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Direct experimental measurements of electron diffusion coefficients D in helium have been

carried out at 300'K in the range of 0«E/%&2. 7x10 V cm (0«E/Pa&10 V cm Torr )

by an improved electron-density sampling method. Absolute errors less than + 0.5% are
claimed in the range 0» E/N& 9 x 10 V cm and less than 1.5% in the range 9 x 10 & E/
&V&2.7x 10 Vcm .

The obtained values of D are in agreement with those of Crompton, Elford, and Jory in the

range of 2.124 x 10 «E/N«3. 03 x 10 Vcm studied by these authors. Also measurements

of 0.8' (where n is Townsend's first coefficient and 0' the drift velocity) have been performed
in the range 9.03 x 10 «E/N» 2.6 x 10 Vcm (corresponding to 3.2 «E/Po«10 Vcrn

Torr ) . Values of G. with an accuracy evaluated at + 10% are obtained by dividing a W' by the

W values found in the literature. These n values are to be compared with those of the liter-
ature, which are dispersed by a factor of 3 in the above range.

(1} INTRODUCTION

The normal procedure' to obtain free diffusion
coefficients D consists in the measurements of
the drift velocity ii' (and hence of the mobility p
= W/E, where E is the electric field strength) and
of the ratio D/lJ. , from which D= p(D/p). Conse-
quently, values at E/N= 0 (where N is the mole-
cule number density) are not achievable. Direct
measurements of D at E/N= 0 are in principle
possible by the microwave method' but, because
of the high ionic concentration during the micro-
wave breakdown and the small values of ion dif-
fusion coefficients with respect to electron dif-
fusion coefficients, what is actually measured is
an ambipolar diffusion coefficient. Namely, even
when only one free electron (detectable by Car-
ruther's' method —though with an accuracy of

+40%) remains an average in the measuring cham-
ber, the number of ions inside the measuring
chamber is so high that the electric field due to
ion spatial charge considerably affects electron
diffusion.

On the contrary direct measurements of elec-
tron free diffusion coefficients D at E/N=0 with
an accuracy of + 0.5%& have been performed by the
method used here, which is an improvement of
the sampling method, already described by Caval-
leri, Gatti, and Principi. This method would al-
so allow measurements of metastable mean lives,
electron attachment coefficients, and thermaliza-
tion times. By an auxiliary sinusoidal, "heating"
electric field, D has been measured as a function
of E/N from zero values up to E/N= 2.65 x10 "
V cm' (corresponding to E/p, = 9.41 V cm ' Torr
where Po is gas pressure reduced to 273'K). Also
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measurements of o. & (where a is Townsend's fir.-.t
coefficient) have been carried out by the new
.method, starting from E/P, values where Town-
send's "avalanche" multiplication appreciably
compensates electron losses due to diffusion to
the chamber walIs.

Dividing a W by the corresponding values of
drift velocity Wfound in the literature, values of
n in the range 9.03 x10 "~E/N~ 2.65x10 "V
cm' (3.2 ~ E/P ~ 9.41 V cm ' Torr ') are obtained.
In this range the most recent n values found in
the literature are dispersed by a factor of 6 if in-
cluding theoretical values and by a factor of 3 if
considering experimental values only [see Sec. 4
(4.3 ) and

Ref�.

29].

(2) EXPERIMENTAL APPARATUS

(2.1) Working Princip1es

A short x-ray pulse produces a primary ioniza-
tion inside a cylindrical chamber containing the

gas under examination. After a known delay t,
from the end of the x-ray pulse, a strong voltage
sampling pulse is applied to the chamber bases,
consisting of two metal electrodes. The voltage
pulse (which is a damped radio-frequency oscilla-
tion) produces as many Townsend's avalanches as
the free electrons still present in the measuring
chamber. The light emitted by the excited atoms
in Townsend's avalanches is converted into a pro-
portional electric pulse of amplitude A by a photo-
multiplier tube. Therefore the mean amplitude
A is proportional to the mean number n of the
electrons which are present in the measuring
chamber after the time interval t, . After the
sampling pulse, a clearing voltage is applied to
the electrodes in order to drag the ions out of the
measuring chamber. Then a second cycle can be
started. Actually, to avoid the effects due to in-
strumental drifts, a different known delay t, (be-
tween the end of the x-ray pulse and the voltage-
sampling pulse) is introduced into the second cy-
cle. In the third cycle there is again the first de-
lay t„ i. e. , two different delays are alternated.
Hence the ratio of the mean values, or better, of
the centroids, of the two resulting amplitude-
pulse spectra at the output of the photomultiplier,
gives the ratio of the mean values of the surviving
electrons after the delays t, and t„respectively.
The clearing voltage can be either of the same
sign (positive or negative) or alternate. In order
to have symmetry with respect to the two different
delays, two successive clearing pulses are posi-
tive and the successive pulse couple is negative,
so that a complete cycle appears as sketched in
Fig. 1. This cycle turned out to be the best one,
since impurity iona (due both to ionization and
electron attachment), accumulated on (or adsorbed
asymmetrically by) only one electrode, originate
contact potentials by Volta effects. If the clearing

'dN

= DV'N +nR'N —o NcN
Bt e e att e

—g *N*cN +KN*.
att e

The quantity K, which appears in the term KN*
accounting for Penning's effect, is given by

ff=+P N
S PlS (2)

where N~s is the concentration of the sth type of
metastable molecules and Ps the de-excitation
rate for N* =Nms = 1 by Penning's effect (due to
collisions between the principal gas metastable
molecules and impurity molecules).

In the case of N* = 0, absence of attachment (as
occurs for noble gases) and o. =0 (low E/N), Eq.
(1) reduces to the pure diffusion equation, whose
solution for a cylindrical measuring chamber is
given by'

(3)

where ftj (xyz) is a set of orthonormal eigenfunc-
tions of the diffusion equation. After a time of
the order of one time constant of the fundamental

voltage is not symmetrical, these Volta potentials
slowly increase and therefore it is not possible to
balance them rigorously, as done for constant
Volta effects [which can be compensated by ex-
ternal polarizations: See Sec. 2 (2.2)].

The duty cycle of Fig. 1 is used to measure the
decrease of the mean electron number n versus
time t in the absence of the electric field E. In
order to have n =n(t ) in the case of a given E/N
value, a sinusoidal voltage of constant amplitude
is applied between the chamber electrodes.

Voltage frequency and gas pressure are selected
so that the oscillating electric field is equivalent,
with respect to diffusion, to a constant (dc) "heat-
ing" field [see Sec. 3 (3.2)].

From the experimental knowledge of the decay
of the electron number n =n(t) at different pres-
sures, it is possible to deduce the electron dif-
fusion coefficients D, the quantity catt¹ (where
c is the electron thermal velocity and vatt the
attachment cross section}, the quantity nS' and
the decay time constants 7~ of metastable atoms.
Namely, let us consider a gaseous binary mix-
ture, whose most abundant gas ("principal gas")
has a molecule concentration N and the other (con-
sidered as an impurity} has a concentration N*«¹The impurity gas undergoes Penning's ef-
fect, i. e. , can be ionized on collision with the
principal gas metastable molecules. In the dif-
fusion approximation the equation governing the
electron concentration Ne is given by
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b
a

In the more general case of Eq. (1), neglecting
the modes higher than the fundamental one, we
have

BN
= —N (D /NA ' —a NW+a Nc9t e 1N 11 1N att

+o *N*c)+¹QPN
att s ms

FIG. 1. Complete duty cycle: a represents x-ray
pulse; b sampling amplification pulse; c clearing field,

t& and t2 the two different alternate delays between the
ends of x-ray bursts and sampling pulses.

where 7» is related to the radius A and the height
H of the chamber [see Sec. 2 (2.2) and Fig. 3] by
the expression'

va, A„' H- 2s A

Notice we have introduced no correction due to
the extrapolation distance' 0.71K (where X is the
electron mean free path) since it is negligible
with respect to A and H in our working conditions.
Qn the other hand, H- 2s is the effective height
for diffusion since the electrons within a layer of
width s at both electrodes are immediately cap-
tured, if s represents the mean drift length during
a semiwave of the cw radio-frequency field:

s =2W /&u, (8)

mode (the second mode has an associated time
constant about 9 times smaller), i.e. , for f & r»,
the mean spatial distribution or the total number
n of electrons contained in the chamber [obtained
by integrating Eq. (3) over the spatial coordinates]
is given by

—tl 7-„0 ='biol 8

The quantity

a =a/N, (or a =a/p )
1p

(9)

is the reduced first Townsend coefficient which,
like D, of Eq. (7), does not depend on the mole-
cule concentration N. The metastable concentra-
tions Nms [which appear in Eqs. (2) and (8)] de-
cay according to the law

-'/'ms
N =N e =N exp[- f

ms ms0 ms 0

x (D /NA '+y N+5 N'+P N*)]1ms 11 s s s
(10)

D1ms being the diffusion coefficient reduced to
N=1 of the sth metastable, ys and 5S the de-exci-
tation rate for N= 1 by two-body and three-body
collisions, respectively, and Ps the de-excitation
rate for N* =N=1 by Penning's effect for the sth
metastable. Higher modes for metastable diffu-
sion have been neglected since the effect due to
metastables is only a perturbation of the electron
decay (up to delays of four electron-diffusion time
constants).

Taking into account Eq. (10), the solution of
Eq. (8), integrated over spatial variables gives

—f/. —f/~n=ge +g fi e ms (11)s s
where vms is given by Eq. (10) and r by

I/r =D /NA ' —a NW +&& Nc+o *N~ c.att att

where R~ is the drift velocity relevant to the
maximum value reached by the sinusoidal electric
field in a period 2s/ar. This hypothesis (capture
by any electrode of the electrons contained in an
adjacent layer of thickness s) has been confirmed
experimentally by using chambers of different
heights and is supported by the work of Gill and
von Engel. '

Hence, obtaining the time constant &yy from ex-
perimental n =n(t), it is possible to deduce the
diffusion coefficient D by means of Eq. (5), and
hence the reduced diffusion coefficients

Therefore from the knowledge of the experimental
curve n =n(f) at different number densities N and
N*, the quantities contained in Eqs. (10) and (12)
can be deduced.

In the present measurements pure helium has
been used with standard high-vacuum techniques.
The impurity concentration N* has been estimated
to be of the order of 10 ' with respect to helium
concentration, and hence electron attachment is
negligible (see Appendix A). Consequently Eq.
(12) reduces to

1/7 =D /NA ' —a NW .

D =DN, or D =DP
1P 0' (7)

Figure 2 shows typical experimental measure-



179 DIFFUSION COEFFICIENTS AND TOWNSEND COEFFICIENTS IN He

relaxation times see Appendix B).
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(2.2) The Measuring Chamber

A sketch of the measuring chamber is shown in
Fig. 3. It consists of a cylindrical envelope, made
by Pyrex glass, containing two plane metal elec-
trodes A and 8, whose circular edges are very
close to the glass wall so as to define a cylindrical
volume of height II and diameter 2R. The soft x
rays enter this volume through a very small tube
D capped by a small ball having a very thin wall
(acting as an x-ray window). The glass lateral
wall is metalized just outside the central strip of
height H by a SnO, layer in order to have a low

10
50 %0 150

I

200 250
I

300 350

t(y sec)

H. V.

FIG. 2. Mean number n of the electrons remaining
in the measuring chamber after the time t from the end

of a x-ray pulse. Experimental points are obtained as
ratios between the centroids of the light-amplitude
spectra relevant to two different delays t~ andt2. Apparent
time constants are indicated between corresponding
couples of successive delays t~ and t2.
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00000, ;
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ments [here considered only in order to illustrate
the method, the results of the set of performed
measurements being fully discussed in Secs. 4
(4.2) and (4.3)] of the ratios n, /n, between mean
surviving electron numbers relevant to successive
delay couples at E/N=0. The curve, partially
plotted in Fig. 2 [the ordinates of which are pro-
portional to n =n(t)] turned out to be well-fitted
by Eq. (11)with three time constants, since in
helium there are two types of metastables. The
impurity concentration N* being unknown, meta-
stable time constants are of no importance, since
the knowledge of the entire curve is significant
only to accurately deduce the time constant 7.

appearing in Eqs. (11), (12), or (13). The calcu-
lated effects due to the two other terms turned out
to be negligible in the delay range 25 & t & 50 p, sec.
By two curves similar to the one of Fig. 2 per-
formed at E/N & 9.10 "V cm' at different concen-
trations N, it is possible to obtain the two terms
at the right side of Eq. (13) [see Secs. 3 (3.2) and
4 (4. 3)).

Notice that the curve of Fig. 2 has been used
starting from time delays larger than 25 p. sec
(corresponding to one diffusion time constant),
since in the time interval 0 & t & 25 p, sec the ef-
fects due to higher modes are not negligible. More-
over the high-energy free electrons (up to 25 keV)
produced by the x-ray pulse are still reaching
thermal equilibrium during this time interval (for

2R
—Ni

H

l

,
i Mn02+Ni

I

.~ —Sn02+P t+N)
2

E2
Q 0

lk Q"gwP

Clearing
Voltage

Generator;; =

C

~ !
W&

p, /c, [ca

FIG. 3. Sketch of the measuring chamber and the main
electrical connections, The electrodes A and B define
a useful cylindrical volume of height 0 and diameter 2R.
The thin wall D acts as an x-ray window. E~ and E2 are
electrical connections for the lateral semitransparent
resistive layer. F is a thermocouple. P& and P2 are
variable polarizations to balance the work function
difference. M is the relay coil, operated by the clearing
voltage generator which is triggered at the end of the
sampling pulse by pulse Y (see Fig. 5). Capacitors C5
and C6 (and relevant resistors) make up a calibrated
voltage divider and Q», C~, 0, N a peak sensing poten-
tiometric voltmeter to measure the cw radio-frequency
field.
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electrical resistance. Smaller strips of platinum
partially covers the SnO, layer in correspondence
with the contacts E, and E,. These contacts are
small springs sealed to small platinum plates
resting on the platinum strips in order to have a
low- resistance exter nal connections. Finally
nickel has been evaporated under vacuum on all
lateral walls and the stainless-steel electrodes.
The uniform resistive nickel layer satisfies the
boundary condition of having a uniform field in-
side the useful volume when voltage differences
are applied between the electrodes A and B. The
damped oscillating pulse is applied by inductance
L„acting as an autotransformer and as a part of
an oscillating circuit together with the condenser
C ] to whic h a unidi rec tional pul se is applied by
thyratron T, triggered after the desired delays
from the end of the x-ray burst by pulse Y (see
Fig. 5). A condenser C, acts as a short circuit
between A and E, with respect to high frequency
and as an open circuit with respect to constant
(dc) voltages. A variable external resistance con-
nects the contacts E, and E, to give the desired
decay time constant to the damped radio-frequency
pulse.

Gas temperature is measured by a thermocouple
E and a potentiometer.

Despite the fact that all the useful volume walls
are covered with the same material, residual work
function differences (Volta effects) are still present
but can be balanced by the external variable polar-
izations P, and P, . The required voltages P, and
P, are experimentally found as follows. Maintain-
ing P, constants (for example zero), P, is varied
and the corresponding values of the diffusion time
constant r or, more simply, of the ratios n, /n,
of the mean value of surviving electrons are mea-
sured. The delays t, and t, are chosen in the best
range, i. e. , between one and three time constants
of the fundamental mode. For example, in the
case of Fig. 2, convenient values are t, =25 p, sec
and t, =50 psec. A typical curve of n, /n, versus
P, (mV) is shown in Fig. 4. Then the lateral po-
larization P, (between the electrodes A, B, and
the lateral conducting layer) is fixed at the value
P2~ corresponding to the minimum of n, /n, (and
therefore to the maximum of 7) and P, is varied
so that a similar curve n, /n, versus P, is ob-
tained. Then P, is fixed in correspondence with
the minimum value of n, /n, and P, is again varied
and a little change is found in the value of P2~.
Generally no further correction is found for a new
search of Pl~ (P, being fixed at the new value

P2~). The values of P1M and P2~ so found are
those required in order to balance work-function
differences, since the diffusion time constant 7.

is maximum. Eventual work-function differences
can still be present between different points of a
same electrode or of the lateral conducting layer.
It is possible, however, to consider their effects

n [n&

3

2-

f

0 25 50
f f

75 loo 125 150 &75 R& ( mv)

as negligible, since the glass tube and stainless-
steel electrodes have been accurately cleaned be-
fore the nickel evaporation, and the nickel layers
have been obtained by eight symmetrical vacuum
evaporations so as to have the best statistical uni-
formity for the layer. An indication in favor of
the above hypothesis (that the effects due to even-
tual inhomogeneous work-function differences are
negligible) comes from the fact that the polariza-
tion Py balancing contact potentials between the
electrodes, turned out to be of the order of 10 mV
(the two electrodes are made and covered by the
same material). On the other hand, the polariza-
tion P, , balancing Volta potentials between elec-
trodes and lateral layer turned out to be up to 0.1
V. For example, in the case of Fig. 4 (relevant
to a chamber with H= 2.952 cm and R =3.735 cm)
one has P, =60 mV. This result indicates that the
nickel layer (which covers both electrodes and
lateral glass wall) is so thin that it is affected by
the type of material on which it is deposited.

For measurements with E/N4 0 a cw rsdio-fre-
quency field is applied to the electrode A through
a decoupling coil L, . The amplitude of the con-
tinuous sinusoidal voltage is measured by means
of a calibrated voltage divider (condenser C, and
C, and relevant compensating resistors), a peak
rectifier (Q and C,), a precision potentiometer N,
and a galvanometer 0 used as a null instrument.
The constant stabilized voltage at the upper end
of the potentiometer N is measured by a voltmeter
with 0.1-0.2' accuracy. Condensers C, and C,
act as short circuits with respect to the cw radio-
frequency field and to the sampling pulse. Since

FIG. 4. Ratio n~/n~ of the mean numbers nq and n~ of
surviving electrons after the delays t~ and tq, respectively,
versus polarization P& at constant polarization P& (see
Fig. 3). The minimum of n~/n~ (corresponding to the
maximum of the diffusion time constant w) occurs for
P& =60 mV.
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the accurate knowledge of the cw radio-frequency
voltage between electrodes A and B is required,
wire inductances and chamber capacitance have
been calculated and measured in order to take into
account the small voltage drops between electrode
A and the application point of rectifier Q. It turns
out that the voltage between electrodes A and B is
1% higher (resonance effect) than the voltage mea-
sured by the "peak-sensing potentiometric volt-
meter" Q, C„O, and N. Actually two "peak
voltmeters" have been used, one of them without
voltage divider C, and C„ i. e. , directly connected
with the external terminal of electrode A. This
second peak voltmeter, which allows higher ac-
curacy, can be used only if not applying sampling
pulses, which mightdamage silicon diodes Q. The
first peak voltmeter was used only to check pos-
sible small voltage changes when the second peak
voltmeter was inserted. Finally silicon diode
characteristics (current versus voltage) have been
taken into account. By this method a + 0.5% over-
all accuracy in the measurement of the electric
field strength E is claimed.

(2.3) The Electronic Equipment

The block scheme of the electronic layout is

shown in Fig. 5 ~ A network synchronizer and
divider determines the duty cycle frequency. It
delivers pulses at the maximum frequency of 50
Hz (standard frequency of European network) and
its submultiples and triggers a univibrator (mono-
stable multivibrator) giving the grid of a triode x-
ray tube (normally cutoff) a rectangular pulse of
450-V amplitude and duration from 1 to 20 p.sec.
This pulse is properly phased with respect to the
power network, in order to exploit the maximum
thermionic emission (instant of the cathode maxi-
mum temperature) and to have a more stable in-
tensity for the x-ray burst. A successive dif-
ferentiator triggers, with the negative pulse (in
correspondence with the trailing edge of the x-ray
pulse), a bistable multivibrator (flip-flop) which,
for successive pulses, alternatively switches uni-
vibrators I and II introducing two time delays ty
and t, . The ends of the delay pulses trigger
(through two differentiators and an "or-circuit")
the thyraton pulse generator applying the sampling
pulse to electrode A of the measuring chamber and
also furnishing a rectangular pulse Y in coinci-
dence with the sampling pulse. Pulse Y triggers
the clearing voltage generator which applies, after
a "mechanical" delay due to relay commutation,

A
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FIG. 5. Block scheme of the experimental apparatus. The "driving chain" begins with a
synchronizer (with power network), "opens" an x-ray tube normally cutoff, applies the samp-
ling pulse to the chamber electrodes after the delay t~ (or t2) introduced by univibrator I (or
II) which is alternatively switched by a flip-flop, and finally applies the clearing voltage pulse
to the chamber electrodes, with the sequence shown in Fig. 1. For measurements at E/N
& 0 an oscillator gives the chamber electrodes a cw radio-frequency voltage of 16.26 MHz and
amplitude variable from 0 to 400 V. The "measuring chain" begins with a photo-multiplier
(P. M. ) and ends with two pulse counters. The ratio of counter indications is equal to the ratio
nq/n2 of the mean values (spectra centroids) n& and n2 of the electrons remaining in the cham-
ber after delays t& and t2, respectively.
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N,
A = Q N A /N

s=1
(14)

the clearing voltage to electrode B. A two flip-
flop sealer, contained in the "clearing voltage
generator, "switches, after two successive pulses,
the connection between two terminals of a voltage
supply (furnishing a constant voltage variable from
zero to +200 V) in order to have the wave form
(for the clearing voltage) shown in Fig. 1. The
two delays t, and t, are accurately measured by
a quartz oscillator clock, a gate and a counter.

The above description pertains to the "driving
chain" used to measure n =n(t) (see Fig. 2) in the
case of E/N=O. To perform measurements at
E/No 0, an oscillator applies a continuous sinus-
oidal voltage of 16.26 MHz to electrode A. The
amplitude of the cw radio-frequency field can be
changed between 0 and 400 V and is accurately
measured between the terminals of electrodes A
and 8 by means of the precision potentiometric
method described at the end of the preceding Sec.
2 (2.2) (see also Fig. 3).

Let us now consider the "measuring chain. "
A photo-multiplier (P. M. ) delivers to an ampli-
fier an electric pulse A of amplitude proportional
to the total light (emitted in consequence of the
sampling amplification pulse), which is propor-
tional to the number n of electrons remaining in

the chamber at the sampling instant. In the case
of small n values (high delays t, and t, ), it is con-
venient to add to pulse A a pedestal 8 of duration
(=2psec) approximately equal to the one of pulse

Then two measurements of the same duration
(for example, 10 minutes} are successively per-
formed with and without measuring pulse A. The
noise acts statistically in the same way on both
measurements and therefore their subtraction re-
duces noise effects. Pulse A (with the eventual
addition of pulse B), drives an "amplitude-to-
time converter, "which produces a pulse C whose
duration is proportional to the amplitude of pulse

Pulse C opens a gate circuit, through which
passes a number of oscillations (generated by a
quartz oscillator) proportional to amplitude As
of sth pulse A. The gate circuit behaves also as
a coincidence circuit since it operates only in co-
incidence with pulse Y, so eliminating most of the
spurious pulses occurring casually (due to thermo-
electrons and "after pulses" in the photo-multi-
plier). Two successive gate circuits alternatively
address the measurements belonging to delays
and t, to counters I and II, respectively. Counters
I and II act as accumulators and record the sums
of pulse A amplitudes. Actually the ratio of their
indications is equal to ratio A, /A, of centroids
A, and A, of the two A pulse spectra correspond-
ing to delays t, and t„respectively. Namely

N2

A = Q N A /Ns2 s2s=1

where N~1 and N~2 are the numbers of A pulses
of amplitude A~1 and A&2, respectively. Since
the total A-pulse numbers N, and N, are equal
(the two delays being alternatively switched}, the

ratio between the indications of the two counters
is equal to the ratio n, /n, of the two spectra
centroids n, and n, of the electrons remaining in

the measuring chamber after delays t, and t„
respectively.

E' = E '(1 + 2v'/ v') (16)

where v =c/X . Since Eq. (16) must be verified
for all possible values of collision frequency v,
it practically implies that the second term inside
the brackets of Eq. (16) be small with respect to
unity. In this case the oscillating field is equiva-
lent to a constant field E of amplitude equal to the
effective value E, /2'I' of the sinusoidal field. If
this condition is always assumed and errors less
than 1% are required, then

(3) DESIGN OF WORKING CONDITIONS

(3.1) Limiting Values of po Versus E/po

The values of the thermalization times obtained
in Appendix B have been used to obtain curve a
of Fig. 6, which gives the lower boundary for
pressure p, versus E/p, at which satisfactory
measurements of D can be made with the described
chamber. This boundary is obtained by equalizing
a given relaxation time to one time constant of
the diffusion fundamental mode relevant to the
same E/p, value.

An upper boundary for p, versus E/po is obtained
by putting r = ~ in Eq. (13), i. e. , by equalizing
the time constant NA11'/DIN of diffusion funda-
mental mode to the source term I/(o. ,NW) due to
Townsend's multiplication. Curve b of Fig. 6 has
been obtained in this way, taking, "a posteriori, "
the experimental values of D, and e1N W obtained
by the method described in this paper [see Tables
II and 111 of Sec. 4(4. 3) and Figs. 9 and 10].

Two other boundaries for P, versus E/P, arise
from the requirement that the cw radio-frequency
field be equivalent, with respect to diffusion, to a
constant (dc) electric field. This requirement
leads to two conditions. One of them can be
achieved by considering the particular case of a
mean-free-path ~-independent of thermal velocity
c. In this case for E =constant the electron dis-
tribution function is a Druyvesteyn one' and for
a sinusoidal field E = E, sinvt is a Margenau one. '
These two distribution functions are equal pro-
vided that
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~'/v' ~10 ' (17} 10

which implies that more than 50 collisions occur
in a period of the alternating field. Curve c of
Fig. 6 has been obtained by this condition as well
as by the measured value of pulsation co = 2w 16.26
MHz and by v values versus E/P, R.ough v values
have been deduced from the expression" of drift
velocity W in the case of a Maxwellian distribution
and dX/dc =0

I
L0

I

10
1

W = 0.85 (e/m) X/c = 0.85 e/m v . (18}

1/f Vqpa ~ Tf/(d (19)

Drift-velocity values have been taken from Town-
send-Bailey" and Phelps-Pack-Frost" [see Sec.
4 (4. 2).

The other condition due to the requirement of
equivalence between oscillating and constant
fields, is that the ripple of electron energy E be
small compared with E. Taking into account that
errors occur only if the dependence of D1p versus
E is nonlinear, it is sufficient that the energy
ripple is 5-10jo of E. This condition implies a
relationship between cw radio- frequency field
period and thermalization time. For small
ripples, it is possible to consider a relaxation
time constant (fvP, )

' which can be calculated by
Eq. (B.3) of Apyendix B. Therefore, taking into
account that, when condition (17) is satisfied, the
sinusoidal field is equivalent to a rectified full-
wave field (in order to heat electrons), it is suf-
ficient that the thermalization time constant be
not smaller than a half period v/m of the alter-
nating field

10
0

I

-6L

10
)0-l

I

10-'
I

0-1
I

10 10'
[Elp, v cm' Torf']

FIG. 6. Boundaries for po versus E/p, . Curve a is
a lower boundary to allow electron energy relaxation
in one time constant of diffusion fundamental mode.
Curve b is an upper boundary due to balancing of electron
diffusion losses by Townsend's multiplication. Curves
a and b depend on the chamber dimensions only. Curves
c is a lower boundary to have equivalence, with respect
to electron energy, between a constant {dc) electric
field E and a sinusoidal field of frequency 16.26 MHz and

effective value Eo/2 equal to the dcstrength E. Curve
d is an upper boundary to have an energy ripple small
compared with electron mean energy. Curves c and d

depend only on the frequency (d/2~ of the cw radio-
frequency field and always cross each other on the ver-
tical line e (the crossing point depends on ~/27t').

in order to have an energy ripple" of 7.5/0. The
upper boundary for P, versus E/P, resulting from
Eq. (19) is represented in Fig. 6 by curve d.

Notice that Eqs. (17) and (19) imply

smaller than H/4 (where H is the chamber geo-
metrical height). Fortunately this condition im-
plies an upper boundary for E/P, =23 Vcm 'Torr '
larger than the one given by Eq. (21).

fV)po ~ (0/& 0. 1vgpo/& (20)
{3.2) Choice of Working Conditions

and therefore an upper boundary for fractional
loss f of kinetic energy

f ~ O. ls (21)

which corresponds to E/p, =17 Vcm 'Torr '.
This upper boundary for E/P, is independent of
pulsation co chosen for the continuous sinusoidal
field and therefore other c and d curves, relevant
to a different pulsation, cross on the vertical line
e of Fig. 6.

Another boundary for E/P, comes from the as-
sumption made in Eqs. (5) and (6) of Sec. 2 (2.1)
on the effective height of the measuring chamber.
It is convenient, for the accuracy of measure-
ments, that 2s [where s is given by Eq. (6)] be

Curves a and b of Fig. 6 depend on the chamber
geometry, whereas curves c and d depend only on
the frequency of the cw radio-frequency field. The
geometrical height H of the measuring chamber
must be much larger than 2s given by Eq. (6), but
smaller than radius A, if diffusion is to be mainly
conditioned by the electrodes rather than by lateral
wall, where the small tube D slightly perturbs the
geometry. If the chamber dimensions are in-
creased, limiting curves a (due to relaxation) and
b (due to Townsend's multiplication) fall in the
same way, thus defining a useful region of the
same size. Therefore it is sufficient (construc-
tion difficulties increase with the chamber di-
mensions) to select a height H sufficiently larger
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than the maximum distance 2s. A height H
=2 ~ 952 cm has been taken and consequently a
radius R = 3.735 cm & H. Once the chamber di-
mensions have been selected, the frequency (~/2v)
of the continuous sinusoidal field is determined by
the best overlapping of curves a and b with curves
c and d (which displace vertically in the same way
since, for both c and d curves, p, is proportional
to frequency at a given E/P, value). The frequency
assumed is &u/2v = 16.26 MHz.

To find D1N and n1N +, measurements are re-
quired at two different pressures [see Eq. (13)].
In order to have redundances, measurements have
been performed at three different pressures. The
three pressures have been selected with the follow-
ing criterion. To exploit the maximum E/P, range,
it appears from Fig. 6 that it is convenient to work
at pressures near the lower boundaries. The value
of one of the three working pressures was 7.22
Torr. In this case (even at the lowest E/p, values
used) an error less than 0.5% in the equivalent con-
stant field E is estimated in assuming that it is
equal to the effective value E, /2'~' of the sinus-
oidal heating field. Notice that at low E/p, values
the slope of the curve Dlf versus (E/pO) is low
(see Fig. 7) and therefore an error less than 0.5%
in the E/p, value implies an error less than 0.1%
in Dip. For E/p, &2.5% Vcm 'Torr ' the slope
is larger but in this range the error (due to the
assumption E =E,/2"') is negligible. For a
second set of measurements a pressure of 3,61
Torr has been used, which allows to perform mea-
surements at larger E/P, values. With this pres-
sure, measurements are affected by errors less
than 1/0 in E/P, for E/P, &3.3x10-' Vcm 'Torr
Thermalization of primary electrons turned out to
require 1.6 time constants of diffusion fundamen-
tal mode for E/P, =0 and 1 time constant for E/P,
&8 Vcm 'Torr '. The third working pressure
was 4.56 Torr, in order to have a convenient in-
termediate ramification between the curves of
D~~ —o, 1Pp, 'A11'8' relevant to the first and second
pressures [see Sec, 4 (4.2) and Fig. 7].

At this pressure, errors in E/p, values are less
than 1% for E/P, & 2 X 10 ' Vcm ' Torr '.

(4) EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION

(4.1) Preliminary Operations

The first operation consists in balancing work-
function differences, as described in Sec. 2 (2.2)
(see also Fig. 4) by operating between one and
two (presumed) time constants 7» of diffusion
fundamental mode.

As a second operation the x-ray pulse duration
is fixed to a value lower (or equal) to one diffusion
time constant T11 and x-ray intensity I is varied.
For low values, 7yy is independent of I, whereas,

for high I values, 7.
yy increases with J because of

ambipolar effects due to ion space charge. Then
I is fixed at a maximum value (in order to have a
good statistics) lower than the value in corre-
spondence of which %ay appreciably increases.

As a third operation the amplitude of the sam-
pling pulse S is varied. The diffusion time con-
stant sly is independent of S up to a value, starting
from which Ty1 apparently increases with S be-
cause of loading effects. Namely the electronic
circuit is more loaded in correspondence with the
sampling pulse relevant to delay t, than for the one
relevant to delay t, & t, since the electron number
remaining after f;, is larger than the one after t, .
The amplitude of the sampling pulse is then fixed
at a value sufficiently lower than the one at which

Tyl starts to increase. It is also verified, by
switching off x rays. that no spurious light pulses
due to discharge occur, even when the sampling
amplitude is increased to values much higher than
the working values.

A fourth preliminary operation consists in check-
ing that the diffusion time constant is independent
of the clearing voltage amplitude and the duty cy-
cle period (the time interval between two succes-
sive x-ray pulses can be varied from a minimum
value of 20msec=(50Hz) 'up to 2.56 sec). It
has also been checked, as expected, that it is
possible to have zero amplitude for the clearing
voltage by using a time interval (between two
successive x-ray pulses) larger than about five
diffusion time constants ~ion of positive ions. For
example, with P, =7.22 Torr (maximum pressure
used) one obtains r „=pOAI I'/DI ion =0.12 sec,
the reduced ion diffusion coefficient D1 ion being
deduced by the Nerst-Compton- Einstein relation-
ship Dl ion= p, l;onKT/e, where p. l ton is the
reduced value of mobility" at low E/p, (p, 1; „=8.2 & 10' cm'sec ' V-'Torr and consequently

I ton =210 cm'sec 'Torr).

(4.2) 'Experimental Results

After the best working conditions were deter-
mined by the preliminary procedure described in
Sec. 4 (4.1), complete curves n =n(t) at E=O and
different pressures were performed (for p, =7.22
Torr see Fig. 2). By data fitting, the parameters
appearing in Eq. (11) have been determined For.
practical purposes the combined effects, due to
the two helium metastables, are equivalent to a
single asymptotic time constant which is of about
1000 p, sec in the case of 7.22-Torr pressure (re-
duced to O'C) as shown in Fig. 2. Notice that
the slope of the curve n =n(t) of Fig. 2 is prac-
tically unaffected, between 25 and 50 p.sec, by
metastable effects and is due to diffusion only.
For E = 0 one has a, = 0 and therefore from Eq,
(13) and the. experimental values r» =25.91 psec
for P, =7.22 Torr (see Fig. 2), r„=l 456psec
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for P, = 4.6 Torr and 7» = 12.9 p, sec for P, = 3.61
Torr, we obtain

D =NA '/r =6.4x10"(1+0.05) cm 'sec
1N 11 11

=p A '/i = 1.809 x 10(1+ 0.05) cm' Torr sec
1P 0 11 11

Notice the close agreement between the values
of r»/P, relevant to different pressures. The
data for P, =3.61 Torr have been taken after two
time constants of diffusion fundamental mode to
allow complete thermalization [see Sec. 3 (3.1)
and (3.2)] .

The other measurements of n, /n, in the range of
one and two time constants of diffusion fundamen-
tal mode have been performed by switching on the
oscillator in order to "heat" electrons. Curves
similar to that of Fig. 2 have been performed for
the maximum and intermediate E/p, values, so as
to ascertain that metastable effects are negligible
between one and two time constants of the first
term at the right-hand side of Eq. (11). For E/P,
&3 Vcm 'Torr ', Townsend's multiplication
turned out to be appreciable and therefore an
apparent reduced diffusion coefficient D1~ defined
by [see Eq. (13)]

(23)

has been measured. Actually the experimental re-
sult for the apparent diffusion coefficient reduced
to P, =1 Torr

11 0

=D —a P A W (24)

are collected in Table I and shown in Fig. 7. For
E/P, &3 Vcm 'Torr ' there is a very good agree-
ment between the experimental D1 * values rele-

.tvant to different pressures. Notice that Dyp values
relevant to p, =4.56 Torr begin from E/p & 2.6x 10 '
Vcm 'Torr ', where the error due to closeness
to curve c [see Sec. 3 (3.1)] is less than 0.72% (the
error quickly decreases with E/p, increasing: see

Fig. 6). Values relevant to p0=3.61 Torr begin
from E/P, =0.23 Vcm 'Torr ' where the error in
E/p, is less than 0.3/o. The thermal value is in-
dicated in Fig. 7 as an asymptotic, dashed, hori-
zontal line. The experimental data branch out for
E/P, &3 Vcm 'Torr ', when the reduced Townsend
first coefficient @1~ increases so that the second
term at the right-hand side of Eq. (24) is no longer
negligible with respect to the first term.

The errors are within +0.5% in E values [as ex-
amined in Sec. 2 (2.2)] within +0.3% in pressure
values" and therefore within + 0.61% in E/P, values.

The errors in Dyp values for E/P, &3 Vcm 'Torr
are within +1% and are mainly due to statistical
fluctuations, since the chamber dimensions are
known within 0.1% and pressure values" within 0.3 jp.

ForE/P, &3 Vcm 'Torr 'the accuracy is worse
since statistical fluctuations increase. For E/p, & 8.21
cm-' Torr ' and P, =4.56 Torr (intermediate pres-
sure used) curve d of Fig. 6 is crossed and the
energy ripples due to the sinusoidal heating field
are no longer negligible. Fortunately an energy
ripple implies errors only if the dependence of
Dip on & is nonlinear within the energy ripple.
Another error comes from the inaccuracy in the
distance 2s defined by Eq. (6) of Sec. 2 (2.1),
since there are no accurate data of drift velocity
Win this E/P, range. The very accurate data of
Crompton, Elford, and Jory" stop at E/P, = 1.072
Vcm 'Torr '. However, it is possible to esti-
mate that errors in W values are less than+10'%%uo,

if we take those of Townsend and Bailey" and
Phelps, Pack, and Frost" (see also data of Hey-
len and Lewis, "Nielsen, "Bowe, "Hornbeck, "
and Stern" ). The fractional variation of the
square of the fundamental diffusion length Ayy'

[which appears in Eqs. (5), (8), (10), (12), (13)],
is 0.22 starting from the value 0.654 cm' for E
=0 up to 0.532 cm' for E/P, =9.4 Vcm 'Torr '
and therefore the error in A»' is contained within
~ 2.270.

Thus it is possible to estimate that the accuracy
in the apparent diffusion coefficient Dip* varies
from + 1/0 for E/P, =3 Vcm ' Torr ' to + 3% for
E/P, =9.4 V cm ' Torr

Figure 7 reports also Dip values indirectly de-
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FIG. 7. Experimental values of
reduced, apparent diffusion coef-
ficients: D *=D *P=Dy —ey
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parison with other values, indirect-
ly deduced from p& and (D/p )

data of other authors.
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duced from p, 1P and {D/p, }data of Crompton, El-
16

ford, and Jory, "which are in surprising agree-
ment and D1P values deduced from p. 1p data of
Pack and Phelps" and (D/p) data of Warren and
Parker, "which differ up to 10% from our data.
Since Warren and Parker's D/p data are in good
agreement with those of Crompton, Elford, and
Jory, " it is possible to draw the conclusion that
the accuracy of Pack and Phelp's" p. data is with-
in *5%o.

(4.3) Interpretation and Discussion of Experimental Results

For E/N-8x 10 "V cm' (E/p, &2.83 cm '
Torr ') the apparent, reduced diffusion coefficients
DIN* [given by Eq. (23)] and Dip* [given by Eq.
(24)] are practically equal to the actual diffusion
coefficients D1N and D1P, respectively.

For E/N&8x10 "Vcm', the quantities DIN,
D1p, 0.1~%; and e1pR' have been deduced from
Eqs. (23) and (24). The experimental data at
three different pressures introduce redundances
allowing greater accuracy. The values of reduced
diffusion coefficient D1, calculated by the ex-
perimental data relevant to the different couples
of pressure, are given in Fig. 7. Figure 8 re-
ports DIN data (without indications relevant to
different pressures).

For E/N&3x10-" Vcm' (E/p, &1.1 Vcm '
Torr ') no accurate diffusion data are available
for comparison.

Figure 8 reports the old values deduced from
Townsend and Bailey' s" data for p IN and (D/p).

The curves of Figs. 7 and 8 and the D1& and

D1P data quoted in Table II have been completed
by interpolation at low E/P, values up to our ex-
perimental thermal value (E/N = 0).

Interpolation is facilitated by the knowledge that,
for E/N&5. 65x10 "Vcm'(E/p ~&2xl0 Vcm '
Torr '), values of Warren and Parker, " in agree-

ment with those of Crompton, Elford, and Jory, "
are practically equal to their thermal values: The
same thing has been assumed for D1~ and D1p
values.

The data quoted in Table II have been read on a
curve which accurately interpolates all experi-
mental values, and errors can be considered as
halved with respect to crude experimental values.
Therefore an over-all accuracy of + 0. 5% can be
claimed in therange 0 &E/¹9x 10 " Vcm' and
one varying from +0. 5%0 up to +1.5%0 in the range
9 x 10-"- E/N & 2 7 x 10- ~ V cm2

Notice that the agreement between our experi-
mental data and the ones obtained by p, IN(D/p) data
of Crompton, Elford, and Jory" is within 0. 5%
from the lowest E/N values up to E/N = 1.2 x "V
cm and within 2% (i. e. , within + 1% with respect
to intermediate values) from E/N» 1. 2 x 10 "
V cm ' up to the maximum value of Crompton,
Elford, and Jory (E/N=3. 0 3 x 10 "Vcm ').

As stated by these authors, their best values are
in the range 0.0064 & E/P, & 0. 645 V cm ', and for
E/p, & 0.645 Vcm 'Torr '(E/N& 1.82x10 "V
cm ') their errors both in Wand D/p data are of
1%p order. Consequently there is agreement to
within the claimed errors.

Values of aINWhave been deduced by Eq. (23)
in the range 9. 03&: 10 "&E/¹2.7x 10 "Vcm '
(3. 2 & E/P, & 9.4 V cm ' Torr ') and are plotted
versus E/N in Fig. 9. The accuracy in deducing
o. INW is not good (+8%)for the lowest E/N values of
Fig. 9 [where the second term at the right-hand
side of Eq. (23) is of the order of a few percent
with respect to the first one] and for the highest
E/N values (where the slope of DIN~ versus E/N
is high and therefore inaccuracies of E/N are
critical). In the range 1.13 x 10 "&E/N & 3. 19
x 10 "Vcm ' (4 &E/p, &9 Vcm 'Torr '. see
Fig. 7) the error, due to the deduction from the
experimental, apparent diffusion coefficient D1
and the other causes of error considered in Sec.
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TABLE I. Experimental values of the apparent diffusion coefficient D1 *=DE
—01' Wp0 A11 reduced to p0= 12

Torr for given E/p0 values.

D

1.809 x 10
1.979
2.1
2.38
2.575
2.608
2.78
2.96
3.33
3.45
3.53

3.77
4.06

4.41
4.55
4.83

4.93
5.34
5.6
6.02

6.84
7.47
7.51
7.87
9.63
1.026 x 10
1.055
1.169
1.215
1.385
1.65
1.95
2.17
2.219
2.115
2.05

1.999
1.6
1.41
1.186
1.212
8.05 x 10
7.05

0

9.08
1.345
2.41
3.235
3.505
4.14
5.64
6.67
7.84
8.12
1.03 9
1.25

1.546
1.866
2.178
2.269
2.645
3.167
3.822
5.22

6.285
6.48
7.04
1.079
1 ~ 217
1.346
1.448
1.595
1.975
2.399
2.92
3.43
4.1
4.7
4.98

5.17
5.35
5.72
6
6.085
6.22

6.3

x 10
x]0

x]0

x10

Pp= 7.22 Torr
E/p

pp= 4.56 Torr Pp
——3.61 Torr

E/P0

0
2.62 x 10
4.62
7.87
1.355 x 10
2.03
2.315
2.965
4.465
5.74
6.96
9.54
1.249 x 10
1.715
2.9
3.68
4.24

4.75
5.2
5.64
6.28

6.54
7.16
7.82
8.87
9.41

E/p,

0

1.224 x 10
1.945
2.922
3.92

4.285

5.2
7.31
1.035 x 10
1.39
1.685
2 ~ 09
2.495
2.88
3 ~ 8

4.77
4.79
5.42
6.14
6.82
7.42
7.54
7.92
8.48
9.12
9.6

D

1.808 x 10'
2.445
2.86
3.43
4.13
4.85
5.02
5.54
6.43
7.21
7.79
9.04

1.055 x 10
1.238
1.93
2.3
2.34
2.29
2.2
2.31
2.03

1.95
1.73
1.445
7.58 x 10
3.02

Pp = pressure in Torr (= 1 mm Hg)

reduced to O'C

[E/Pp] = [Vcm Torr ]

Dg+=Dg —nPp Appal
2

lp
1.807 x 10
3.89
4.855
5.57
6.26

6.36
7.04

8.07
9.48
1.104 x 10
1.236
1.516
1.715
1.92
2,35
2.27

2.27

2.4
2.18
2.165
1.83

1.95
1.88
1.8
1.545
1.08

4 (4. 2) is within s 4%. But here another cause of
error is due to impurity since first Townsend' s
coefficient is very sensible to them and it is very
difficult to make some prevision, despite the fact
that the measuring chamber has been baked at
T =350' C for about 50 h and Linde's helium of
spectral purity has been used. However, by
means of the experimental data reported in Fig. 2,
it is possible to roughly estimate that the im-

purity concentration N* is of the order of 10 ' of
the helium concentration N (see Appendix A)
and hence a 1~W'values should not be affected by
impurity effects.

Dividing a 1~Wdata by the drift velocity data of
Townsend and Bailey" and of Phelps, Pack, and
Frost, "a ~ data have been obtained and are re-
ported in Fig. 10. Notice that our data are inter-
mediate between the ones of other authors, which



198 G. CAVALLERI 179

TABLE II. Experimental values of electron diffusion coefficients in helium, reduced to 1 Torr at T= 273'K

(D1P= Dp0) or to one gas molecule per unit volume (D1N=DN) .

E/p

(Vcm- Torr ')

0

1.7x 10
2

2.5
3

5

6

8

1 x10
1 ~ 5
2

2.5
3

4
5
6

8

1 x10
1 ' 5

2

2 ' 5

3

5
6

8

x 10
1.5
2

2.5
3

5
6
8

9

9.6

D =Dp
1P0 0

(cm sec Torr)2 -i

1.809 x 10~

1.809
1.81
1,815
1.82

1.835
1.85
1.86
1.91
1.98

2.1
2.25
2.37

2.49
2.7
2.9
3.1
3.45
3.7
4.3
4.8
5.2
5.57
6.2
6.9
7.4
8.4
9.38
1.17 x 10
1.44

1.7

2.57
2.7
2.74
2.9

E/N

(V cm )

0

6x 10
8

1 x 10-19

1.5
2

2.5
3

4

8
1x 10

1.5

2.5
3

8

1x 10
1.5

2.5

8

1x 10-"
1.2
1 4

1.6
2

2.3
2.4
2.6
2.8

D =DN
1N

(cm sec )

6.41 x 10
6.42
6.44
6.46
6.58
6.69
6.81
7.03
7.4
7.78
8.09
8.65
9.22

1.04 x 10
1.15
1.25

1.33
1.49
1.62
1.73

1.93
2.09
2.44
2.77
3.08

3.37
3.95
4.55
5.21
6.67
8.01
8.79
9.18

9.41
9.61
9.66
9.79
1 ~ 05x10'
1.10

are dispersed by a factor of 6 if theoretical data
are included and by a factor of 3 if only experi-
mental values are considered.

Theoretical data (Dunlop, '4 Heylen and Lewis" )

are affected by the difficulty of calculating a re-
liable electron distribution function when the in-
elastic collision frequency is no longer negligible
with respect to elastic collision frequency. Dif-
ferent calculation procedures lead to different dis-
tribution functions, particularly in correspondence
with the high-energy tail, which is responsible
for ionization (for example, compare the distri-
bution functions obtained by Heylen and Lewis"
with those obtained by Airoldi Crescentini and

Maroli's}. Moreover electron velocity varia. -
tions between two successive collisions can no
longer be considered as negligible with respect
tp thermal velpcities.

The experimental data of Davies, Llewellyn
Jpnes and Morgan and pf Chanjn and Rprk are
questionable because, as correctly observed by
Dutton, Llewellyn Jones, and Rees, "measure-
ments were carried out over such a restricted
range of values of Pd, at low values of E/P, that
the values of Townsend coefficients are subject to
great uncertainty. On the other hand, the experi-
mental values of Dutton, Llewellyn Jones, and
Rees" are affected by impurity effects since the
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FIG. 9. pa]ues of n S'versus E/N, deduced, by

Eq. (23), from our experimental values of apparent dif-

fusion coefficients at various pressures.

system. The presence of neon increases the
values of o1p because the ionization potential of
neon is lower than that of helium.

In conclusion, it is possible to claim an im-
provement of more than one order of magnitude
in the present data of nip (with respect to data
of other authors), since the error in our data
may be within +10%%uc, due perhaps mainly to er-
rors in W data. The experimental values of
n1~W, n1pW, @1~, and @1'are quoted in Ta-
ble III versus E/N and E/p„respectively.
Similarly, the present DIN (and Dip) data (see
Table II and Fig. 8) can be claimed to be by one
order-of-magnitude more accurate than other
(indirect) data for E = 0 and E/N & 3,03 x10 "
V cm'. For 2.6x10 " &E/N &3.03x10 "
V cm' they are a strong confirmation in favor
of Crompton, Elford, and Jory's" data.

Note added in proof: Notice that by the pres-
ent method, when the high-frequency "heat-
ing" field is acting, what is actually measured
is a lateral diffusion coefficient and therefore
there is agreement with the very precise data
of Crompton, Elford, and Jory" who use a
Townsend-Huxley method. There is no agree-
ment with the data of Wagner, David, and Hurst, '
who use a time-of-flight method and therefore
measure a longitudinal diffusion coefficient [see
a paper of H. H. Skullerud, to be published in
J. Phys. B ].
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APPENDIX A

Evaluation of Impurity Concentration

30

Oav ies- Llcweellyn-Morgan
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2 3
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FIG. 10. Reduced first Townsend's coefficient 0.1&
= a/N versus E/N and comparison with the data of other
authors. values obtained from our n1&Wdata (see
Fig. 9) and drift velocity data of Townsend and Bailey
and of Phelps, Pack and Frost. O values obtained from
our n1~ T4'data and W'data of Nielsen.

Since the parameters D1ms ys ~s and ps ap
pearing in Ecl. (10}are roughly known from the
literature, it is possible to deduce the impurity
number density N from the experimental knowl-
edge of the metastable time constants vms in our
working conditions. However, the time constant
of 1000 p, sec indicated in Fig. 2 is due to both
types of helium metastable atoms.

Moreover our measurements, when n is of the
order of 10 ' with respect to the initial value n„
are affected by statistical fluctuations of the order
of 20%%uo (compared with 1% in the range 25 &i & 50
p, sec of Fig. 2). Experiments to perform mea-
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surements of metastable time constants must be
performed by gas mixtures with partial concen-
trations of the same order, so that the coefficients
A and B, appearing in Eq. (22), are of the same
order.

The experimental curve of Fig. 2 is better used
by measuring the coefficients A and Be of Eq. (11).
As already mentioned in Sec. 4 (4. 2), the com-
bined effects, due to the two helium metastables,
are equivalent, for practical purposes, to a
single asymptotic time constant. Therefore the
two theoretical coefficients Be of Eq. (11) reduce
to only one coefficient B. By solving Eq. (&) and
taking into account Eq. (10), it gives

APPENDIX B

Thermalization Times

Relaxation times required by fast electrons (pro-
duced by x rays) to reach practical equilibrium
energy (within 2% of the final equilibrium value)
have been calculated roughly. The results have
been used to estimate the minimum delay (after the
end of the x-ray pulse) after which measurements
are not affected by energy relaxation. Calculations
have been performed considering only the mean
value, as in Compton's theory, "so that an energy
balance gives

A =no-I3 -no, (A. 1)
d& = —vf ddt + eEWt, (B.1)

where no is the initial electro' number and

B =PN n /(I/r- I/r ),m m
(A. 2)

where P is deexcitation rate by Penning's effect
considered in Eq. (2), N impurity concentration,
n~ initial number of metastable atoms 7' electron-
diffusion time constant [given pra, ctically by the
first term at the right-hand side of Eq. (12)], and

r~ metastable time constant [appearing in Eqs.
(10) and (11)]. Assuming that n~ = no=A and

taking into account that 7'~»T', one gets

PN*= B/Ar . (A. 2)

The initial ordinate of value 5. 07 of Fig. 2 is
proportional to A and the intersection at 6. 14 X10 '
of the n axis with the almost asymptotic behavior
due to metastables (time constant = 1000 psec) is
proportional to B. Therefore, since 7'= 25. 91 p. sec
(see Fig. 2) we obtain

PX —46 sec-1 (A. 4)

The de-excitation rate P (at N = N = 1) is given by

viz where vz is the relative velocity between meta-
stable helium atoms and impurity atoms and o is
the cross section for Penning's effect. Impurity
due to outgassing from the walls is mainly water
vapor, for which unfortunately there are no p (or o)
data. There are, however, no strong variations
for the ionization cross section for Penning's effect
between helium metastables and molecules like 02,
CO„C,H4 having dimensions and ionization po-
tentials of the same order. " At T =300'K the
relative velocity vr being about 1.5 x10' cm/sec,
taking 0' = 13 && 10 "cm', we obtain P —1.95
x10 ' cm' sec '. Hence from Eq. (A. 4)we get
N* = 2. 4 &10" cm ', which is of the order of 10 '
with respect to helium number density X =2. 56
&10" (corresponding to P, = 7. 22 Torr).

1 e WE/po fv, s, —
' fvp, eWE/p, fv, e, —

Here Po is gas pressure reduced to 0 C, v, is
collision frequency at P, = 1 Torr, and fv, is de-
duced from Eq. (B.1) in equilibrium (eq) con-
dition and assuming a Maxwellian distribution

(8EIv) 2 (wE/P,
)

Values for W and D/v, have been taken from
Crompton, Elford, and Jory, "Townsend and

ps Pack and Frost ~~ Ster
and Warren and Parker. " Curves of & versus
t at p, = 1 Torr and at different E/p, values are
plotted in Fig. 11, starting from E =6.6 eV cor-
responding, at equilibrium, to E/p, =10 V cm '
Torr '. By a rough evaluation (for E/p& 10 V
cm ' Torr ', there are no reliable values for 5'
and particularly for D/p, ) it turns out that the
time required to reach 6.6 eV, starting from
about 18 eV, which is the mean energy of the
free electrons produced by 25 keV x rays, "is
less than 1 p, sec. The curves of Fig. 11 are
stopped at energy values 2%%up higher than equilib-
rium values thus giving practical thermalization
times at po 1 Torr.

It is worthwhile noticing that relaxation times
can be obtained by the method presented in this
paper, working at low pressure where relaxation
times are longer than one time constant of dif-
fusion fundamental mode. Obviously both 7'» and
metastable behavior [see Sec. 2 (2.1)] must be
known from previous measurements at higher
pressures.

(B.2)

(B.&)

where e is the mean kinetic electron energy,
v=c/Z is the collision frequency (X is the mean free
path), f is the fractional loss of kinetic energy per
collision, e is the electron charge, E is the electric
field strength, and W is the drift velocity.

Integration of Eq. (B.1) in a time interval t, —t „
sufficiently small to allow taking, for e, f and W,
values relevant to the mean value (e, + e, )/2 of the
energy corresponding to (t2 —t, ), gives
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TABLE III. Experimental values of e1&W {where n1&= nN is first Townsend coefficients reduced to one molecule
per unit volume) and 0.&pS" (where 0.'~p

——ep is reduced to 1 Torr at 273 K).

9.03 x 1Q

9.45
9 ~ 87
1.129 x 10-'
1.27

1.41
1.468
1.58
1.69
1.75
1.86
1.975
2.085
2.2
2.26

2.37
2.48
2.599

uv~

3.61 x 10
4.94
8.55
1.73 x 10
3.03
5.19
6.77
9.85
1.365 x 10
1.65
1.975
2.44
2.9
3.47
3.72
4.23

5.18
6.3

1.85 x 10
2.47
4.07
7.27
1.165 x 10
1.79
2.18
2 ~ 92
3.90
4.75
5.41
6.12
6.75
7.53
8.2
8.45
9.75
1.05 x 10

g/p

3.2x 10
3.35
3.5
4
4.5
5

5.2
5.6
6
6.2
6.6

7.4
7.8

8.4
8.8
9.2

G1pW

1.28 x 10
1.75
3.03
6.14
1.033 x 1Q

1.84
2.405
3.49
4.83
5.55
7.00
8.65
1.03 x 10
1.23

1.32
1.5
1.835
2.235

1p

6.55 x 10
8.75
1.441 x 10
2.58
4.00
6.35
8.01
1.075 x 10
1.383
1.54
1.92
2.17
2.395
2.67
2.81
3.00
3.46
3.72

&0 .
I

IO

to

l0
0

316 ~ v W 300'K )

I

%0 40
t {+ec)
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FIG. 11. Relaxation of electron
energies starting from ~ 6.6 eV
(corresponding, in equilibrium con-
ditions, to E/Po ~ 10 Vcm Torr )

and ending to a value by 2% higher
than the equilibrium value, indica-
ted by horizontal dashed lines. The
five curves are, in increasing order,
relevant to the following E/po values:
0.4 x 10-2, 0.21, 0.58, 1.08 Vcm
Torr
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