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THE TIME PROJECTION CHAMBER

D. R. Nygren.and J. N. Marx
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

July 1978

- known particles with Tifetimes greater than 107

Introductidn |
Progress in experimental high energy physics is-limited in practice

by two complementary aspects: 1) the types of beam particles available

"with useful intensities and energies, and 2) the characteristics of the

detection techniques’available for measuring needed information about
collisions of interest and their subsequent reaction products. Most

impressively, advances in accelerator design over the last three decades

“have led to an increase in beam energies of nearly three orders of

magnjtudé, and the advent of colliding beam machines has brought a

comparable increase to the center-of-mass energy available. The diver-

sity of useful beam species has now grown to include essentially all

1 seconds.

On the'othervhand, the number of wei]—deve1oped important fundamental

~techniques for particle detection and measurcment has remained limited.

In addition to continuously sensitive devices such as photogréphic
emulsions, Cerenkov, scinti]]ation,‘ionization and drift-proportional wire
detectors,»triggered déviCes_such_as bubble, spark and streamer chambers

essentially exhaust the list of commonly used techniqUes.



The challenge posed by this contrasting state of development is
pafticu]ar]y evident‘in»the design of experiments for the newest
i generation of e]ectron-pésitroh co]liding beam machines such as PEP h _ "ﬁ
and PETRA] Hefe a single intereétinc co]]fsioﬂ may produce on the order of
twent/ charced and neutral particles,with a w1de variety of 1nterest1ng (and

vposs1b]y new!) quantum numbers.' To compound the difficulty, the d1str1-

 bution of particle frajectories'1s expected to be nearly 1sotrop1c when’

‘averaged over méhy,events,‘but within a given event the trajectorﬁes.

may cluster terther_in a pronounced "jet" structure. This
situation translates into an unusually demanding'and conflicting set of

‘ requirements for detector pérfdrmance, for which a comp1eté1y satis-

factory soTution uti]jzing conventional techniques does not appear to
_exist.ulThe_resu1tént frustration was thé seedbed leading to the
_conception}bf the Time Projection Chamber (TPC) idea. |

The motivation‘td find a new solution forvthe broblem of particle
detection and identification at PEP energies is part1cu1ar1y strong
At SPEAR and DORIS, the 1ower energy predecesscrs of PEP and PETRA, an
1mportant new w1ndow~to the subnuclear world has-been opened for
‘experimenta]~investjgati6n. Major discoveries such as ihe hitherto
unknown. family of hadrons witﬁ a new.quantum number, "charm", and a heavy

lepton, called 1, have already been made at these energies.? Thé
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PEP and PETRA storage rings will extend.the center-of-mass ene}gy in

electron-positron collisions . to above 30 GeV, more than a four-fold
jncrease over that available in SPEAR. This new energy regime is
expectéd to provide discoveries of at Teast comparable significance{

PEP and PEP Physics

The main component of PEP is a single ring of magnets enclosing a

high vacuum chamber through which counter-rotating beams of electrons and
poéitrons circulate.. Each beam is cohcentrated into three very short

bunches so that beam-team co]]isions-OCCur only at six equally spaced

_"intersectioh regions"” placed around the ring.  The magnet ring itself

is divided into six bending arcs connected by long straight sections
passing through the intersection regions. This gives the ring a
rouhded hexagonal shape with an overall cifcumference of 2160 meters.
Consequént]y, beém bunches pass through each other every 2.4 micro-
seconds. |

- The event rates of interest, however, are qUite small. The fundamental

~ physics interest will presumably arise.in -electron-positron annihilation

reactions, mediated by a single massive virtual photon intermediate

x

 state (see Figure la). Here the entire center—of—mass.energy is converted

to a large variety of final states, limited only by conservation -

laws doverning interactions with photons as the intermediate

state. - To give some idea of rates, the number of
R , .

+ - + -~ . ! . . .
e +e >y >u +u events per hour, at peak luminosity, is only

’ 30. Thisvexample points'out one property of paramount importance

required of any PFP or PETRA detector:. sensitivity over most of 4n .

steradians. Everv effort must be made to detect and measure completely

~all events of interest.



The study of muoﬁ pair production ét PEP energies is of‘conSiderab]e -
interest not only a precise test of.Quantum Electrodynamics but also as.a_
~reaction which may display measurable effects arising from interféreﬁce
of the 6ne photon annihilation amplitude'with a neutral weak current
amplitude due to the existehée:of the'proposed'weak neutral boson,

2% (see Fig.,]b);' These observable effects could include Qio]atibné of
parity and tharqe conjuqationvinvariance evfdenced‘by forward-baékward
asymmetry in the angular distribution with réspéct to the beam direction.
~In order to confront themodel dependence of the weak—e]ectromégnetic 
_unification:theories,va-statistica1 precision of 2% is needed.®

The produttion of hadrons at PEP enekgies is“alsd expécted to
provide data of major interest. In the one photon annihilation |
- process, hadrons are thought to be produced through pair production of
a quark-antiquark state. In this pobrTy Qnderstood model thevquark
and antiqqark then eaéh materia]ize as é jét of hadrons which carry off
the momentum and quantum numbers .of the. initial quarké. Figure 1Ic
i]]ustrates,these‘ﬁrocesses. ‘In this model the hadron produ;tionvcross
section is ré]ated to the muon pair production cross section in a- .
particular]y simple manner. Specifical]y;'the assumption that quarks
respond to the electromagnetic interaction as point]ike fermions dif- |
.fering only from muons in charge and masé leads to the following result
at high energies. Let R be the ratio of the tota1 cross section for
hadron production to the total cross section for muon pair production.
.Then R is equal to the st of the squares of the electric charges of a11}

quark species able to contribute. "As the electron-positron .energy increases,

o
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‘new thresholds may be exceeded allowing new species of quarks to contri-

bute, leading to a noticeable change in R. The measurement of R alone
thus prdVides an uncommon]y.uséfu] insight into the fundamental consti-
tuents of matter.4 The éarefu] méasurement of R at PEP énergies.w111 be
of high priority;'bUt wi&l also place severe demands'on the capability |
of the detector to feact to and measure hadrohic‘fina]vstates of great
dfversity.- Extrapolating SPEAR data to PEP enérgies, R is exbected to
fall between S-and 10. The number‘of hadronic events per hour may there?
fbre be in thé range of 150 to 300.

The extrapo]afion of the lower energy data a]so.suggestS‘thaf on
the average about 15 particles per -event will be produced, about half
of these will be neutral, and that the "jet"‘characteristic‘wi]] be
a pronouhced feature Ofnthe events. The axes of'the jets are expected

to be distributed near1y isotropically in space. The identification 

of particle species within the jets is qf singu]ar importance in

order to untangle the primary production processes from the decays of -
very -short-lived states leading to the .observed 1ong—1ived partic]es. _v

The tasks of detection and detailed measurement of these hadronic

. jet events pose the most_sefious challenge forAthéfdesign of experiments

~at PEP.. The ideal detector system would be able to observe.events over

nearly 4w steradians with very high éfficiency, be able to measure

‘accurately the momentum of at least a dozen charged particles clustered

closely in space, identify the species of each of the particles that make

up the jets, measure accurate]y the energies and directions‘of all photons

emitted, and be insensitive to uninteresting backgrounds which mdy be

many orders of magnitude more copious.
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Problems of the Conventional Approach'v

In the attempt tovfind a conventional solution to the experimental
problems indicated above, several factors combine to prevent an attractive
- solution: |

1.. A cohvéntiona] solenoid magnetiCYSpectrometer with a field of
about 0.5 Tesla would need aetracking 1ength'of abodt 1.5 meters for
good momentum keéo]utioﬁ; A system of spark or drift chambers would :
serve to measure tracks but provides no partic]evidentificatioﬁ.

2. If compiete charged particle identification is sought over the‘

- momentum span of lnterest at PEP by Cerenkov and/or time-of-flight methods,
then a physically enormous. detector is 1nev1tab1e This is because
several layers of,Cerenkov-detectors and very long flight paths would
be required. 'The addftioﬁa] radius needed:for these purposes would be
aboﬁt 3 meters | As the part1c1es must pass through the magnet coil,
interactions there compromise the quality of partwc]e 1dent1f1cat1on by
detectors beyond it, _
3. In order to be eff1c1ent the photon detectlon system must re]y :
on total absorpt1on through shower deve]opment in a high Z material
11ke lead. Due to the strong scatter1ng and attenuat1on of charged-
partjcles passing through the lead, the photen detection system must
neceésari]y 1ie beyond the charged.partic]e‘ideﬁtification system. Thus
the photon detection system would be required-to cover-huge surface areas
with'manyﬂmu1ti-ton mu]ti—leyer shower sampling devices.

4. The iﬁportant-task-of»distinquishihg muons from pions and'other
.hadronsvmuet be carr{ed ouf beyond even the photon detection eystem és muons
are best identified by their unique'penetratfng.power. In practice their
detection is usually carried Qut by absorbing all other chargedfpartic]es in

about one meter of steel,and labeling any emergent trajectory as a muen.

&
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Thus the outer layer of thisvdeteetor}approech would be a shell ef stee}

about 10 meters in diameter, covered with track sensitive detectors.

Tofa] weight of the detector would be about 3000 tons, dominated by
- the muon detector.

5. To dea] with the expected jet structure of the event, the
_ track1ng, charced particle identification, nhoton, and muon systeﬁs wou]d ‘be
required to have a h1gh degree of solid angle segmentation so that
track pije-up and resultant embiguities might’be minimized.'.Monte Carlo
studies indicate that several hundred 1ndividﬁa1 Cerenkovrcelle wouid,be
needed. Furthefmore, Tow mementum fracks whieh-are eonfined‘within the
tracking system by the solenoid magnetic field cause,serious preblems
in pattern recognition; | |
This fictitious Jétettor scheme is too ponderous and‘ekpensive to survive

the competitive rigors of the approval process; but it does serve to i]]ustrate'n

why'an‘ambitious new approach may be welcomed if it carries the promise of

the needed performance at an acceptable coet.e ‘

Time Projection Chamber: Conception and Evolution

The above discussion suggests that a'substantia] advance would be
realized if the particle identification function could be eombined within
the same detector volume as the tracking and momentum measurement functions. ‘As
the latter inevitably depend on the processes by which charged particles
lose energy in matter, it is of eonsiderabTe interest‘fo examine this
phenomenon_to see whether useful information for particie identification may
be obtained. Specifically,we wish to examine the energy loss fn a very thin sample
of gas, e.g. one cm at STP, as this corresponds to a typical sensitive |

region of a drift or proportional wire chamber.



The most probable energy loss in ah‘argon-methane mixture is shown
as a functioh.of momenthm for a variety of interesting particies in
"Figure 2. _The'fami]y of curves actually repreeent a single expressfon

: whieh depends Onlyvon the sahp]e thickness and composition on the
particle charge and velbcityds' Except for the troublesome points where

the curves cross, measurement of the ionization density does appear to

e e e

- offer a potentially useful means of distinquishing between particies with
‘the same momentum but different velocity. It is clear from Figure 2 that
highrresolutibh measurements of momentum and iohization density are needed . t
-fo minimize the regions of ambiguity found at the crossing points of the |
curves. | | |

The express1on represented in F1gure 2 1s a modern version of the -
Bethe-Bloch Formu]a and for our;purposes may be divided into three regions

~of interest: 1) the nonre]at1v1st1c reg1me, By < 2, where the dom1nant

dependence of the expression is as the inverse square of 8. The sensiti-
_vity here is obviously strong, and makes pértit]e_identificatidn reletfvely o o
~easy. 2) a relativistic regime, 2 < By s 100 where the ionization density |
1nstead,bf falling passes through'a'min)mum and then 1ncreases logarith-
mically with By as a consequence of the relativistic compression of the
e]ectric field of the particle. Particles of considerab]e inferest such

as kaons and protons are expected to be produced frequentlv at PEP in this

By range, argu1ng for measurements of the ijonization dens1ty w1th at 1east 3% rms
resolution. 3) An u]tra-re]at1v1st1c regime, 100 << By, character1zed by

a gradual levelling due to increased effects of polarization of the medium

by the relativistically COmpressed e]eetric field. At PEP only electrons

are expected to be found in this regime. The By value for the onset of
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_ 1eve1fng out to the "Fermi P]afeau"}depghds on the density as Well as
the polarizability of the medium, so that only gases show an ap- |
preciable rise from the minimum around Ry =‘3.3.

How we]] can one measure thevmost}probab]e energy loss, .or better,
what is the optimum way to extract information about ve]bcity from the
observed energy loss? The d1str1but1on of energy losses for particles
passing through 6 mg/cm2 of argon—methane is shown in F1gure 3, as ‘measured-
by a prototype time-projection chamber. The character1st1c asymmetry,
skewed towards high energy'losses, fs‘a feature we]]-known to experimenta]A
high energy physicists, even those used to working with much thicker ab-
sorbers such as plastic scintillator. This "Landaﬁ tail" is a result of
the very Broad ]/E2 spectrum.of knock—on.e]ectrons produced by occasioha] v
close encounters with the atomic é]ectronSQ' The nature of this spectrum
preciudes the app]icabi]ity bf the cehtré]—]imit theorem- so that the re-
solution obta1nab1e w1th a thick absorber is not much better than that ob-
tainable with a very much thinner one. Converse]y, the resolution ob-
tainable with many thin absorbers cén be much better than that obtained
from é single absorber of equal total thickness, providing that the oc-
;ésiOna] large energy Tloss fluctuations dre-elimjnated from the data;

For example, suppose a particle passes through 200 individual proportional
chambers and the'resu]tant.pu]se“height enﬁemble is-ordered according to
amplitude. The average of, say the lowest 100 pulse heighté is taken, and the
values comparéd after further repititions are madevwith identica] particles.
The réso]ution obtainedvby this truncatéd mean method is significantly better,

perhaps by a factor of three, than if the average of the entire ensemble of

samples is taken. Furthermore, the resolution is relatively insensifin to the
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. fraction of sampleé retained over the renge 30% to 70%. ThehpreSCription.
for the detector designdis clear: proyide.enough gas and sample the ioni-
| zation_enough times so that'at least 3% rms resolution is obtained.

The detailed Study of this questiOn.shows that a track length of about
4 to 8 meters through a typ1ca] gas at STP is needed and that there shou]d

be at least 100 samp]es taken. This wou]d at f1rst appear to cast a |

‘rather dark c]oud over the who]e approach, but unlike the Cerenkov or
| timeeonf]ight technique, gas is easi]y compressed. Beyond the direct
nechanica1vphob1em of'containment,vthOugh, compreSsingithe gas by a
factor of 10 to achieve a more reasonable detector size also has the -
undesirable consequence that the ionization density reaches its asymptotic
‘value at a loWer,Value of By,,thereby reducing the tqta1,rise from that
shonn in}ngureVZ .j Neverthe]ess; the fechnique appears suf- ,
ficiently encouraging that we now cnnsider the question of what sort of
- detector geonethy'shonld be employed to obtain the sanpling needed.-
This question honever, must be considered in pafaj]é] with the problem:
described earlier, of how to bbtain Spatia] informafion of sufficiently
high quality to reconstruct all the tra3ector1es, even within Jets

A number of variations of the conventional approach were cons1dered
and found unattractive. These would usua]]y involve a huge number. of -
drift proportional wires para]]e] to the magnet1c field in order to
measure the part1c1e s curvature accurately and to obtain the necessary number of
samples for 1on1zat1on information. No convenxent method was found to

bbtain good spatial information for the longitudinal coordinate, -i.e.
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- where the track‘croSsed along the wire. Furthérmore, sinée the dkift |
electrical ffe]d was pekpendicu]ar to.the maghetic fie]d, E x B forces
substantially alter thé'eiectroh drift velocity and drift directfon
through the Qas, complicating the re]atiohship bétween»drift'time and
trajectory position.

"Well, whaf'wou]d happen if the drift electric fie]d direction is
rotated to become pafa]]e] to the magnetic field?" This simple question
- posed by bne of us (DRN) when the end of the ConQentiona] fgad seemed
unescapable, immediately led to-a number of new_possibilitfes cu]minating
in the formulation of the time-projectfon'chamber concept.8 |

If the magnetic and electric drift fields are exactly parallel, then
the absence of E x § forces invites.the considerationvof very long drift
distances for the 10niiation.é]ectron$, such as a meter 6r moré.. A prac-
tica]-]imit,_however; will be set by.the total amount of voltage needed to.
generate the drift field oVer Tong diStanceS. An exahination-of Tikely gas .
mixtures showed that argon-methane disp]éy exceptionally:high-electron mobilifies,
1eadihg to the Towest total voltage requfrement for a giVen drift velocity.

Electron capture by electronegative molecules over a long drift interval

- 1is another possible limitation, but oxygen and water, the most common

problem are easily removed from argon and methane by commercial purifiers.

An ultimate upper limit to the drift distance will be set by the
: degradation of track information due to diffusion of the ijonization electrons
as they drift through the gas. The diffusion grows only as the square root of
the drift length, ‘and was soon recognized to be reduced sﬁbstantia]]y |
by fhe presence of a maghetic fie]d.9 The spatial.distrisutibn of an ideal

point swarm of electrons after a time T is described by a Gaussian form
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of width‘o = /?5?, where o is:the.rmsvnorma1 distance to a plane containing
the of{gin of the swarm. In thevpresence of an é]ectric drift field this:
expression may be rewritten app?oximately és o] %17§EE7W'where'L is the
drift length and W is the aggregate electron drift ve1ocity. The diffusion
cbeffitient D is giVen'by-DE? V2/3 - where V is the e]ectroh speed (related
directly to. the'témperature‘of the e]ettrons) and & 1s-the electron mean
free path in the gas under cons1derat10n ~In the presence of a parallel
magnet1c field, D is modified by a factor ( + szz) ]. Here w is the
electron cyclotron frequency eB/mc and T is the electron méan time»between_ '
collisions. The diffusion para]]e1 to the field is unaffécted by the pre-‘
sence of a magnet1c field, but the spat1a1 resolution requirements in
this direction are quite modest |
An experimental sfudy]o_was made of several mixtures of argon-methane

to measure quantitétive]y the diffusion transverse to the.dfift field
direction with:and without the preseﬁce of a para]]éT magnetic»fie]d.
The results, takeh near atmospheric pressure, are shown in Figure 4.
The surpfising]y large Suppression'of transverse'diffusibn at atmospheric
pressure;‘corresponding tovlargé values of the dimension]esé parameter
wt, is a providential consequence of fhe Ramsauer-Townsend effect in argon._'
- This pgre1y quantum-ﬁechanica] phenohenon_]eads to a very deep minimum in
‘the electron-argon cross-section at energies of abéut'1/3 eV. In effect,
the argon and to a 1ess~ektent the methane, after contributing ionization,
conveniently "disappear" during.the drift of the ionizati@n_e]ectrons, a]]dwing
qu1te a small drift fields to be employed.

The data of Figure 4 can be scaled to various va]ues of the magnetic

field, pressure, and dr1ft_]ength using the relationships given above.
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For example, the rms transverse diffusion for 1.5 Tesla, 10 atmosoheres, and
 one meter is typ1ca]1y s]1ght1y more than one mm for pract1ca1 values of
the drift f1e]d. To be competitive with drift chambers a transverse
spatia] reso]ution of 0.2 mm is neededg fOrcing a closer look at the
1nformat1on content of the track

At 10 atmospheres, about 400 1on1zat1on e]ectrons are liberated per cm
of track length in argon-methane. ‘Each electron carries 1nformat1on,_and
if a readout techniqUe:is.found which weights each eTectron equally, then
a substantial improvement_is possib]e; ‘The improvement factor in this example;
if each electron were weighted equally and the e]éctron origin were an ideal
point- source, wou]dvbe (400)—;5 due to the Gaussian nature of diffusion. |
In practice'the propertiona]vamplfficatton around a wire fluctuates due to
statistical effects and the electron seurce is a highly variable particle
trajectory. Nevertheless, a detai]ed study shows that a spatial resolution
better than 200 microns should be possible if a technique is used that is
sensitive to all of the ionization electrons.

The practical solution here was a]ready at hand.” Dr. G. Cnarpak and
h1s colleagues at CERN had demonstrated that the positive signals
1ndnced on all electrodes near a proportional avalanche preserve most of
the information otjthe track. These signals, due to the motion of the-
positive ions generated by the ava1anehe process near a proportional wire,
can be sensed_eaSi]y by low-noise amp]ifiers connected to a segmented cathode.
.The_center—of-gravity of the induced signals prorides_a very high resolution
estimate of where a track element fa]]s along a proportional wire (see

article by Charpak, this issue).
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: Thé cdhcept 6f-the fimewProjectionbthambér in'the PEP enyironment
was now nearly complete;‘ A cy]fndrica] volume of pressurized argon-
”methane would surround thé beam-béam'crossing point. A central tonducting
membrane would be connected to a Targe.negative>voltage; as much as 150
‘ki]ovolts, electrostatically dividing the cylindef.into 2 symmetric halves.
Accurafe]y‘constfﬁctéd'vo1tage'dividing tages'around‘the beam pipe and
~ outer-wall would complete the driff field generating structure. Since
homentum're501Ution and the TPC both benefit from stroﬁg magnetic fields,

a superconducting solenoid would be emp1oyed tovsuperimposé a field of

" 1.5T parallel to the drift electric field (see Figure 5).

The iOnization electrons generated by the passage of charged particles
through-the.gas would be transiated by the drift fje]ds toward each end
6f fhefcy]inder where é sing]e.1ayerrof broportiona] wiré readout p]anes’
would amp]ify and detect the‘aﬁriving-elettrons; The primary tasks of the
two readout plahesvére to'samp1e the_iohization density of all track images
and to provide high quality spatial information Such'that the trajectories
associated with the jonization can be efficiently and accurately reconstructed.

It was immediately clear that 1f’thévcathode surfaces of the readout
planes were sufficiently we]]ésegmented, then the Spatia] data would
possess a unique three-dimensional quality, of enormous benefit to pattérn
recognftion and reconstruction of complex events. In other words, it seemed
 possib1e to construct the cathode so that a pair of othogonal coordinates
_could be obfained for a track-segment in a very localized way;.thé third
orthogona]-éoordinate would be obtained by measuring the drift time of the
track segmeﬁt re]ati?e to the beam croséing time. 'Figure 6 shows avéimpli-

fied view of a TPC readoﬁt.p1ane with just two wires depicted for clarity:
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Track segmeﬁfs drfft onto and are amplified by avalanches near the’pro—
portional sense wires; the éathode just behind the sense wire is locally
segmented into a strip of "pads" of 0;8 cm x 0.8 cm size. |
The 2 or 3 pads nearest the avalanche experience inducédvsigna1s which
vary rapidly in amplitude with distance from the site of the avalanche.
As é]] incident-electrdns contribute to these induced signé]s, the center .
of gravity of the pad's response accurate1y provides the avalanche coordinate
a]ong'the wire, and in a way that is unaffected bv the presence of other
simultaneous évajanChes due to tracks a few cm‘away. The pads and wires
must be equipped electronically to provide high reso]utﬁoh’ana]ogue in-
formation as we]] as fhe drift times_aséociated with the ana]dgue signals.
A typicaT track image can be sensed by many proportioha] wires with local-
ly segmented céthodes. The resu]iént sét of three dimensional data.points_
define the trajectory withlhigh accuracy and little interference from |
nearby tracks. | |

For Comparison,'the usual practice of employing crossed wire planes
to measure projections ofja particle trajectory will, for N tracks, produce
N2 possible combinations of coordinate bairs. The correct pairings can
only be determined by‘use of additional planes at other ang1es,.butvthe
problem has proven to be unpleasantly difficult for high track multinlicities
in the presence of strong magnetic fields. In the TPC, spatial projectidns
are éssentia]]y absent,.and the dn]y projection is in time, along the 
drift direction.

An overall view of the actual TPC.readout planes are shownbin Figure 7.
Each surface is‘divided into six identical and e]ectkica1]y independent

~ wedge-shaped sectors. Each sector contains a set of 192 proportional
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wires parallel to eath-otheh'andtperpendicu]ar.to a redia]_1ine_through
the_center of thevwedge;: The sbace between the'wiresvis 4 mm. A1l 192
wires act to drovide samp]eé df the ionization density of tracks which
drift onto them. Independent of the trejectory dip angle, any track
image (thail'ef'fohizatioh e]ectrons)withfn the sensitive volume eventually
dr1fts comp]ete]y onto th1s array. The cathode plane behind twelve of these w1res, :
in equa]]y spaced rad1a1 1ntervals is 1oca11y segmented - 1nto pad rows to
provide the track coord1nates along the direction of these-spec1a1 w1resf ) ; f
The éctda] cdnfigdration’of the readout plane includes a grid 4 mm
in front of the sense p]anevand an additiona]_array‘of 193 thicker
"field" Wires in the sense;p]ane and4spaced,ha1f-way between the sense wiresf The
~grid serves.to”sebarate the drift region fhom the amplification region |
permitting independent control of these functions, and to capture posjtive ions
generated by the.aVa1anche procese near‘the-sense wire. The field wires
serve to imprOve-the electrostatic stébilfty of the wires and to reduce the cross
‘talk of 1nduced s1gnals from ne1ghbor1ng sense wires on each other. The
“electrostatics of the actua] conf1gurat1on are dep1cted in Figure 8.
Because the amp11f1cat1on region has a much stronger electric field than
the drift region;'an extreme1y small fraction of the incident electrons °
Wind up- on the ghid, as shown by the dashed lines in this figure. ‘ : é
The positive ions generated by the avalanche process, a]thoughb
crucial for the detection of’signa1s'in the readout plane, turh out to
introduce a particularly hasty space eharge effect as they enter and,pass.
'back through the drift region, migrating s]ohly to the.cehtra1 high voltage
.membrane. Although the bouhdary surfaces of the TPC are we]]-definediin

potential, the positive ion space charge can modify the electric field
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substantially within'the drift volume. Any radial electric field compo-
nenf directly, and indirect]y'though the-E X E force, distorts the track
images as they drift. At’PEP; the dominant source of jonization electrons
in the TPC are due to machine~inducéd béckgrounds such as synchrotron'.
radiation. Calculations Shqw that a narrow margin of safety should exist.
~if the proportional wire gain is kept as low as possible. The positive
ion space charge problem at present is an important limitation on the ap-
plicability of tﬁe TPC technique to other areés_of potential use.
The.e]ecthnic complement needed to process the wire and pad signals
Begins with a low-noise charge¥sensitive preamplifier 1ocatéd within a
féw‘cm of ‘the signal source. Next, a remote amplifier sHapes the signal
to optimize reso]ving}time and pulse height resolution. - The shaped
response signal for eaéh Qire or pad is then introduced into an analoque stbfaae
device,whith_5s_capab1e‘of sforing both pulse height andbtime-infOrmation. The
storage deviceé are really ana1ogue shift registers, a recent deve]opment
in semiconductor technology known asvcharge~coup1ed devices (CCD's). The
'CCD'svsamp1e‘the input waveform at a rate deterhined by an external clock.
The reéu]tantlleve]s are shifted along until the entire hfstory of an
event is comp1ete]y stdred, a time interval corresponding to the maximum
| drift time. _As a typical electron drift ve]ocity is six.fo seven cm/
microsecond, this interval for a one meter drift length is abodt 16
microseconds. Commercially available CCD's operate in the‘range of 15 MHz
S0 fhat apprbximatelvaAO samples may be taken, correspondihg to a sampling
interval in the drift direction of 4 mm. In the absence of an event -
trigger, the CCD clock runs contindous]y, spilling the uninteresting

information appearing at the CCD output. The appearance of an event
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trxgger causes the CCD clock to slow down after the assimilation per1od is
f1n1shed to a rate comfortab]e for’ convent1ona] ana]ogue -to-digital
circuitry. The slow clock rate may be as ]ow as 20-50 KHz, corresponding
.to a time expansionvfector of sevefa} hundred; The CCD'svessentia]]y
permit fhe TPC to be-subdivided_e1ectronica1]y into several million
're]atively ihdependent sensitive vo1umes, an impossibilfty by physica]

means

- TPC DEVELOPMENT PROGRAM

| Many of the operat1ng:princip1es of the TPC are beihg'tested with a
prototype which isAnow operating at the Lawrence Berkeley Laboratory
Bevalac in a chakged partic]e beam line equipped with time-of-flight and
Cerenkov detectors. To f]t the geometry of ]oca]]y available dipole
magnets, ‘the sens1t1ve area of the prototype 1s rectangular instead of.
wedge shaped, and the maximum drift distance is just 10 cm (see'F1gure 9)
In most other respects it resembles.c]osely the TPC_designed for PEP.
The readout p]ane,ismconstructed vith e]ectrostatiee és shown in Figure 8
with 192 active sense wires,'eight‘of whichiare.operating with segmented
.ecathodevfor spatial and momentum meesurements. ' »

Results obtained thus far are quite encouraging. -The truncated mean

energy.]oss formpions at 1.8-GeV/c has been measured' displeying an rms
resolution of 2.7% obtained by keeping the lowest 70% of the wire s1gnals'
in the average . At this momentum protons and pions have nearly
the seme most probable energy loss (see Figure-Z) but due to the difference
in velocity a sTight]y different shape in fhe»qbserved enefgy Toss
épectrum exists. By using a more sophisticated statistical algorithm

based on likelihood concepts, the data allow us to choose the correct
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1dent1ty 75% of the time.

The spatial reso]ut1on has been stud1ed in the prototype by fitting
tracks to a curve. Using an approximate form of the pad response
function, the residuals to the fit have been found to be distributed with
an rms value of 140 microns. A'better’understanding.df the pad response
and improved calibration may 1OWGf this‘valueyto hear,IOO microns, The -
- work done thus far with the pfbtbtype andyre]ated.e]ectronics, including
data taken with CCD's in the signa] processing chain,‘convince us that the
TPC will oerfor'm at’ PEP as-expected. ' |

PEP FACILITY

'The TPC is the core of a complex configuration 6f detectors peing
developed for PEP by a collaboration of about 50 physicists and an equal
number of eng1neers and techn1c1ans from the Lawrence Berkeley Laboratory;
‘University of Ca11forn1a at Los Ange]es, Unlver31ty of Ca11forn1a at
Riverside, The Johns Hopk1ns Un1ver51ty and Yale Un1ver51ty The faci]ityi
is expected to begin data ‘taking operation in mid-1980. The-totaT
cost of all. systems is not expected to exceed 14 million do]]ars  Figure
10 schematica]]y depicts the facility, which cqnsists of five major
.sub—systemss

1. The time‘projection chamber, which surrounds the PEP beam pipe
for a length of #1 metep and extends radia]]y to‘one meter. The TPC
provides pattern recogn1t1on momentum measurement, and part1c1e 1dent1f1- |
cation .over more than 80% of 4w steradians. The re]at1ve1y_modest.s1ze
- of the TPC reduces the size and cost of other eomponents at larger radii.
2. .The superconducting_so]enoid.magnet system, which provides an

. exceptionally uniform field of 1.5 Tes]afwithinvthe sensitive volume of
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fhe_TPC. Ca]cu]ated-noh-unifohmities introduce an rms thansyerse
disfortion of the track of less than 90 microns.The coil itself is
approximate]y’Z.Z meters in diameter and 3;8 meters in length and has
been desighed.to present a minimum .of material to photons passfng through
itv(leSS'than 0. 3 radiation 1ength for the.coi1'itse1f) |
'3.' Cy]wndr1ca] drift chambers are located at the inner and outer_
_ rad1us of the TPC - These. chambers will be used as a part of the trigger
generation and as a supp]ement to the TPC for the highest momentum
tracks. | | | |
4. 'E1ectromagnetic shower detectors for the measurement of photon
-energiesiand directions:wi1l be constructed with thin lead pletes
as the shower deve]opment;medidm.',Argon-methane,gas between the plates-
samples the 1onization; which is then amplified by proporticnal wires.,
The magnet poletips. and the entire cy]ihdrica] outer surface of the magnet
cei] system wf]] be equipped With shoWer detectors. "The cylindrical | |
'_shower'deteetors will be construcfed.as six planar modules to form a“
hexagonal shaped array. The spatial resolution of these devices.is expected.‘
to be * 2mm. The energy resolution is ant1c1pated to be approx1mate1y : |
15% rms for photons of 1 GeV

5. The remaining subsystem is a muon identifier, wh1ch emp]oys the

~ traditional method of absorbing all other charged particles in a thick

absorber. The muon identifier for the TPC facility is-a set of steel pTates_with'
3 1ayers of proportional-wire chambers embedded within and on the outside
surface. The proportiona1 chambers are made from aluminum exfrhsions with
a triangular eross section to provide both strength ahd good detection ef-

‘ficiency. Muons above 1 GeV/c are detected with good efficiency by-this
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system; interestiﬁg]y, aithqugh ionization measurements will not be
adequate to Separate_pions and muons in.the.re1ativistic'rahge, nonrela- '
tivistic mions should be easily identified by the TPC.

In add1t1on to the systems descr1bed above, a separate collaboration
of phys1c1sts from the Un1vers1ty of California campuses of San D1ego,

Santa Barbara, and Davis share the same 1nteract1on'reg1on w1th the TPC
faci]ity, and are constructing two sma]]-ang1e,sﬁectkometers,-a]so shown

in Figure ]0; 'Thefr apparatus is aimed at the study of non-annihilation
e]ectrdn-positron cb]]isions, which afe expected to disp]ay Tow transverse
momentum characteristics. By working together, sharing data for.evenfs with

" particles that traverse both féci]ities, the sensitive solid angle for particle
detection and measufement is very c]ose_tO'IOO% of 4n steradians.

CONCLUSION | ,

In this éftic]e-we have discussed not only the principles of the TPC,
but have also éttempted to presént some aspects of how the concept evolved.
In fact, the evolution of the TPC ideas followed a somewhat more tortuous
path than could be présénted in this article, and-has.also benefited from
suggestions and contributidns made by many people.

New developments may lead to additional app]ications.of the TPC such
as the study of heavy-ion cd]]isions or'ih proton-antiproton colliding
beam experiménts. Due to the very high background levels of ionizihg -
particles expected for the proton-antiproton situation, the TPC would be
feasible only ff the tethnique could be made Tess Qu]nerab]e to the dis-
tortions of the driftaeléctric field caused by positive ion feedback.

An. improvement here of sévefa] orders of magnitude seems possibTe if the

grid could be transformed into.an electron gate, a11dwingvionizatfqn :
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electrons to enter only when an intgrestfﬁgAevent has occurred. Since
the positive ions move slowly, even the positivevions‘generated by the‘
interesting event would be p?evented from returning to the drift hegipn
byic]osing thé gafe Soon.affer'the'e1ecfrons have éntered the amplificatioh
region.. If this could be'achfeVed,‘the net positive ion feedback would be
 reduced to éssentia]]y zero. | | | " o
To convert the grid into a géte may be accomplished in perhaps seQera]
ways,.but one partfcular approach 1s'beginning to be studied at LBL. ‘This :
approach would modify the grid in two ways: 1) decfease the grid_wiré-to-
wire spacing from 2 mm (seé Fig: 8), to 1-i/3 mm, so that the cell electro-
statics is as given in Figure 1la; 2) arrange alternate wires to be Set'af
| }equa] but opposité v61tages; If the magnftude of the voltage is sufficiently
high, field ]ihés‘Wi]i éfoés from each'wirevtd its neighbors, effeétively .
closing the gate (Fig. 11b). When an interesting event has been'detectéd
by the trigger ciréuitry, the vo]fage differences muSt'be rapidly and sym-
metrically brought to zero, to allow the drifting'ionization electrons from
the tracks of interest fb»enter. Eveh a tiny lack of symmetry or balance
as the voltages are brought to zero will- induce relatively huge sfgna]s in
the sensitive'wire énd pad electronic circuitry, as several hundred'Volts
are needed to close the gate. Neverthe1ess,vthe possible advantages seem.
attractive ehough to puréué this approach. |
Other benéficia1 develdpmenté may arise in the area of high speed
»ana1ogue énd digital signal processing electronics. Hére,.in particular,
it may be fisky to specu]éte on the futuré, but as.the reader may have

concluded by now, we are not afraid to make projections in time.
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FIGURE CAPTIONS.

‘Diagram of physical processes of interest at PEP.

The one photon intermediate state in e]ectron-posftron
annihiiatibn leading to either a multiparticle final state or to

a final state'cohtaining a pair of point particles (1eptons,

. for.example).

The weak neutral boson intermediate'state resulting from electron-
positron annihilation by the "Neutra]-Current“ Weak interaction.
The production of -hadron jets in electron-positron annihilation

through the production. of a quark-antiquark intermedjaté state.

Most probable energy loss for various species of partic]es in 1 cm of

80% Argon + 20% Methane at STP. Note the suppressed zero. The enefgy

loss at the minimum cofresponds to 6KeV.

Probability distribution ofgthe energy loss of 800 MeV/c‘pions in

4 mm of 80% Argon + 20% Methane at 10 atmospheres. The "Landau tail"

of this distribution extends to the 32.7 MeV/t, the kinematic 1imit

for producing knock-on eTectrons. ‘The distribution was obtained

with a TPC prototype.'

a)

Measurements of fransverse diffusion of e]ectrdné in vériods argon
gas mixtures as:a function of E/P (Vths/cm/Torr) with 2ero magnetic
field, Drfft’distance is 15 cm, pressufe is GOO.Torr.'
Combarisoﬁ'set of transverse diffusion heasuréments,-with 2d.4kG>

magnetic field.

Values of t, the mean collision time of electrons in gas in

~picoseconds, and the dimensionless parameter, wrt, as extracted

from the data of fiéures'4a. and 4b.
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Fig. 5 Schematic of the Time-Projection Chamber. Magnetic and drift electric
fie]dé are parallel to the cylinder axis. Detai1s of end caps with
192 ionization wires per sector and 12 spatial wires'(With segmented

cathodes) per sector are depicted in Fig. 7.

Fig. 6 Simple isometrinrepresentation of TPC feadput p]ahe depicting 8_mm
X 8 hm‘cathode segmenfs undér proportional Sehse wires. The center
of gfavity of the.sfgnals indﬁced on the cathode.segméhts is used
to determine the positions .of the proportfona] avalanche along the
wire. Electrongdrift {n the direétion obposite that oflthe electric

field.

Fig. 7 Geometry of TPC_endcap-wife.array. 192 wires for ionization sampling
(called dE/dx wires) are shown for each of siwiedges. Twelve of
these wires have their cathode§ 1ocal]y;segmented‘jnto'8 mm X 8 mm
pads for positiona]‘féadoui of the coordinaté d]ong the Wire direc-

tion.

Fig. 8 Electric-field configuration in the regfon of the Time Projection
Chambef endcap wedges. Sense wire voltage = 3750 V.; field wire

vo]tage = 400 V; 9rid and cathode groundéd. The dashed lines depict the
paths taken by electrons. : :

- Fig. 9  Schematic view of Time Projection Chamber prototype.' Uﬁftve]ectric
field and magnetic field are normal to the plane of the drawing.
Shown are 192 wires to sample ionization, eight of which have locally

segmented cathodes for spacial readout.

- Fig. 10 Schematic view of the PEP faciltity (PEP-4) incorporating the Time
Projection Chamber. The beam-beam intersection point is at the cen-

ter of the drawing. Shown are the Time Projeétion Chamber (TPC),
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the drift chambers s magnet co11, ca]or1meters (po]e t1p and cy11n-

drical),iron hadron absorbers ( muon iron), and muon chambers. The
~Tine Projection Chamber magnet cdi] and drift chambers are cylindrical
when vieWed_end’on; the cylindrica1 ¢a1or1meter, magnet'yoke, nadron
absorber and'muonAchambers form a sufronding hexagonal eonfiguratidn;
A]so shown is the 2-'(PEP 9)- detectors,-a pair of spectrometers with
part1c1e 1dent1f1cat1on ]ocated at sma11 angles w1th respect to the

beams The 2-¥% detector is be1ng constructed by a co]]aborat1on from

= Un1ver51ty of Ca11forn1a at Dav1s, Un1vers1ty of ca]1forn1a at Santa

Barbara and_Unlvers1ty of Ca]1forn1a at San Diego to study the Jnterac-

" tions of pairs of virtual photons emitted from the beams at PEP.
11 '

(a) Modified grid configuration_with'1 mm wire-to-wire spacing rather
than 2 mm as shown in Figufe 8. With no voltage difference electrons
enter the amp]1f1cat1on region with close to 100% eff1c1ency

(b) Same as a) except an a1ternat1ng voltage of. 250 volts: has been
imposed on the grid w1res The_gate:]s c]osed_for both electrons and

pos1t1ve 1ons
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MEASURED ENERGY LOSS SPECTRUM OF 800 MeV/c PIONS IN
4mm OF 80 % Ar+ 20 % CH, (10 ATMOSPHERES)
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Figure 5
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