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ABSTRACT

Three cuauses of delays in Geiger Counters are discussed,
numely; electron transit time, time for the spreud of the
discharge along the wire, and the time for the outward motion
of the pesitive i>n sheath, Various experimenters are cited with l
the importent detuils of their results and experimental pro-
cedures, A clscussion of the long transit lags due to negative

ions and of the distribution of delays is included. %

P PRRR I QIR N e R R 0 Sy U ORI 53 0T T AT A A el T
’ " — T S



INTRODUCTION -

) Of considerable interest in some applications of Geiger Counters
is the "time-lag®™ -- the time between the entrance of an ionizing
particle into the counter and the recording of e count by some external
circuit, For exampie, in coincidence meassurements in which the resolving
time of the electronic circuit is smaller than the counter time-lag,
there is a likelihood of the loss of true coincidences. Another example
is the lifetime measurement of short-lived isotopes where the time-lag
| may be of the same order of magnitude as the lifetime to be measured.

| These Counter time-lags have been known for some timel’z’s. Values

¥ ' ranging from as low as 0.0l usec. to &8 high as IOO)asec. have been
reported,

In discussing the causes of th.ce delays, it is well to consider
the discharge mechanism of a Geiger Counter. We will begin with the
entrance of an ionizing particle into the Counter and assume, for sim-
plicity, that only one ion-pair is produced. Under the influence of the
electric fisld of the Counter, the electron will drift towards the
central wire and the high field region. In cese the electron is "captured®
to form & negative ion, there will be a much longer transit time because

of the much lower mobility . negative ions., When the negutive ion reeches

N e a—————— e

the high field region, it will lose its electron end the process aill con-
tinue in a similer menner as for a free electron. In the high field region,

the electron will gain enough erergy to ionize otler atoms by collision end

e
-

the well-xnown Townsend avalanche will take place, The time for this Townsend
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avelanche will not be considered as a cause of delay since its mag- ]
nitude is much smeller then the other delays involved4. During the
Townsend avalanche, photons will be emitted by excited noble gas

atoms returning to the ground state., These plotons will produce new
photo-electrons (either from an organic wapor, if present, or from

the cathode if only a pure noble gas filling is usec). These photo-
electrons will progagate the discharge by means of new Townsend avel-
anches until the discharge has spread along the whole length of the
wire. The second delay to be considered is thus the time required

for the discharge to spread along the wire, As the d{schurge spreads
along the wire, the electrons formed are collected almost immediately,
leaving a positive ion sheath which surrounds the central wire. The
major portion of these electrons is "held™ on the wire by the electro-
static attraction of the positive ion sheath, As the positive ion
sheath moves outward to the cathode, these electrons will leak off and
the major portion of the negative pulse is formed, "hen low-sensitivity
detectors are used, we must thus consider a third delay; the time re-
quired for the positive ion sheath to drift fer enough from the central

wire to permit formation of a large enough pulse to trigger our detector,

Ve may summarize the three causes of delsys:
(a) The transit time of the electron formed in the initial
fonizing event from its place of origin to the avelenche region,
(b) The time required for the discharge to spresd nlong the

length of the wire,
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(c) The time required for the positive iun sheeth to drift
far enough from the central wire to permit formation of a lerge enough

pulse to trigger our detector.

Delay (a) can never be eliminated although good counter design
and operating conditions can minimize it. If no negative-ion forming
gases are present, ile long delays due to negative ions can presumably
be avoided. However, with the current prominence of Mlogen counters,
this factor must be considered. Delays (b) and (c) can be minimized
(even elininated) through the use of high-gain amplifiers of extremely
fest rise-time which will eid in the detection of the smsll number of
electrons which escape fror the wire before the complete propegstion of
the ion sheaths. The spread time of the discharge can be limited by
operating the counter in the proportional region (where, however, greater
detection sensitivity is necessary). Another way of liniting the spread
is the well-known method of spacing beads along the central wire »s
used by Stever® and others. Circuits which serve to limit the spread heve
also been developed by Sinpson7, Porter amd Ramseya , and others.
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TRANSIT LAG

Sherwin9 measured (a), the transit lag, in an end-window counter
containing 9.2 cm. of Argon and 0.8 cm, of Amyl-Acctate. Beta particles
were introduced perallel to the axis as indicated in Figure l. A slot,
S, pleced at different positions esllowed the particles to enter Counter
A at a known distence from the axis., The pulse from A was used to trigger
the sweep of an oscilloscope. The pulse from the small counter B was
delayed by 2 constant amount (0,65 sec.) and introduced to the vertical
plates. Thus, assuming no lag in Counter B, en early appearance of the
pulse from B wouvld indicate a leg in A, High-gain wide-band amplifiers
were used and a cslculetion indicated that Lhe sheath spread was only
l -2 mm, at the time of detection, Distributions of the lags in A were

obtained and some of the results are shown in Table I,

Table I
Sherwin's measurements of transit legs in an end-window counter,
[ Nistance of S from axis, | Lag Peak | Transit time, 1 cm. to S,
(mm. ) ( psec) (pssac)
1.7 .08 .09
5.9 09 .08
10,90 15 0

The width of the distribution curves obtained by Sherwin were approximately
the same for all three positions of S, This was attributed mostly to the
fluctuations {delays) in counter B. leplacing B by a counter of mmch

. snaller size decreased these fluctuations (as exnected) and cut the half-

width of the distributions by grerter then one-helf,
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COUNTER "A"
couursa
d2 MM, *—@‘—-
# - SOURCE
22 CM.
1
FIGURE | - SHERWIN'S EXPERIMENTAL SETUP FOR

DETERMINATION OF TRANSIT LAGS.

GATE

s | e[

FIGURE 2 -~ DEN HARTOG, et . al., EXPERIMENTAL SETUP
FOR DETERMINATION OF TRANSIT LAG.
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The position of the electrons as a function of time was com-
puted from the average data of the distribution curves, These points

appeared to fit a theoretical curve calculsted on the assumption:

t
Ve .k (%) cm.‘/ae(:o' 'bre a‘*?%)}

Thesa transit times were also found to be imdenerndent of overvoltage
from threshold (1050 volts) to 300 volts overvoltage.

One of the defects of Sherwin's experiments was that hs measured
a "relative lag" between two counters. Another bad factor was the
inexactness of the place of origin of the initisl electrons. This is
minimized by using a small source, a very narrow slit, amd placing the
8lit close to the counter,

Den Hartog, Muller, and Vosterm measured the time lag in a 7 cm.
disneter (.05 mm central wire) counter filled with 9 cm. of Argon amd
1 cm, of alcohol. They used a chronoscope arrangemeant as indicated in
Figure 2. The two smaller counters served to define incident cosmic rays
within a narrow region., Again we have the defect of the measurement of a
*relative lag", There is again the inexactness of the piace of origin
of the initial electrons,

A coincidence count of the two smaller counters would cause gate "1"
to open and allow the condenser tc begin charging. Whsn the main counter
discharges, a gate circuit opens "2" preventing further charging of the
corlenser, The voltage attained will be proportional to the time-lag and
is mcasured by Y-axis deflection of an oscilloscope beam, A correction

factor (due to delays of the small counters ang differences in the two

WL"‘E’:’!"’ PR SaeT e  eMs T ATS AR S e WA R R S b TEE LTI 6 PSP



8
channels) of 0.22 usec. was calculated. No delsys below this wnlue
were observeble, In a later experiment‘u, a constant delay was placed
in one chammel to eliminate ths necessity for this correction factor.

The small counters were 1,2 cm. in diameter. The penk and the
extent of the time-lag distributions is shown in Table II,

Table II
Transit lag measurements of Den Hartog, et. al. (at 180 v. overvoltage)

rp (distance from Lag Peak Shortest Lag | Longest Lag

~ wire - mm,) (assac) Sé&soc) (/usoc)

34 1.8 0.3 2.2
29 1.75 0.5 , 2.1
26 1.1 0.22} 1.7
25 0.92 0.22_ 1.5
17 0.4 0.22 1.0

*0,22 sec., lowest lag observsble.

A graph of root-mean-square time-lag vepsus distance from the axis
indicated a direct relationship between the electron velocity and the
field (time lag was proportionel to the radius squsred),

V""‘(%) >

where for the perticular mixture used, R=1.57 x 10° TrTrarae —

cm, - mm
and E/p varies from 0.8 to 2 volts/cm. per mm. Hg. This relstion is in
contrast to Sherwin's wvalue of v proportional to (E/p)*. Comparison of
the data shows that all of Sherwin's measurements were made relativoly
close to the axis in the high-field regions, whils Den Hartog, et. al.
made measurements in ths low-field regions. We shell see later that this

is conaistent with the results of other experimenters,
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Laufer12 made systematic measurements of transit time-lags
as functions of various counter perameters, He used a 2.5 cna,
diameter counter (4 mil wire) equipped with quartz windows and
several holes drilled along the cathode wall (see Figure 3). Light
fron a fast sperk was admitted to each hole through a quartz window
and initiated a count by ejecting photoelectrons from the far wall,
The holes were distributed along the cathode so as to avoid the
delay due to sheath propagation along the wire, The spark was de-
tected by a phototube and the phototube pulse used to start the
sweep of a fest synchroscope. The time interval between the photo-
tubs pulse and the apperrance of the Geiger pulse was taken to be the
"absolute 2ag". Constant delays were used to enable both pulses to
be convenient’y viewed. A summery of Leufer!s results is given in
Table III.

In Laufer's procedure, we see two major improvements over the
experiments previously describedﬂ Laufer measured an "absolute leg".
In eddition, the peoint of origin of the original electron is exactly
determined (the cathode).

Leufer!s results show a tendency of the transit lag to increase
with total pressure and that it is approximately independant of over-
voltege. There is a slight tendency towards higher lag with increasing

percentage of organic vapor.
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Laufer12 made systematic measurements of transit time-lags
as functions of various counter perameters., He used a 2.5 cm,
diameter counter {4 mil wire) equipped with quartz windows and
several bles drilled along the cathode wall (see Figure I). Light
fron a fast spark was admitted to each hole through a quartz window
and initiated a count by ejecting photoelectrons from the far wall,
The holes were distributed along the cathode so5 as to avoid the
delay due to sheath propegation along the wire. The spark was de-
tected by a phototube and the phototube pulse used to start the
sweep of a fast synchroscope, The time interval between the photo-
tubs pulse and the apperrance of the Geiger pulse was taken to be the
"absolute lag". Constant delays were used to enable both pulses to
be conveniently viewed., A summery of Leufer's results is given in
Table III.

In Leufer's procedure, we see two major improvements over the
experiments previously described, Laufer measured an "absolute lag",
In addition, the podnt of origin of the original electron is exactly
determined (the cathode).

laufer's results show a tendency of the transit lag to increase
with total pressure and that it is approximately independent of over-
voltage, There is a slight tendency towards higher iag with increasing

percentage of organic vapor.
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TABLE III
Laufer'!'s Time-Lag Measurements
|
FILLING TOTAL PRESSURE OVERVOLTAGE AVERAGE TRANSIT|] AVERAGF TNOTAL
(cm. Hg) (volts) LAG i%ggsons) LAG g,ueec)
90%-10% varied fron 100 varied fron veried from
Argon- 8 - 20 D.2¢ - 0,39 0.38 - 0,7
Fthyl Alcohol]
varied approx. J.27
95%-5% 10 100 (slight decreas- vgr;:d-fgozzs
to ing tendency) * *
70%-50%
90%-10% 12 i 19‘; approx. 0.28 varied from
40 - 200 1.16 - 0.55
varied from varied from varied from
PG ke 6 - 20 L 0.25 - 0,36 0.46 - 0.76
mid apwox. 0028 -
95%-5% 10 130 (slight decreas- vg.éaed t‘gogs
to ing tendency) ooE T e
70%-50%
varied varied from
90%-10% 10 40 - 200 | BPFOX. .29 1.54 - 0.%7
voried from veried fronm varied from
4-20 120 0.22 - 0.36 23 .. 0.42
Hydrogen
varied approx. 0,28 varied from
10 40 - 200 (slight decreas- 0.43 - 0.29
ing tendency)
voried
Argon- 95%-5%
Oxygen to 10 120 approx. J.14 approx. 0,28
0-100%
902 varied varied from
1% 1 40 - 200 | °PFFOX. 0.4 0.78 - 0.19
voried fron 100 approx. 0.13 varied from
Oxygen 4-12 (slight increes- 0.16 - 0,29
ing tendency)
vaoried veried from
10 40 - 200 | @PPFOX. .13 0.60 - 0.17




FIGURE 3
LAUFER'S QUARTZ-WINDOW COUNTER

FIGURE 4 — STEVENSON'S VALUES OF ELECTRON
VELOCITY IN GEIGER COUNTER MIXTURES.
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Assuming & constant mobility of electrons at any given pressure,
thus &a v = k E law, Laufer comjuted the mobilities on the basis of his
measured transit times. He found that they showed a decrease with both
increasing pressure and increasing percentage of orgenic vapor or oxygen.
The values of mobility founmd for argon-organic vapor uixtures are higher
than those for pure argon alone. This result is also fourd by Den Hartoj,

ot. al.lo

and i3 explained as due to the decrense of Ramsauer crcas-
section (hence higher mobility) for the electrons slowed down by in-
elastic collisions with alcolol molecules. Den Hartog, et. al.ll obtain
an increasing linear relation between 1/k and % alcohol (above 6%).

They indicate, that for the range considered, the effective cross-section
of argon is negligible and thus the drift velocity is governed mostly by
the alcohol,

Some more recent measurements of electron velocities in Geiger
counter mixtures ( although not in an actual Geiger counter) have been
nade by Stevensonls. His results are shown in Figure 4. The electron
velocity firast follows a v = k (E/p) relation; then at higher E/p, a
v =k (E/p)} ; end finally for sufficlently high fields, it levels off.
This leveling-off is also found for nrgon-nitrogen14 and argon-cardon
dioxide mixtures'®, The vartied (E/p) dependence was previously seen in
a comperisor of the work of Sherwin and Den Hartog, et. al. (see pege 6).

We see that the problem of computing the transit time of en electron
in a counter will be quite compliceted due to this varying dependence of

the velocity in different field regions. There is also the serious factor
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of the considerable effect on mobilities of even small amounts of

impurities and an accurate calculation may be too much to expect.,
Porter and ’:!amuyls did get a 10% agreement between measured and
calculated maximm transit delays in a small ergon-ether counter

operated so that v was approrximately constant over most of the path
/operation at high E/p).
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SPREAD OF THF, DISCHARGE ALONG THE WIRE

The mechenism of dischurge spread takes different forms for «
counters containing pure gases or vupor admixtures. In the former,
piotons are emitted by excited pure gas atoms returning to the ground
state, These eject photo-electrons from the cathode which travel to
the wire and start new avolanches at different places]'?. If an organic
vapor (e.g. alcohol) is present, the photons will be energetic enough

to photo-ionize the organic moleculesi®. The liberated electrons make

the relatively short trip to the wire, forming new avalanches and

propagating the discherge close to the wire,

The theoretical calculation os the sheath spresd velocity has not
been definitely resolved, Two methods, neither of which ic entirely
satisfactory,have been proposed. Wi.lkinson]'9 computes the velouiaty on
the basis of a "constant burning length®" which propegstes along the
wire with a constant spesed. He offers only one velue as a check?0,
Alder, et, al, take the more straight-foreward npproach of considering
the mean-free-path of ploton travel und the transit time of new nhoto-
electrons formed from alcohol atoms. Their egreement with experiment
seems doubtful. An essential purt of their theory is the determination
of three constants from experimental data. Thus, their approximate agrec-
ment is possibly accidental, gotl. theories heve been previously compered
by Den Phrtogzz.
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Ore assumption made by both (although not completely essential to
either theory), is that the governing factor in the propegation vel-
ocity is the transit time of the photo-electron from its birth to the
wire. They consider the excitation lifetime of the argon atoms as

negligible. Alder, et. al, quote a value of & x 10710

seconds which
they say is obtained from radistion damping (no further reference is
givea). Wilkinson assumes the same value, Most references list

excitation lifetimes of representative atoms as of the order of 10'8

to 10"9 secom’xszs’u’zs

. This 13 lecger than the usually assumed
transit time of the photoelectrons of 109 seconds and thus forms a
considerable part of the propegction delay. Other references con-
cerning the spread mechenism are availablezs-"’z.

The velocity of propagation has been measured by seversl ex-
perimenters, A typicel method of measurement is to determine the diff-
erence ip the time of discharge of two small segments of counters placed
at the ends of a large counter. The discharge is initiated at one end,

One of the main results is an approxima'tely linear relation be-
tween the velocity of propagetion and overvolt.ngelg’al (see Figure §5).
Miss J., Freeman's results quoted by Wilkinaonsz indicate velocities
ranging from sbout 2 to 7 cm/ssec, for overvoltages up to 80 volts.
Wamv.xch's;’>5 measurements of spread velocities in argon-sthyl alcohol

counters were about S0% lower than those siown in Figure S and agree rore

closely with Miss Freemun's values,
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Laufer’® mensured a total lag in a similar manner as the trariit
lag (see previous discussion), In this case, he covered all but one of
the quartz windows so that the dischurge started &t only one spot. The
difference between the total lag and the transit lag was attributed
to a "sheath lag" - the time required for the sheath propagation along
the wire and for the sheath to travel far enough out from the wire to
permit & detectable pulse. (The sheath propagution end outward spread
are simultaneou events, i.e., part of the sheuth begins to move out-
word vhile the rest is still forming). Laufer derives a formule for
the fractionsl pulse size, considering both the pronagation velocity
and the outward motion of the sheath (assuming constent ion mobility).
Using his "sheath lag" dats, he then can ceslculute the wvelocity of
propagetion along the wire (making use, ol course, of his particular
detection sensitivity). His data is summarized in Teble III and Fig-
ures 6,7, ¢«nd 8,

Again we see thut the velocity increnses linearly with overvoltege.
This is expluined as due to the higher electron velocity in the higher
field, Howev:or, we have seen previously for high fields thnt the velocity
becomes constunt in typical Geiger counter mixtures, This also neglects the
excitation lifetime which should play an important role here. Thus, while
all experiments indicnte & linesr dependence of spread velocity on

overvoltage, the explsnation &8s still somewhat in doubt.

e A i MR Vidgmibah, LBl G Gt MRS i v ar o i — . _

The decrease of spread velocity with total pressure (Figure 7) is

expluined as due to a decreuse in the "mean-free-path" of the photons,

Ay w—
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Thus the distance between avalunches is smaller and the entire
propegetion takes & longer time,

Although electron mobility decreases with added percentage of
elcohol, a higher operating voltage is required to get the same over-
voltage as at lower percentages of alcohol, This probably results in
an incressed electron velocity and this apparently overshedows the
tendency of the mobility to decrease (see Figure 8). This explanation
by Laufer is based on un increase of electron velocity with field,

As we have seen, this may not be true in the field regions considered

here,

QUTWARD MOTION OF THE SHEATH

The outward velocity of the positive ion sheauth is governed by
the mobility of the positive ions in the mixture. As mentioned pre-
viously, Leufer assumed a constant mobility. This is consistent with
the measurements of Den Hartog and Muller>®, The delay due to the out-
wurd motion can be minimized (practicully eliminated) by utilizing an
emplifier of sufficiently high gain and wide band width. The profound
effect of the outward motion is on the "deed-time"™ - the natural in-
sensitive tims. A discussion of this phenomenon is not within the scope

of this report.
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NEGATIVE IONS

Long transit delays wili occur in cgunters containing electro-
negative gases, Here therc is a finite probability that &all of the
electrons formed in the initiasl ionizing event will be captured and
proceed to the wire as negative ions (which have a much lower mo-
bility than electrons). These delays should be considerably longer
than those previously discussed., In case only some of the originsl 3

electrons are captured, those not captured will proceed to the wire

a8 usual and the usual delay due to electron transit will apply. 4
The negative ions will arrive at a leter time end may cause spurious

counts. A discussion of spurious counts is not within ths scope of }
this peper,

Rose amd Ramsey55 used a similar experimental set-up as Den Hertog,
et. al. (see page 5) ‘o measure the efficiency of pure oxygen and
argon-oxygen filled counters as a function of resolving time of the
external circuit. The capture probability in the pure oxygen counters ‘
was high, A considersble decrease in efficiency was foundi for low re-
solving times (less than 30 usec.). This would indicate & number of

*lost counts" due to long lags in electro-negutive oxygen. The efficiency

was found to be lowest when the initial ionizing particle was introduced

close to the cathode where the trip to the centrul wire wus longest and

|
i

the capture probability therefore greutest.

The Montgomerys, et. al.l measured delays of the order of 1.5 tou
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2.8 Msec. in counters containing oxygen. In a later experimentss,
thay used the spark-method to measure delays in & counter filled
with a 94-6% argon-oxygen mixture. (This wss the same method, later
used by Leufer, described previously in this peper.)

The Montgomerys used a weak intensity of spark illumination and
made the following analysis, If an average of "n" electrons is ejected
by a spark, e ® 18 the probability that no electrum will be ejected,
ands 8 -j-&m
is the ratio of the number of counter discharges to the number of svarxs.
(This essumes that only one electron is necessary to casuse & counter
discharge as is normally the case). The probubility of the ejection of
"m* electrons is given by: e m™

f = ™t

For & long delayed couit, all of the slectrons must be captured. Denoting

the capture probability ty o, the probability R that a spark will pro-

duce a long deleyed count is given by: .
-
& = z q‘hPm
el
Substituting the previously designated expressicn for 7R , this can be
summed to give: = m
R=-&m(e™-1)
Both P« and 8 can be measwred directly., The Montgomerys measured both
for tiree minimum time-lag settings &s a function of pressure, From these
results, they calculated &, the capture probsbility. There velucs cre

shown in Figure 8.
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CAPTURE PROBABILITY
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Mendeville snd Scherb®’ found no loss in coincidences in small
ergon-ether counters for resolving times as low as 0.08 pMsec. This
vould indicate that no apprecisble number of negutive ions are formed
in such counters,
Loosemore «nd Shlau.-pey’8 neasured delays renging from $ to 9 Msec.
in counters centeining bromine, an electro-negetive gas (a3 sre all of
the hnlogens).
In his experiments with counters containing oxygen, Leuferl? noted
s nmumber of lags greater then S psec. He attributed all of these lugs to
the formution of negetive ions by cupture. A summery of his results is
given in Teble IV, }
IABLE IV ;
Leufer's Long Transit Lugs

Filling Proportions Totel Pressure Overvoltege | % of legs
(em. Hg) (volts > 5 usec,
veried
95¢ - 5% 10 100 veried
Argon- to 1.5% - 27.6%
Oxygen 0 - 100%
90% - 108 10 sorTiee, | upprox. 3.4%
100% varied 100 varied
4 -12 10.2% - £0.7%
Oxygen
varied
100% 10 40 - 200 spprox, 27%
i
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From this date is seen the obvious increase in negative ion
counts with added oxygen. Laufer also computed the capture probeb-
ility as & function of oxygen pressure, He obteined curves similar
to t'wse previously obtained by the Montgomerys (see Figure 9).

59

Xitchen™ ™ used & method similur to Leufer'!s end found some

long legs (grester then 5 usec.) in counters containing several
types of typicel filling geses. He studied both pure vopors and
nixtures. Long lags were elso found in geses where the cepture prob-
sbility wes very cmell. He showed thet it wes unlikely that these
long lags were cdue to electro-negative impurities end sttributed tlem
to the formation of negutive ions by dissociction neer the evelenche

region,
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TIME - LAG DISTRIBUTIONS

Most of the experiments previously described have been concerned

with the mee«surenent of some definite delay. However, various fectors
will couse the actuul delays to be distributed tbout some mean velue,

In applying corrections for counter lags, it is important to know the
fore of the distribution., Little work has been done in determining
distributions altlough the problem has been considered by several workers
using Geiger counters in delayed-coincidence set-ups.,

In his experiment to measure the hnlf-life of ThC' using & coincidence
method, Ven Name40 simplified his cszlcuilutions by assuming & triangulasr
distribution of delays which yielded satisfactory results. Binder“‘ ex-
tended Van Name's anslysis using the u.:ore ususl Gaussien distribution,
Bredt and Schem‘er‘z elso measured the helf-life of ThC! und obtzined
setisfactory results assuning a Gaussien distribution of deleys.

Buryen, et. al.®” found & slightly esymmetric distribution es in-

dicated in Figure 10. A detuailed discussion of this hns been made by

lmxdby“. He elec indicetcs experimental justification for his cel-
cuinted results, Another thesoretical celculstion by Neg, et. 61.45 also
indicates such an asymretric distribution.

1 Recently, Heirtzler of our Lnboretory hes muwde distribution
measurements in counters containing various fillings. These will be

reported in the neer future.
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