly. The dotted
line on Fig. 1 illustrates the degree of departure allow-
able experimentally when the lower curve is displaced
to coincide with the upper one. This deviation from
similarity in shape could be attributed to other loss
mechanisms than diffusion. If signi6cance is attributed
to this deviation (which is within experimental error)
and it is attributed to recombination, we conclude that
this recombination is less than 3)(10 ' cm ' sec '.
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FIG. 4. The data of Fig. 3 normalized to the
same initial electron densities.

COMPARISON WITH PREVIOUS RESULTS

In 1949, Biondi and Brown' surveyed the electron-
ion recombination losses in a number of gases and
reported their findings in hydrogen to yield a recombina-
tion coefficient of 2.5&&10 ' cm'/sec, independent of

700-
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FIG. 5. Variation of the diffusion coe%cient
with time in the afterglow.

the pressure between 3 and 12 mm Hg. They used
"spectroscopically pure" gas and relatively long dis-
charge pulses of 250 @sec. Richardson and Holt' sub-
sequently studied the same problem and found a re-
combination coefficient of 6.2)& 10 ' cm'/sec, inde-
pendent of the pressure between 7 and 20 mm Hg, but
in the lower pressure region rising from 2)(10' at 1 mm
Hg to 6.2)&10' at 7 mm Hg. They also used "spectro-
scopically pure" gas but a smaller discharge pulse
of 10 @sec. Varnerin' reported his results for hydrogen
recombination to be somewhat similar. He found a con-
stant recombination coeKcient at pressures between
30 and 50 mm Hg, but a changing recombination coef6-
cient below this pressure rising from 3&10 7 at 3 mm
Hg to 2.5)(10 ' at 30 mm Hg. Varnerin paid much
more attention to purity, diffusing his hydrogen through
hot palladium and baking his discharge tube thoroughly
to outgas it. He used a discharge pulse of 1 p, sec.

All of these determinations fall into the following
pattern: The more carefully the purity of the gas is
controlled, the lower the coefficient. At higher pressures
(where collisions with impurities are more likely)
the coefIIicient is higher. At low pressures, the shorter
the discharge pulse (less contamination from the walls),
the lower the coefficient. The criterion for electron-ion
recombination used by all of these workers was the
linear relation between the time and the reciprocal of the
electron density. Characteristic of all of these cases
also was the fact that the time range within which the
recombination process was measured was less than the
fundamental diffusion decay time. All of these facts,
coupled with the results of the present investigation,
support the conclusion that the previously measured
recombination coefIicients in hydrogen were not values
characteristic of the pure gas.


