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* DEVELOPMENT OF A HELIUM-FILIED STREAMER CHAMBER SYSTEM *
. o o ' Albert W. Stetz and Victor Perez-Mendez
v - . Lawrence Radiation Laboratoryb

‘University of California
- Berkeley, California

ABSTRACT

’ Developmeﬁt of a helium-filled streamer chamber system'is”described.
Calculations of stneamér$formation are cérried out to determine high voltage
pulse requirementg. It'is foﬁnd that a Marx generator isvadeqpate to drive
chémbersvof intermediate size if an image intensifier is used to view the
stréamers. A one-meter Sﬁreamer‘chamber system employing»a 350-kV Marx
generator is descfibed. This system was used in a recent cyclotron experi-

ment to record 5 x lO5 pictures with good resolution and reliability.
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I. INTRODUCTION
There has been considerable interest lately in using streamer cham-

bers as alternatives to conventional bubble chambers for analyzing complex

_eeattering events ef high_energy particles. It is heped that the streamer

chambers, which can be fired on command, many times a second, can overcome

the'limitations on counting retes‘and statieties ﬁhat are inhefent in bubble
chaﬁber bperetionub'Many arrangements have beenﬁdescribed,l‘but it may be
fairlyisaid‘ﬁhat.streamer*chambers are still invtheir infancy.

‘Uhtil now mest streamer chambers have been filled with neon because
of its low ionization pofential'and convenient spectrum.v For mény potential
streamer chamber experiments, hewever, helium is necessary, or at least
more convenient.  They may be classed as follows: |

1. Polarization experiments, which take advantage of the
analyzing power of helium in nucleon-helium scattering. |

.2. High-eneréy'pa}ticle-productioh experiments, which depend
on the faet‘that helium is a tightly beund spin-zero isospin-zero nucleus to
simplify the'interpretation of the events. |

3. Experiments in which the trajectories of very.low-ehergy
partieles muet be determined with a minimum of energy loss and multiple_
scattering. | |

In spite of their obvious advantages, helium streamer chambers are

in several respects more difficult to operate than neon-filled chambers.

For one thing,‘it is far more difficult to obtain reliable streamer forma-

tion in helium than in neon: a stronger electric field is required, and the

width of the high-voltage pulse must be regulated more precisely. Another

complieation inherent in the sort of experiménts described above is that
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the streamer chamber must delineate tracks that differ groatlyvin specific
ionizaﬁion. Uhfortunately, the raté of stréamervdevelopmont depends upon
the original ionization density, so'the ever-present difficulty of obtaining
reliable.streamer formation is compouhded.

This érticle-consists of an account of work done in developing a
helium streamer cﬁamber sysfem for‘a proﬁon-helium scattering experiment
done at the 18k-inch cyclotron at ferkeley. It oontains some ﬁheoretical__
_prédictions for avalanche formation in helium, some high-voltage teohnology,

and a description of the streamer chamber system itself.

II. AVALANCHE DEVELOPMENT

A. Basic Theory

| In order.to'obtain adequate spatial resolution in stfeamer‘Chambers
_it isvneceséarﬁ to limit electfon multiplioation along-fhe trajectory of the
ionizing partidle.to_short prioéry avalanches. “Fortunateiy this state of
avaianche develooment can bé studied quantitatively wiﬁh;the help of ﬁhe'
well-known equdtions for eléctron mobilify, diffusion,.and Townsend.multipli-

cation.

‘The number of electrons in an avalanche is given by Townsend's law,

N = %%, @)

where & 1s the number of ions produced pér centimeter of path length‘along

~the avalanche. It is a function of the pressure of the gas and the external

field, as shown in Fig. 1. The avalanche length increases at a rate equal to

the average velocity of a free electron in the field E. In helium the.velo-

city and field are nearly proportional, with the constant of proportionality
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or mobility constant?

W 517.6(10)5 | em/sec e
volts/cm-mm Hg | ¢ N -

As the electrons are swept forward in the electric fielq they also.diffuse
laterally. It can be shown3 that if N = exp(ax) electrons start at

x=0at t = O; then the number of electrons in the volume element AxAyAZ

~after a time t is

An = . - N a exp [- (x,.vt)2+v2+z2 J AxAyAZ . . (2)
| ""‘(MD",G)372 LDt ’ . o

whe:e y aﬁd z are coordinates perpendicular to the electric fiela and D
is the diffusion constanﬁ; D ‘also depends on the electric field; for a
Maiwellianmgas it is proportional to the éverage energy_of the électfoné,and
to the_elec%rqn mobility, -

b Ugys 3

for fields and pressures normally encountered in streamer‘Chambers,' D 1is
almost constant = 10 volts.

As the avalanche increases in size, the attraction of fhe pdsitive
ion élbud on the faster—movingvelectron cloud becoﬁeé important. At some
cfiticgl number of ion pairs it compensates exéctly the external field, and

the development of the avalanche stops. This would be the end of the story

without some new mechanism to propagate the avalanche. Although the field

is zero in the viecinity of the head, it is augmented in the region directly
behind»the electrons. As soon as a free electron is produced in this region
by photo-ionization a new avalanche sprouts up. The electron multiplication '

proceeds much more rapidly in the high field, and the total region of ioniza-

_ tioh‘grows in a.rapid, haphazard manner until it extends from the anode to -
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the cathode. This development is called the streamer phase.
There is almost no quantitative information available on photo-

jonization processes'in hélium.u " Presumably the metastable states of He at

-~

19.5 eV are ionized by the photons from,reéombining He+ ions. These photons
have a maximﬁm ehérgy of 24.5 eV, which is far enough above threshold for the
-"mechanism to be significant. We can éxpegt photo~ionization cross seétions
two'br three‘orders of magnitude belQW‘thé electrgh idnizatidn crbssvsectioh.
This corresﬁdndsvto a mearn free path for photoné on the order of several |
centimeters. Observations oﬁJéiScharges in He stréamer’chambérs show that
the propagation of avalanchesﬂduevto ﬁhoto—ionization becomes noticeable iﬁ
& time fhf 10 nsec.  If the high-voltage field persists longer than this,
the streamers fan out alOng.the field lines behind the initial avalanche, and
_théiresolution of the tracks in the chamber deteriorates rapidly;; |
In order to use ava}anéhe formation to delinesate partiqle tracks it
is désirablé to. stop electron.multiplication Just before the streamer phase
sets in.E Ihé_condition that fhe space charge ekactly cancel.- the gxternal
field is calied the Meek con&itioh. Thisvcondition should be established as
quiékly as-possibleifor the primary avalanches along the track. The electric
field should phen_be shut off as quickiy as possible before secondary avai—
anches become noticeable. |
With %he help of a Simplelmodel of avalanche formation, we_iﬁvestigate .
in the next sectioﬂ the interplay of the electric field, pulse width, and gas

pressure in bringing about the Meek condition.

B. Approximate Calculations

In order toacélculate the space-charge field of the positive ions>we
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.make the simplifying assumption that most of the ions are contained in a_

roughly circular region of radius r ;\/hDﬁ at the head of the avalanche.

The field at the boundary of this.région due to the ions inside is

B =
T 35re

2NgeUavt 2 ()
Where.N is the nﬁmber of ions-in thé avalanche;;éo is the permittivity of
free space, and Eq. (3) nas been ﬁsed to eliminate the diffusion constant.
Both & and Uy, dépend on the total fiéldvat the head of the avalanche, and
as E,. begins to cancel the éiternal field, O decreases and the rate of
streamer‘growthvslbws down. We can calculate approximately the various

parameters at this stage of streamer development with a simple approximation:

‘assume that &, U, and the average electron velocity are constant for a

time

t =x/uE , - o (5)
until Ef Just equals the external field, whereupon the avalanche development
stops. E is just the external electric field. 'Ffbm Egs. (4) aﬁd:(ﬁ) the
Meek condition will be satisfied when |

weErio%r. (®
e ’ :

Now assume we wish to operate a chamber with a spatial fesolution equal to

X along the direction of E. The total number of ions in each a?alanche.is

. given by Eq. (6). The first Townsend coefficient is then obtained by
inverting Eq. (1), and the external field required to sustain this value is

obtained from Fig. 1. Finally, the duration of the external field equals

the time t given bnyq. (5). Some useful values for x, N, B, and t are

A
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listed for various gas pressures in Table I.

’ oo ;
- Table I. Selected parameters at various gas pressures.

a
Nl

b4 i Pressure N E t
(mm) . (atm) S (kV/cm) (nsec)
1 1 nsao)” 1 5
1 2 - 1.8(10)7 27 7
1 o5 1:8(10)7 15 3
0.5 1 - 9.2(10) 29 >
0.5 2 : 9.2(10)° 38 3
0.5 0.5 . 9.2(10)6 25 S A
2 1 307 13 15
2. 2 | .7(1007 . 20 20
2 . 0.5 '3.7(10)7 .10 . . 1o

The numbef of photons emitted by an avélanché‘may bé estimated as
follows.3 It is usually aésumed that the number of photons cfeated bétweén
t ‘and t+dt:P(t) is proportional tothe total number of drifﬁing eiegtrohs

and to the path length, '
| ap(t) = & N(t) v at,

-where © dis the number of photons produced by one electron per centimeter.

From Eq. (1),

AN(t )"

o

o N(t) vat ,
SO “

apr(t)

Q an(t) ,
where Q = 8/ is the photon efficiency per ionizing collision and depends

on the gas, the external field, and the pressure. It has been determiﬁed

experimentally that Q is a number on the order of unity for most gases at
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atmosphéric pressure. MoreoVer, & is practically independent of E, so that

' Q decreases with increasing field as O increases.

"Ihisvbrings us to the follbyinglpoints regarding the design of

' streamer chamber equipment.

‘1. The number of'photons emitted per avalanché_depehds mostly

on the length the avalanches are allowed to attain., Increasing the chamber

voltage decreases the number of ion pairs as well as the number of photons

emitted Per'iOn.
2. The light produced by lO7 electrons is not'suffigient to be

;

photographed with ordinary techniques. '(Roughly'iOO photons are required to

expose a single grain in a sensitive emulsion.) For photographing tracks

with reasonable demagnification, a)tdtal gain of 10 to 100 in light'intenSity

suffices. The gain can be provided by any one of vafious’commercialiy avail-

-able two- and three-stage image intensifief tubes, which provide a nominal

gain in light intensity of 5000 to 30 000. This gain, offset by the light
losses encountered in coupling the output of the imagevtubé to the film, is
sufficient for most applications.

3. For a given.sPatial resolution and luminosity, increésing
theigas preésure lengthens the time interval in which the a&alanéhe forms and
incréaées the &oltage required to form it. ZFor example, 1t would require about

three times as much energy to drive a chamber if the pressure were doubled.

o

ITI. HIGH VOLTAGE TECHNOLOGY
It is obvious from the foregoing calculations that useful streamer
chambers require voltage sources on the order of hundreds of kilovolts and

pulse widths of several nanoseconds. The Marx genérator is the basis of
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many such high-voltage systems,‘but variouevrefinements are hecessary-to
obtain satisfactory pulse.shaping.l Marx generators consisting of only a
few stages can be built with rise times of, 2 to'h nsec; and tﬁese can be
used to drive small chambers directly. Lergerjchambers and larger generators
require some system to decrease: the rise time of the pulse arriving at the
chamber.

A, Ihe Marx Generator‘

imagine an idealized Marx:éenerator consisting of n capecitors
charged to voltage VO and connected in:series with'spark gaps. A typical
arrangement is shown in Fig. 2. To trigger the discharge, the first gap is
overvoltaged fromva third.electrode. When this gap has become conduotiVe,
the voltage on the first Capecitor is divided'emong the n-lvremaining.gaps
so that the seoond gap iSIOVervoltaged by»aﬁ amount Vd/(n-l). The transit
time required by a pulse.to.propagate along the system is small; the
remaining gaps break down essehtially siﬁultaneously under the influence of
the initial overvoltage.

The tlme requlred for these gaps to become conductive (and therefore

the rise time of the output pulse) depends critically on the voltage

VO_+ VO/(n-l). In practice, the resistance of the arc decreases from infinity

.to a negligibly low value in a feW‘nanoseconds, depending on the applied
voltage, the souree'impedance, and the gas density. Reference 1 quotes an
‘empirical expression for the duration of the time-dependent resistenoelin
spark gaps, | | I |

Y 1/3 4/3(0/0 )% nsec,

4
l

where 7Z is.the impedance of the'voltege source, E is the electric field in
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unlts of 10 kV/cm, o is the den51ty of the gas, and po is the den51ty of air
l
at standard temperature and pressure.
‘After the resistive phase the combined inductance of the spafk and

its éssoéiated conductors may have an appreciable effect on the rise time

of the generator output. The inductance of the spark is usually on the order

'b.of.l to 2 nanohenries. The.induCténces:of the:conductors must be calculated

from.their geometry;'

It iS'cleaf that the riseitime of a Marx generator with many stages
ﬁust be inéreased, not only from the inductance,vwhiéh increases roughtly.
in profortion'to the number of stages, but alsc from the increased spark
formation time (since the overvoltage on each gap is»proporfional to
(nfl)-;). So it is thaﬁ many-stage génerators usually require some exterﬁal
pulse-shaping circuit to obtain adequate risé'times. An arfangement such as

the Blumlein involving switched transmission-line.ségments is probably

-, necessary for very large chambers. Smaller chambers such as the one des-

cribed below can be driven directiy»from the output of the Marx generator.

B. Chamber Construction

‘in most experimental applications, the capaciﬁance énd inductange
of the chamber cohspire to distort the high—voltage pulse baaly unless some
care is taken to operate the.chamber ag part of a terminated traﬁsmission
line. Generally speaking, the configuration of two long parallel conducting
sfrips behaves like a transmission liﬁe of impe@ance ZO = 377 (spacing/width)
ohmé.; A pulse‘ﬁropagates along such a liné without distortion until it .

encounters some‘discontinuity. If the éhape of the strip line changes

abruptly,’some"fraction of the pulse is reflected, and the wave shapé in
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the preceding section is distorted. With_largelchambers, the following '
stéps h%ve_to be‘takeﬁ: |
First, the chamber should Pe part of a strip line which is

~ terminated in its charactérisfic i@pedance. Reliable terminafing resistors
. . . ! .
forfhigh frequency and voltage applicapion'can-be made from CuSOu electrolyte
and coﬁpervelectrodes.-' T

| ‘ : Seéond, all changes of shape of thé transmission line should be
.ﬁade gradually, andﬂbréferablyiupstream.from'the chamber. Usually thé line
is fedzfrom'some hiéh—impedance SOurcé like a spark gap. In order to
-ffaﬁsfer as much énergy'as possiblé; the line'shbuld be smdothly'flared
frém its input to the regioﬁ of the chdmber.

The chamber itself is Just a tr?nsparént insuléting box.f The elec-
trédeé should an:éome inﬁo éontact with the gds in the chamber at any point;
The inside of the chamber should be as smooth as possible. These'éteps
must be ftaken to reduce the spurious discharges and fiares that occur around
>any.discontinuity in the electrié field;

The electfbdes hgve tb be as.conductive as possible and yetvtranse
parent. Coarse, hand-woven mesh seems fo be ideal. Expanded metal mesh,
which is as ﬁuch as 949 tr;;sparent, is gvailabie in iimited widths.

| Finally, during actuél'operation the helium quickly becomes contami-
nated. The light prodﬁced by the streamers is guite sensitive to the .
'quenching effect_of hydrocarbon molecules, consequently the gas in the -

chamber must be circulated rapidly to maintain consistent operation.

C. Design of a Small Streamer Chamber System

The foregoing techniques were used in constructing a small streamer
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chamber for a double-scattéring experiment in which a polarized beam of

protons was allowed to scatter on helium nuclei inside the active volume of

the chamber. It was deSired that thevsystem oﬁerate reliably over many
hours of cyclotron tlme, and prov1de good resolutlon of 31multaneoas tracks
dlfferlng vastly in 1on12at10n density.: Ihe scatterlng events Were.con—
strained to lie approximately in the horizontal plane, so that stereo
photography was not attempted, ahd resoiutibn parallel to the electric field
was not important. | .

The heart of the system is a seven-stage Marx generator constructed

at the Lawrehce‘Radiation Iaboratory for use with streamer chambers with:

. 4- to 8-in. gaps. The circuit diagram:is shown in Fig. 2. The first étage
" consists of a three-electrode gap overvoltaged with a 30-kV pulse applied

to thevéap through a needle electrode. This trigger pulse is generated with

a conventional spark-gap:trigger amplifier, andﬂstepped uf in voltage by a
factor of 3 by a pulse transformer.

Each subsequent stage consists of foﬁr BaTiOy capacitors with a net
(nqminal) capacitance of 3900 pF and 60 kV maximum working voltage. The
switching gaps are 0.5-in. brass balls 0perated in nitrogen at 5 te T atm

pressure. The physical layout is shown in Fig. 3. The L7-kQ charging

- resistors are mounted on the side and the entire assembly is mounted in a

pressﬁrized tank. _
| The generator has typlcally been. operated at 48 kV input voltage
with gap spacing of 0.1 in. and 100 lb/ln. pressure. The output is 300 kV
with a 10-nsec rise time ‘into a 100-0 load. |
The chambef and the generator are shown in Fig. 4. The outbut of

the Marx generator is flared out to a strip line 24 in. wide with S.S-in.
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electrode spacing: .The line is terminatéd in lOC ) near the downstream end.
At fhe‘poini whefe‘%he.line beging to flare, a parallel spark gap is plaéed
to shape.the,falling.edge of the high véitage pdiée. This gap consists of
2-in. brass electrodes operated in dry nitrogenlpressurized about 2 atm.

No attempt is made to trigger this gap, but a séufce of ulﬁréviolet light . is
flashed to liberate photoelectrons at the anode. These electrons stabiliZe
the time of spark formationvfollowihg thé“drfival of the high VOltagé pulse.
Th§ width.of the pulse and cqnsequehtly the length andrluminOSity of ﬁhe_
streamers are controlled by changing the gap. pressure and spacing.

The chamber itself is madé with 10-mil MylarKWalls and Lﬁcite_top
and:bottom pieces. It is filled with helium with about»O;l% alcohol vapor
to reduce the memoryatime;' A‘capacitive.voltage probe was installed in the
ground plane just prior to the chémber to moniéor the waveform.

The chambef was photographed with the help of an RCA CTOO21 three-
stage image intensifier tube. This tube has a 2.5-in. photocathode and °
aﬁode, and is magnetically focused. It was run with a total acceleraﬁing
voltage of 30 kV, about 10.kV per stage, and has a nominal_gain'of 20;000;
The chamber was imaged on a l—in.2 area‘on the cathode by an fl.4 Nikb
50 mmwlens. The light output is coupled fo the film with a special Zeiss
lens thaf provides 108 mm fdcal length at fl.2. With this.dptical arrange-
'meﬁt we are able tg resolve six line pairs per centimeter at the position .
of the chamber with no noticeable distortion. The effective gain in light .
intensity over é single El.hvlens is about 30. ' The imaée is photographed

with Xodak Tri-X film.

Some sample scattering events are shown in Fig. 5. The denser

-~
-

5
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tracks are recoil Q particles stopping in the chamberf_lThe fainter tracks
aré 80-MeV protons;i It was found essential to operate the chamber near the
thfeshold of streamer formatidn, otherwise‘the more densely ioéized track
bécomes too broad and luminouévto photograph and measure accurately. Stereo

photography was not attempted,:
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FIGURE LECENDS -

>f Fig. 1. The first TanSend coefficient as a function of electric field for

_various gases. -From Ref. 2.
Fig. 2. Circuit of seven-stage 350-kV Marx generator.

Fig., 3. Layout Qf'Marx generator with several capacitorS'remdved to show

spark gaps.
Fig. 4. Chamber and transmission-line assembly.

Fig. 5. Protdn-helium scattering events photographed with the image
intensifier. (a) Elastic scattering. (b)' An inelastic event, pre-

sumably pHe - ppt.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: :

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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