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ABSTRACT

This report describes work done in measuring the transit time of an
electron from the cathode to the central wire -f & selfquenching Geiger
counter, The electron was ejected from the cathods walil by light from a
high voltage spark, The light from this spark also fell on & vacuum photo~
cell and gavs an electrical pulse, the beginning cf swhich indicated zero time.
The time interval between the beginning of this pulse and the beginning of
the electrical pulse from the Geiger tube iz shown to be the transit time of
the photoelectron in the Geiger tube., This time interval, called the time
lag, was measured by a delayed coincidence circuit. Under given conditions
the time lag was found to be distributed about a4 mr2zt probable value, accord-
ing to a Gaussian, or Poisson distribution law, The half-width of the dis-
tribution was found to be about 0.07 microseconds for all of the counters
tested.

The counters tested had various £illing mixtures. All of the counters
contained argon and »re of the following organic vapors: ethyl aicohol, ethyl
ether, petroleum ether, or amyl acetate, The time lags in these fillings was
not previously known accurately., The partial and total pressure of the fill-
ing constitutients, the cathode diameter, anmd the overvoltage were varied dur-
ing the measurements, In all fillings for the smaller size counters, except
where ethyl ether was used, the time lag was found to be between 0.LS amd 0.99
microseconds, The lags in the ethyl sther f£illings were slightly shorter,

In accordance with racent mesasurements of electron mobilities in Geiger
counter filling mixtures, a new formulas was calculated for electron transit
times., The time lags calculated by this formuls ere shown to be in general
aggrement with the time lags measured, The time lag measurements of other
persons, using different techniques of measurements, are found to approximate
those lags measured by the author, in cases where comparison is possible.
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PART I

INTRODUCTION

It is the purpose of this report to describe work done in measuring
the transit time of an electron from the cylinder to the central wire of

a Geiger counter., This was acconplished by ejecting a photoelectron from

the inside wall of the counter at a known instant in tims and determining

when it reached the region of electron multiplication, which is very near

SO o O v ™

the central wire, After the electron has reached the multiplication, or
svalanche, region and the first Towsend avalanche has formed the discharge
will continue to spread dosm the wire and the positive ion sheath remain-
ing a.tter. the discharge will then move out toward the cathode., All of

) 9 &d

these processes determine the electrical pulse from the Geiger tube., The

circuits used in the present work are such that the Geiger pulse will be

03

detected after a time equal to the transit time of the photoelectron to

Ll

the avalanche region, plus the much shorter time of avalanche formation,

The electron was ejected from the wall of the counter tube by light

— e

from a spark of short duration. Light from this spark fzll on a vacuum
J phototube and gave a ®photo pulse™, the beginning of which indicated the
instant when the photoelectron was ejected in the counter, and so served
to indicate time zero. It has been shownl that current will flow in the
J phototube after a time of no more than 10-8 seconds after the light falls
! on it, The time interval between the beginning of the photo pulse and the

beginning of the Geiger pulse was the actual time interval measured.

L] g

E. 0. Lawrence and J, W. Beams, Phys. Rev. 32, L78 (1928).
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A delayed coincidence circuit was used to measure this interval. The
circuit indicated what percentage of those Ceiger pulses caused by the
spark (there is always a small amount of random background radiation) lay
within its resolving time, and this resolving time was short, The measur-
ing interval of this instrument could be shifted in time with respect to
the beginning of the phcto pulse. In this way a distribution of lag times
could be detcrmined under fixed conditions,

The peak of the lag distribution depends upon the geometry and filling
of the counter, as well as on the voltage applied to the courter. For
different geometry and filling mixtures the most probable lag was measur-
ed as a function of overvoltage, where overvoltage is defined as "the
difference in voltage between the operating potential and the threshold
for Ceiger counting action"z.

Other persons have made measurements of the time interval between the
ionizing event and the recording of the Geiger pulse, although not exactly
by this same method, and not for the same filling mixtures. Den Hartog,
et. a1.3, have measured the time difference between the discharge in two
counters, as did Sherwin!‘. Such lags are usually called relative lags, in
contrast to the present method which can be called a measure of the absolute
lag. The Montgomeryas, who were the first to use this spark technique to
measure lags, were interested in measurements of negative ions in counters.,
¥itchen® was 2lsc concerned meinly wAth the sffect of nsgstive ione when

he used the sperk tschnique, Laufer’/ used this method of triggering his

2s, A, Korff, Electron and Nuclear Counters (Van Nostrand Company, Inc.,
New York, 19&67 p. 15,
. den Hartog, £, A. Muller, and N. F. Verster, Physica 13, 251 (1947).
L c W. Sherwin, Rev, Sci. Inst, 19, 111 (19L8).
A . G. Montgomery and D. D, Montgomery, Rev, Sci, Inst. 18, 411 (1947).
S. W. Kitchen, N, Y, U, Project Report No, 1L1.01.
7 A. R. Laufer, Rev, Sci, Inst, 21, 2Ll (1950).
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counters, but he, as well as Xitchen, employed a different technique to
measure the lags. A more complete history of time lag measurements
has been given by Agmstae.

The results of the present work are compared to the results of
Laufer, where comparison is possible,

8 J. Agresta, N.Y.U. Project Report No. 1L1.0L.
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PART II
EQUIPMENT
A. Vacuum System.

A sketch of the system used to evacuate and fill the counters is
shown in Fig. 1. The high vacuum pump is a two-stage oil diffusion
type, with an oil purifying unit, and uses Octoil S oil; this pump
was constructed by Mr. H, Leuthnsr. The remaihder of the evacuating
apparatus is conventional,

The section for filling the counter contains a gas reservoir, and r
a flask containing organic liquid, which supplies the organic vapor,
For the most part the gos reservoir was a flask of spectroscopically
pure argon gas, supplied by Linde Air Products Company, amd provided
with a breakoff tip. The larger sized counters were filled with tank

argon. An absolute mesrcury manometer read the pressure in this gas re-

servoir, while a second similar manometer read the f£illing pressure,
The mercury in both manometers was topped with about ones centimeter of ?
Octoil S in each arm to prevent evaporation of mercury vapor9.

When the system was being evacuated the vapor reservoir was pumped
off until the liquid lost an appreciable fraction of its valume and the
thermocouple gauge indicated a good vacuum (about 10~3 mm of Hg) .

This insured vapor, but no air, above the liquid in the vapor reservoir,

The purity of the liguids giving ths vegers iz showm 4in Teble I:
TABLE I
PURITY OF LIQUIDS

Liquid Purity
Ethyl Alcohol Absolute
Isoaryl Acetate C.P.
Ethyl Ether Meets A.5.C. specifications,

at least 99.9% pure

Petroleum Ether Certified, however this is a

mixture of several compounds
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After the vapor was purified, in the manner described adove, the
counter was evacuated to 10~> mm pressure, baked for two hours at
250°C by infrared lamps, and the central wire glowed, Then the mani-
fold and counters were shut off from the pumps and gauges and filled
to the desired pressure. The gas and vapor were allowed to €iffuse
twelve hours bafores ths counter was tested. If the Qeiger plateau
was less than 200 volts long the counter was emptied, and the filling
procedure repeated,

3. Electronic Circuitry.

A block diagram of the circuits involved is shown in Fig. 2.
Essentially these circuits comprise a delayed coincidence unit, with
power supplies, amplifiers, and vecordars. The spatial arrangement
of the parts is illustrated in Fig. 3.

1, Geiger Tubes,

Two sizes of Geiger tubes were used in this work. The cylinder of
the larger was 6 cm in diameter and 22.9 cm long; the cylinder of the
smaller was 2.2 cm (7/8 inch) in diameter and 15.2 cm long. Both had
& three mil central wire, leaving the pyrex glass envelope at both ends.
Tia lignt from the spark entered the counter through a 1.27 cm diameter
vicort® window in the glass envelope and through a 0.16 cm diameter hole
in the cathode. Cathodes were of copper. It was ascertained that light
from the spark did, in fact, give a Geiger pulse by having the sweep of
an oscilloscope triggerec by the photo pulse and noting that a Ueiger
pulea consistently appeared near the beginning of the sweep. This also
gave an estimate of the most probavle time lag to be expected.

7 This process was first suggested by F. Ayer, Rev. Sci. Inst. 21, L4$6 (1950).

10 vicor is a product of Corning Glass Works and allows passage of light
down to a wavelength of 2100 Angstroms,
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2. Spark Circuit,

The spark circuit is the same as was used by Kitchenll in new
housing and shielding. Basically this circuit (shown in Fig. L)
is a high voltage rectifier which charges a capacitor up to the
potential at which a spark occurs between the steel spheres and dis-
charges the capacitor. The probe between the spheres helps the dis-
charge to build up quickly. The distance between the spheres and the
positioning of the probe was adjusted so that two or thres sparks
occured each second, The duration of the light of the spark is dis-
cussed in Part IV,

It should be mentioned that recently Hormbeckl? has perfected a
sparidng circuit of slighter shorter light duration. However Hornbeck's
paper appeared too late to permit his circuit to be used in the present
work,

3. Geiger Counter Power Supply.

The high voltage power supply for the Geiger counter was a convent-
ional 0 to 1500 volt supply, regulated, and continiously variable from
720 to 1500 volts, It was nscessary to use a power supply with a fairly
low ripploe output because this supply was directly connected to a very
high gain amplifier,

4. Amplifiers,

In order to measure the time intervel between the beginnings of the
photo ana Ueiger pulses amplifiers of high gain and short rise time
were needed and such were used in this work. An Elmore and Sands

Model 50 amplifierl3 vas chosen because, in addition to satisfying ths

L1 5, w. Kitchen, op. cit.
2 J. A. Hornbeck, Phys. Rev, 83, 37 (1951).

13 4, Cc. Elmore and M, Sands, Elecironics (McGraw-Hill Book Company, Inc.,

New York, 1949), p. 160.
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two abovs requirements, it also has preamplifiers that can be locat-

od directly at the phototube and the Geiger tube. The amplifier is
linear in voltage amplification up to an output of 4O volts, at which
voltage the output saturates, Saturation is always resched in the
equipment, as it is used here, and aids in the shaping of the pulses
in the following circuits, The maximum overall gain of the amplifier
is 150,000 and the rise time is 0.06 misroseconds, Two amplifiers were
corstructed, one for each channel, so that if eny loss of pulse shape
occured it would be the same for both pulsss. One amplifier would not
suffice because a time delay had to be inserted in one channel and not
in the other. Ths diagram of these amplifiers, with their preamplifiers,
is given in Figs 5 and 6. A Weston Electric regulated power supply
provided voltage for the two amplifiers, which drew a total of 240 ma.
S. Oscilloscope.

A DuMont type 27L oscilloscope was placed between the preamplifier and
the amplifier in the Geiger pulse channel to monitor the Geiger pulses
and indicate the extent of the Geiger plateau. The two amplifying tubes
in the preamplifier had a total gain of six; the gain of these two tubes
in themselves may not be linear, but their output will bg indicative of
the relative pulse hed ghts,

6. Delay Lines,

The delay line ccnsisted of a continuously variable line in series
with one of several fixed linealh. The continuous line was calibrated
in units of 0.0l microsecond:; the fixed delays were in units of 0.5
microsecond.. The accuracy of the delay lines was checked in an over-

all test for accidental delays, to be described later,.

1 The continuously variable delay line was the type 302 delay line man-

ufactured by Advance Electronics Company, Passaic, New Jersey. The fixed
delay lines wers type 34750 manfactured by James Millen Mfg, Co., Malden,

Mass,

- some
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7. Shapers.

A coincidence circuit givez an output if any part of two imput
pulses overlap in time, For this reason it was necessary to con~
vert the two amplified pulses into narrow, square pulses whose lead-
ing edges coincide with the leading edges of the amplified pulses,
To shape the pulses thus a high current, high frequency tube was
used (see Fig. 7). A short circuited delay line was placed in the
output to reflect a negative pulse back to cancel the positive pulse
after 0,1 microsecond., Since a negative pulse of 0,1 microsecornds
length will remain at the end of the amplified pulse, and this neg-
ative pulse is undesirable, a crystal diode was connected across the
line to supress it. A 1000 ohm resistor was also put across the line
to damp out reflections. The circuit gave a very square positive
output 0.1 microseconds wide and about 200 volts in ampl .ude, as

viewed on the one microsecond sweep of a Tektronics type S11AD oscil-

loscope. Different values of cathode resistor were used in the shapers

to improve each pulse shape,
8. Coincidence Circuit,

The colncidence circuit was also taken from Elmore and Sandsl® (see

Fig. 7). The two positive pulses were fed into the grids of a 6SN7

which is normally cut off. The extra half 6SN7 maintains cathode bias

on the tubes when only one pulse tends to make the tube conduct, pre-
venting any output. Actually some "feed through" did occur with only
one input and for this reason a discriminator circuit was constructed.
The coincidence and shaping circuits normally drew 72 ma., from two

Kepco power supply units connscted in parallel,

15 W. C. Elmore and M, Sands, op. cit., p. 120.
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9. Discriminator.

A simple pulse height discriminator was built using & &AKS minature

tube (see Fig. 8). Although other tubes have sharper cutoff characteristics

it was decided to use a GAKS because this type tube was used elsewhere
in the apparatus and thus reduced replacements which were kept on hand,
Another Kepco power supply gave ths necessary voltages and the variable
bias provided a voltage variaticn of the discrimination level, A O to
S0 microampere mster can be read directly in volts, when used as shown
in Fig, 8, to give an indication of this discrimination level. It nor-
mally was set at =11 volts,

10. Pulse Lengthensr and Recorders,

The pulse which may leave tue discriminator would still be of the order
of 0.1 microseconds wide ana so must be lengthened and given power if it
is to actuate a mechanical counter., The circuits which will lengthen the
pulse and give it power are shown in Fig. 9. The lengthener is a trig-
gered univibrator, giving a long positive pulse which causes a normally
cutoff half 6SN7 to conducv, thereby actuating a plate circuit relay
and giving a count on the mechanical counter. Three of these recorders
were constructed, one to read coincidences, one to read total photo
pulses, and the other as a spare and used to chack the Geiger channel,
The Geiger recorder was disconnected when the z2pparatus was operating
normally. In one recorder a 5000 ohm plate relay was used and the use
of this component necessitated putting a 2700 ohm resistor in seried
with the plate lead of that recorder. Also, a 500,000 ohm instead of a
one.megohm resistor was used in the grid circuit of one of the recorders
to correct for tube characteristics and make all of the recorders behave
similsarly.

1 I I
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11, Automatic Cutoff.

Since the immediate objective of these measurements was to determine
the ratio of cotncidence counts to sparka for a particular setting of
the delay, it was necessary to record the number of edincidences for a
given number of sparks., Reasonably good statistical accuracy could be
obtained by counting the number of coincidences during 500 sparks. To
turn off the spark generator after 500 sparks an electrical-mechanical
arrangement was meade to turn ofi iie power to the spark circuit after
this time. Small metal plates wers put on the numbers of the mechanical
counter in the spark recorder so that when it read 500 or 000 & circuit
would be completed, a relay energised, and power to the spark interupted.
This circuit is shown in Fig. 10. The cutoff circuit must be broken for
just one spark and the apparatus will be ready to shut off again after
the next 500th spark.

12, Performance of the Apparatus,

Before checking the performance of the apparatus, each unit was care-
fully shielded electrically. Units of particular sensitivity to shield-
ing were the spark, recorders, and the two preamplifier stages., Since
there rust be a bare lead on the input to the Geiger preamplifier, the
whole box housing the Geiger tube had to be shielded,

To check the resolving time of the coincidence circuit, the same pulse
was put into the two main amplifiers by a co-axial T connector. The de-
lay line was put first in one channel and then in the other and the delsy
was increased until no coincidences were recorded, ‘fhis point was defined
19 within 0,01 wicrcsczond=.  The "no coincidence" delay was 0,12 micro-
seconds with the delay in the photo channel and 0.10 microseconds with the
delay in the Geiger channel, giving a resolving time of 0.22 microsecends

(cf. Fig. 10A)., This resolving time is just abcout what would be expected
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from observation of pulse outputs from the shapers,

As a check on the accuracy of the delay lines and on accidental
time loss in circuits, the equipment was turned on as in norml oper-
ation and two pulses, a known time interval apart, were put in the in-
put of the preamplifiers. The two pulses were ottained from a Berkeley
Double Pulse Generator, Model 903, and the time seperation of the pulses
was calibrated against a sweep on a Tektranics type S11AD oscilloscope,
which sweep was in turn calibrated against a standard five megacycle
signal. By noting where coincidences were recorded with these two pulses,
it was learned that readings may be in error by +0.05 microseconds;
however, lag distribution curves, to be described later, imlicate a
smaller error.

Before any measurements were made the light path to the couhter was
blocked to see that no coincidences were observed for all delay settirgs.
13, Comparison with Other Method.

Lauferl® and Kitchenl? have measured the absolute time lag with a spark
by simply letting the photo pulse trigger a synchroscope and noting the
time of arrival of the Geiger pulse, The present method can be considered
as an improvement over their method in four respects:

a) The amplifiers have a greater gain, probably faster rise time, and have
a Geiger preamplifier located directly at the Geiger tube.

b) Better statistical accuracy was cbtained because more counts were taken,
roughly 10,000 to their 100 for each overvoltage.

¢y Any major asymmetry in the distribution of time lags will be evident
because no simple arithematical average of the lags was made,

d) Less physical labor wasz involved in determining the lag, with accom-

16 A. R, Laufer, op. cit.
17 s, W, Kitchen, op. cit.
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panying personal error.
The disadvantages of this method in comparison with thei-s is
that more electronics is 1nvolvod. which must be kept in perfect
order, and it takes longer to find the most probable lag at a given

overvoltage.
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PART II1I
PRESERTATION OF DATA

The measuremsnts of ¢ime lags that were made are presented on the
immediately following pages in graphic and tabular form, The graphs
ére, perhaps, more instructive, but becausa the measured points do
not always fall on a smooth curve the tables of value are given also,

The counters, except the large ones, were filled with spectro-
scopically pure argon, and one of several quenching vapors. The
larger counters contuined tank argon, which is 99.6% argon, with
nitrogen as the dominant impurity. The vapors used are the ones
usually used in selfquenching counters, namely, ethyl alcohol, petrol-
eum ether, ethyl ether, and amyl acetate. Two sizes of cathodds were
used in measurements with argon-alcohol fillings to give some indic-
ation of how the lag depended on counter geometry.

The £i1lings with amyl acetate are for rather low pressure; the
vapor pressure of amyl acetate is only S mm Hg at 23.7 °C and is wp
to 10 mm at 35.2 °C1¢ Isoamyl acetate and n-amyl acetate have about
the same vapor pressure; it was the isocamyl acetate that. was used
here. The vapor pressure of amyl acetate was measured by the author
and found to be the value given above. The two f}llings of amyl
acetate, it will be seen, have the same pressure of acetate vapor in
them,

Petroleum ether has been used in counters by persons at California |

Institute of Tachnology, ani eleewhere, and so it was decided to test

it as a quenching vapor here. It should be pointed out that the liquid

called petroleum ether is not composed of similar molecules, but a

18 p, R. Scoll, Indus. Eng. Chem. 39, 517 (1947).
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mixture of several, The analysis of petroleum ether will vary
from one sample to the next,

Several interesting things will be observed from the curves, The
first is that the slope of the curves increases with overvoltage.
From the two curves for the larger counter (Figs. 11 and 12) it is
evident that the lag is quite sensitive to percentage of alcohol in
the filling, although this is not evident for the smaller counters
(Fig. 13). Another important thing is that, amoug the small counters,
nearly all of the lags are in the range of from 0.4 to 0,95 micro-
secoms, except ethyl ether which is shorter, and in the range of
from G.35 to 0.45 microsecornds,

The chemical formulae ard molecular weight of the quenching vapors,

where they can be given, are in Table II:

TABLE II
CHEMICAL FORMULAE AMD MCLECULAR

WEIGHT OF VAPORS

Molecular

Y&_”l Stereoformila Numerical formula weggt
Amyl Acetate 0}1300205811 C781h02 130.18
Ethyl Alcohol CHyCH,O0H C,Hg0 u6.07
Ethyl Ether C,Hs0C,He C),B1 00 74.12

The iso- and n-amyl acetate have the same cherical formulas but the
molecular structure is slightly different, The acetate has by far the
moet atoms and “e greatest molecular weight of thoss vapors used, while
the alcohol haA.he least number of atoms to the molecule and the small-

sst molecular weight,
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TABLE III

ETHYL ALCOHOL AND ARGON
14 em. Total Pressure

Overvoltage Most Probable Lag (microseconds)
i 5% Alcohol 10% Alcohol  20% Alcobol

0 1,92 2.95 U5

50 1.70 2,79 4.05

100 1,55 2.50 3.95

150 ——— 2.5 3.79

Geiger threshold: 1040 volts for S% Alcohol.

1190 vclts for 108 Alcohol.

1540 volts for 20% Alcohol.

Cathode Diameter 6 cm.

Central Wire 3 mils,
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TABLE IV
10% ETHYL ALCOHOL AND $0% ARGON
Overvoltage Most Probable Lag (microseconds)
(volts) 10 em 12 cm 1 cm
Tot, Press, Tou, Press, Tot. Press,
0 2,30 2.65 2,95
50 2.15 2.5 2.7/
100 1.85 2.34 2,50
150 1.77 2.15 2,k
200 1,70 ——— S

Geiger Thresholds: 1040 volts at 10 cm.
11)0 volts at 12 cm,
1190 volts at 1k cm.

Cathode Diameter 6 cnm.

Central Wire 3 mils,
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TABLE V
ETHYL ALCOHOL AND ARGON

1 cm Total Pressure

Overvoltage Most Probable Lag (microseconds)
(volts)
5% Alconol 10% Alcohol

0 1.15 1,05

50 0.58 0.70

100 0.53 0.50

150 0.45 0.46

200 ———— e

Geiger Thresholds: 890 volts for S% Alcohol.
1040 volts for 10% Alcohol.
1200 volts for 20% Alcohol.
Cathode Diameter 7/8 inch.

Cantral Wire 3 mils,

17

20% Alcohol

0.98
0.70
0.60
0.50
0.4S
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TABLE VI
10% ETHYL ALCOHOL AND 90% ARGON
Overvoltage Most Probable Lag (microseconds)
(volts)
10 cm 12 cm 1 em
Tot, Press. Tot. Press. Tot. Press,

0 0.95 0.75 1.05

50 0.60 0.63 0.70
100 0.5% 0.55 0.50
150 0.53 0.l4S 0.6
200 0.51 ——— S

Geiger Thresholds: 1020 volts at 10 cm.
1020 volts at 12 cm.
1040 volts at 14 cm,
Cathode Diameter 7/8 inch.

Central Wire 3 mils,

vELE
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Overvoltage
(volts)

100
150

19
TABLE VII
10% PETROLEUM ETHER AND 90% ARGON
Most Probable Lag (microseconds)
8 cm 10 cn 12 cn
Tot. Press, Tot. Press, Tot. Press.
0.87 0.70 0.85 (at 20v)
0.66 (at L5v) 0.70 0.75
0.65 0.52 0.65
0.49 0.50 | 0.55
0.L5 0.50 0.50

Geiger Thresholds: 840 volts at 8 cm.
920 volts at 10 cm.
980 volts at 12 cm.
Cathode Diameter 7/8 inch,

Central Wire 2 mils,

PRET T Ty
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Overvoltage
(volts)

100

20

TABLE VIII
10% ETHYL ETHER AND 90% ARGON
Most Probable Lag (microseconds)

8 cm 10 cm

Tot. Press, Tot. Press,
C.bl O.kl
0.36 0.ko
0.36 (at 90v) 0.38

Geiger Thresholds: 870 volts at 8 cm.
840 volts at 10 cm.

Cathode Diameter 7/8 inch.

Central Wire 3 mils,
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o

100
150

— e el W RN

TAELE IX
AMYL ACETATE AND ARGON
Most Probable Lag (microseconds)

S Amyl Acetate

10X Anyl Acetate
6 cm Tot, Press,

3 cm Tot, Press,

0.95 0.6
0.54 O.lk
0.L5 0.3k
0.40 (at 14Ov) e

Geiger Thresholds: 720 volts at 6 c=m.

S80 volts at 3 cm.

Cathode Diamster 7/8 inch,
Central Wire 3 mils,
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PART IV
DISCUSSION OF RESULTS
A. Distribution of Delays.

The actual distribution of delays plays quite a prectical role
wvhen measuring short time intervals by delayed coincidence methods
using Geiger counters, as often happens in measuring the lifetims
of mesonsl? or the 1ifetime of short lived iaotopeazo. Most workers
assume that for given counter conditions the distribution is Geaussian,
although Rag, ot, al., expresses soms doubt about this assumption.

The present method of measuring time lags was developed in an attempt
to shed some light on this question. The ratio of coincidence counts,
at a given delay setting, to total sparks gives a measure of the pro-
bability of a Geiger pulse being deiayed by the amount of the delay
setting. A8 the delay setting was varied the probability was found
to reach a peak. Such a curve of percentage coincidences vs delay
setting is shown in Fig, 18, The resolution of the coincidence circuit
wos 0,22 microseconds and so it must be remembered that each point on
the measured curve of Fig. 18 represents an integration of an actual
distribution curve from a time of the setting plus about 0.10 micro-
seconds to a time of the setting minus about 0.12 microseconds, There-
fore the half-width of the curve in the figure (0.29 microseconds)
correspords to an actual hLalf-width of about 0,07 microseconds, or

perhaps a few hundreths of a microsecond more because of the slight

m———

19 B. Rossi and N, Nereson, Phys. Rev. 62, 417 (1942),
F. Rasetti, Phys. Rev, 6o 198 (157,

0 A. Lundby, Forsvarets Forakningsinstitutt Arbok 1948-L9, p. 29,
D. Binder, Phys. Rev.

B, D, Nag, S. Sen, and 5. Chatterji, "Ind. J. Phys. 2li, 261 (1950).
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23
uncertainty in the resolving time of the coincidence circuit. The
curve shown is for one of the larger counters and so has its peak
at a relatively long time lag. For smaller counters and at high over-
voltages the distribution curve is very similar but, of course, the
side toward shorter times must drop to tero coincidences at sero time,
The half-width of the distribution curve with even the shortest lags
about the same as the half-width of the distribution curve shown in
Fig. 18,

Some porsonszl, in the course of other work, have made mesasurements
of the distribution of lags under conditions similar to this work,
Laufer's typical distribution indicates a half-width of about 0.1
microseconds, and an r.m,s, deviation of about 0,2 microseconds, vhile
den Hartog, et. al,, have an r.m.s, deviation of about 0.3 microseconds.
Since Laufer's work was done under conditions more closely related to
the present work, it i: reasonable to expect that the author's valus
of 0,07 microseconds for the half-width would be in agreement with
Lanfer's,

After it wvas found that the shape of the distribution curves was
not noticably different for various most probable lags accurate data
was taken for the peak of the curves and a search was made t. see if
there were any irregularities in the distributions, None wsre fourd.

In looking for a reason for the observed distribution of delays, one
might first think of ths duration of the 1light flash from the spark.,

a photon from one instant of the spark of finite dwration couid initiate

21 4, R. Laufer, N.Y.U, Thesis, 1949,
B. Rossi anmdl N, Nereson, op.cit,
H, den Hartog, F. A. Muller, and N, F, Verster, op. cit.
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the photo pulse and an earlier or later photon eject the photoelectron
in the Ceiger counter, Using the circuit shown in Fig, 19, the cur-
rent from the photocell was observed as a function of time. The results
are presents on the graph of Fig. 19. The circuit constants were
chosen 80 as not to affect the shape of the pulse. The full light
fram the spark was allowed to fall on the CGeiger counter to increase
the probability of ejecting a photoelectron., As a result, more than
one photoelsctron may have been ejected, but all elsctrons after the
first that arrive at the avalanche region will merely contribute to
the avalanche. The probability that any electrons becams atiached
to form negative ions was very small with the gases used in this ex-
periment, Also, Laufer has shown that the distribution was not
noticably affected by large changes in the light intensity. The
geomstry of the spparatus, the intensity of light, and the attach-
ment probability of the gases was about the same here as in Laufer's
work.

Consider next whether the 1light of the spark was truly instantaneous,
The intensity of 1ight was measured and found to reach .n maximm after
a very short time (see Fig, 19) and fell to about half this maxisum
value after 0,2 microsecond3. The probability thet an electron was
ejected was proportional to ths number of photons striking the cathode.
e light intensily curve could account for soms, but not all, of the
spread in lags. The lags shown in the distribution curve (Fig. 18)
extend from 1.4 microseconds to about 1.9 microseconds when the resolv-
ing time of the coincidence circuit is taken into account, Although
the 1ight from the spark does extend about this interval of 0.5 micro-
secord s, an asymmetrical distribution, like .‘cln light intensity distri-

bution of Fig., 19, would be expected if tho duration of the spark was
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the sols cause of the distribution of lags. Because the lag dis-
tributicn curve was not asymmetrical it is more probable that the
ionising event in the counter occured very nsar ths begimnning of the
spark, when ths light intensity was greatest.

Another effect which possibly could have caused a spread of lags
was the influence of "impurities” in the counter gas, These "impur-
ities" are fragments of the organic quenching molecules, amd will be
present in ever increasing amounts after the very first discharge.
The mobility of an electron in a gas is affected quite strongly by
some impurities, as wiil be mentioned again later. A secomd, ovut in
these tests rather improbable, effect of these "impurities" is tie
capture of the electron if the fragments are electronegative. The
fragmsnt will then be a negative ion, with large mass, and move very
slowly. Studies by other persons give an estimate of the time lags
to be expected when capture occurs and these lags are many microseconds,
or tend, or even hundreds of microseconds, In view of these facts it
seems that capture must be ruled out.

In summary, then, we conclude that ths distributions are approx-

imately Gaussian, or Poisson if the most probable lag is short.

B, The Time Interval Measured, ¢

In the interval of time between the ionizing event and the recording
of the Geiger pulse three seperate evenis may occur. First, the ele-
ctron will migrate toward the central wire and create ¢he first Townsend
avalanche, Second, the discharge will spread down the wire; and third,
the cheath cf positive ions left around the wire will start to move out
to the cylinder., The potential on the wire cannot start to drop until

the electrons from the first avalaache reach the wire and start to leak
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off, but therefater the potential will continue w change while the
discharge is spreading down the wire and ths positive ions are moving
out. These last two events start to occur simultaneocusly for the
positive ion motion is slow., If the amplifiers have enough gain and
a fast enough rise time the pulse can be detected as soon as the
initial avalanche reaches the wire, since only a few electrons need
to leak off to give maximmum output from the Geiger azplifier. The
time of formation of the initial avalanche is extremely small, about
10-10seconds??,

A rough sketch of the Ceiger pulse, at the Ceiger tube, appears in
Fig. 20, and on the same diagrsm is the pulse after it hac been amp-
lified, the amplifier saturating at LO volts. A one volt input pulse
would be 10° volts in amplitude as it left the amplifier if the amp-
lier did not ~ ‘urate! The Geiger pulse at the Geiger tube will
reach its maximum amplitude after a time of ro more than 10 micro-
secords, By a simple geometrical ratio i!{ can be seen that the time
"¢" in the figure, the time that the amplifled pulse will reach its

maximum value, will be about 0.00L microseconds. Using a typical vel-

ocity of discharge spread down the wire of 10 cm per microsecond,

the discharge cun have moved down the wire a distance of 0.04 cm be-
fore the pulse has reached its maximum height. The amplified pulse
will also be made steeper in Ll siaping circuits., Considering these
facts it can safely be said that the time measured was the transit

time of the elsctron irom the cylinder to the central wire.

C. Flectron Mobilities,

It is desirable to check our measured lags with the drift velocity

22 5, A, Korff, Phys. Rov. 72, 477 (1947),

D. H. Wilkinscn, IonizatIon Chambers and Counters (Cambridge
University Press, CEEDFIZRS, IYSUY, D, 195.
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of electrons in elsctric fields, A true mobility constant k, as
appears in the equation v= k(E/p), where v is velocity, E electric
field, and p the pressure, does not exist for the gas mixtures and
electric fields encountered here. Usually when ions are moving
through a gas, the reiation v = k(E/p) is used for low values of E/p
and the relation v = k(5/p)? is used for higher values of E/p, the
transition region depending upon the gas involved., With electrons
moving through a gas, a plot of v vs E/p would usually be a straight
line of slope k for very low values of E/p, then be approximated by
v - k(n/p)}, and finally the curve ievels off to a constant value of
v for still moderately low values of B/p. The behavior with high
values of E/p, such as exist near the central wire in a Geiger counter,
not been investigated, Values of E/p for our 7/8 inch diameter counter
range from about 1,5 volts/cm/mm Hg at the cathode to about 400 near
the wire (increasing as 1/r), The largest values of ?/p used in mob-
11ity measurements are of the order of 10 volts/cm/rm Hg for electrons
moving through a gas,

Nearly all of the mobility measurements existing in the literature
are for electrons moving through a pure gas, The situation is com-
plicated when the elsctron moves through a mixture of two gases, or
through a gas and vapor mixture, Rossi and Staub?3 have shown that

the velocity that an electron has in argon at a given E/p, or in Co,
for the same E/p, sre much lowsr thsn the volocity in an argon-CO»
mixture at the same E/p. Colli and Facchini?ll gbserved ths same
effect in an argon-CO, Geiger counter, Also they, among others, have

noted that impurities greatly affect the mobility., Nitrogen, as an

23 B, Rossi and H. H. Staub, Ionization Chambers and Counters (McGraw-
Hill Book Company, Inc., New York, I?LJ), chapt. I.
2l L, Colli and U, Facchini, Rev, Sci. Inst, 23, 39 (1952).
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impurity, can change the mobility by several orders of magnitude,
as was shown by Xirshner and Toftolozs. Commerciai grade (tank)
argon usually has nit:rogen as an impurity, and spectroscopically
pure argon was used by the author, for all the small counters, for
this reason,

One measurement has been made recently of the mobility of elesctrons
in an argon-ether ni.xture26. The data from this paper of Stevenson is
given in Fig. 21, It should be emphasized that there are many "impurities®
in our counter after ths first pulse, dus to the fragments of the
quenching molecules, Stevenson's measurements were made with electron-
mltiplication devices and these "impurities" play a role in his
measurements of the velocity of the electrons,

Most investigators of time lags in Geiger counters have assumed a
velocity for the electron given by the linear relation v = k(E/p).
They reasoned that the electron velocity will continously increase,
the electron will spend most of the time in the region of low E/p,
and the relation v = k(E/p) could be used even though there might be
some deviations from this equation in the higher field regions. The
work of Stevenson has shown that the above line of reasoning is not
correct,

To calculate the time lag expected in a time lag experiment the
time lag (t) should be thought of as consisting of two consecutive
time intervals., During the first time intervai (t') the electron wiil

be traversing a region where v = k(E/p) and during the second time

25 ), Stevenson, Rev, Sci. Inst. 23, 93 (1952).
26 5, M, Kirshner and D, S, Toffolo, J. App. Phys. 23, 59l (1952),
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interval (t") v will be constant., It cm be shown that the time
interval t' is given by the equation??

o o EVARGS/D)
’ 2%V

where r' = distance covered in tims t!,

cathode radius,

g
L}

anode radius,

1.3
]

mobility, or slope of the linear portion
of the v vs E/p curve, in cx’mm/secV,

V = operating voltage,

IRITET

P "= pressure in sm Hg.

The time interval t" is simply t" = r'/v,, where r" is the distance

o.’
[ ]

covered in time t", and v, is the constant velocity during t". The

time for an electron to cross the counter is then

L4

t=tt s+ tn = pr'zln(r,../r.) + "
~ 2%V

Ve

Eq. (1)

RO
RO

We can check the time lag in our ether-argon counter with this Zormla.

With a 10 ether and 90% argon filling at a total pressure of 10 cm we i

JErE—
S S

have the following conditions:

2

Ceiger threshold = 840 volts,

-
530

Overvoltage = 50 volts,

s

re = 1.15 cm,

P———
L

rg = 3.8X 10-3 cm,

Pp "= 100 mm,

4203

From the curve of Fig. 21 we see thit k = 3.68 X 10° cnlmm/secV, and

3

v becomes constant at an E/p of about 2.2 ¥nlts/cm/mm, which corresponds

2
27 H. den Hartog, F. A, Muller, ard N. F. Verster, op. cit.
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to a value of r" of 0.39 cm. Theu we have

r" = 0,39 cnm,

r' = 0,76 cm,

k = 3.68 X 105 cn2rm/secy,

v.=81X 106 cm/sec.
If these values are put in Eq. (1), we find

t = 0,097 X 1076 + 0,049 X 1076 = 0,146 X 10~ sec.

The measured value of the time lag in the above case was 0.4 X 10-6
seconds, and is of the sams order of magnitude as the calculated value,
Better agreement cannot be expected in view of the "impurities" which
exist in the counter,

As this study was being completed Colli and De Leona.nd:laza published
curves of v vs E/p for alcohol-argon mixtures, They used 10% alcohol
mixtures at a total pressure of 15 and 30 cm and 5% alcohol mixtures
at 15 cm, 36 cm, and LO cm total pressures, For the 10% alcohol mix-
tures the velocity increased quite linearly with E/p up to a value
of E/p of 2.0 volts/cm/mn, at wiich point the velocity becams constant
at 4.7 X 106 cm/sec. Several comments shoyld be made on this data of
Colli and De Leonardis, The first is that the curve does not seem %o
pass through a raegion where the equation v = k(E/p)% is obeyed, as did
the ether-argon curve of Fig. 21, The region where v = k(E/p) goes
directly into the region where v is constant, Also, the beginning o
the region where v is constant is at a slightly lower vaiue of E/p
than the beginning of this same region for Stevenson's ether-argon
mixture, A third fact is that the constant value of v for the alcohol-

argon mixture is about one half the constant value of v for the ether-

28 L. Colli and M. T. De Leonardis, J, App. Phys. 2L, 255 (1953).
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argon, This fact is borne oub in the present work by a comparison

of the lags measured in alcohol-argon and ether-argon counters (Figs.
8 1l; and 16 respectively). The lags in the author's ether-argon

counter are shorter,
B A very important result of the work of Colli and De Leonardis was
an increased knowledge of the behavior of the v vs E/p curve with
variations in the total pressure and percentage of alcohol, Using
a 10% alcohol mixture they found that there was not any change in the
2 v vs B/p curve when the total pressure was varied from 15 cm to 30
cm, Likewise there was no change in the v vs E/p curve for a 5% alco-

hol £i11ling when the total pressure was changed from 15 cm to LO cm,

"1 The curves of the 10% alcohol filling were very similar to the curves
- of the 5% alcohol f£illing, These results are in agreement with our

Q measured values of time lags shown in Figs. 13 and 1llj, where the part-
ﬂ ial ard total pressure of the fillings are varied, Our lags are
seen to have approximately the same values on these two figures,
{: } Our time lag curves for petroleum ether-argon and amyl acetate-
U argon fillings are of the sams general nature as the curves for
‘ alcohol-argon fillings ard it can be said that the velocity of elect-
U rons through all of these three f£illings is approximately the same,
if .
i J D. Comparison with Other Experimental Measurements,
;4 () Laufer's method of measuring time lags was described previously
.4 = (see page 11). His measurements can be compared to those of the
J author (see Fig, 22). The counters had the same geomotry aud f£ill-
] ing in ooth cases, Lauwles's counters had many wirdo"ds elong the
|

cathode so that light could enter at several places at one time, In

-~
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this manner the discharge could be started at several points along
the central wire and the lag dus tc the spread of the discharges down
the wire minimised, When the time lag was massured in this fashion
he called the measured lag "transit lag®. When he covered all of the
windows, except the center ons (in which manner the author's experi-
mente were mide), the measured lag was cd led "total lag'!\. Due t~
the small amplification of me.or'a Geiger pulse he states that his
measured "total lag" was not detected until thé discharge hkd spread
part of the way down the wire,

Refering to Fig. 22 it is seen that the msasured data lie along
two smooth curves, implying good statistical accuracy in the two
experiments, The shortness of Laufer's lags would suggest the pre-
sence of nitrogen because nitrogen does incrsase the velocity of an
electron in a given electric field, He used commercial tenk argon,
vhich has nitrogen as an impurity; the author used spectroscopically
pure argon for his measured values in this figure. Also, Kitchen??
states that Laufer's triggering pulse (or photo pulse) had a long
rise time, These pulses would trigger the sweep of his synchroscope
after the ionising event had occursd, and so his measured lags would
be shorter than the actual lags,

E. Practical Results,
Suveral suggestions cen be made, as a result of the present svudy,
to persons using Geiger counters in delayed coincidence measureme:ts,

When the measured time lags were compared to those msasured by Laufer

it was evident tha! commercial tank argon, instead of very purs argon,

29 s, W. Kitchen, op. cit.
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produced a counter with a short time lag. The work of Kirshner
and Toff0lo?® supports this conclusion.

The rresent work, in conjuction with the mobility measurements
of Colli and De LeonardisZ®, shows ttat when pure argon-alcohol is
used the tims lag is quite insensitive to the partizl pressure of
the £illing., Stevenson's mobility measurementad supported the
finding that ethyl ether is somewhat better thau ethyl alcobol ia
producing short time lags,

Another recommendation is that, regardless of the filling, counters
should be operated with as high an overvoltage as possihle, Lags as

long as one microsecond car result with insufficient overvoltage.
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