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TIME PROJECTION CHAMBER 

EXCERPTS FROM RESEARCH/ACCELERATORS 

1. The Time Projection Chamber, in Vol. 1(5),September
October 1976, LBL-4874, pages 30-34. 

2. LSD at LBL, in Vol. 1 (6), November-December 1976, 
LBL-4875, pages 18-23. 

3. TPC Update, in Vol. 2(1), January-February 1977. 
LBL-6153, pages 11-13 and cover. 
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THE TIME PROJECTION CHAMBER 

The time projection chamber 
(TPC)l is an exciting new concept 
for charged-partic l e detection and 
track reconstruction over large solid 
angles for high mUltiplicity events 
(Fig. 11). The TPC can provide high 
spatial resolution (50 to 200 microns) 
in a large volume, nearly 100% pattern 
recognition and reconstruction effic
iency over 95% of 4TI, good time 
resolution, fast recovery time, 
digital data output, compatibility 
with high magnetic fields, as well as 
particle identification in a compact 
package . 

Such a detector is well-suited to 
be the central element of a larger 
general purpose detector for high-

energy e+-e- machines like PEP. At 
PEP, jet structure is expected to 
dominate inte ractions in which hadrons 
are produced. Jets are directional 
clusters of high-energy particles 
observed in recent coll iding-beam 
experiments. The high resolution, 
good efficiency for high-mult i plicity 
track reconstruction, and p article 
identification abilities make the TPC 
a good choice for PEP. 

At Berkeley, the TPC could be a 
useful detector in nuclear science 
experiments, especially for heavy-ion 
research. It is nondestructive, has 
good momentum and spatial resolution , 
and could be used to resolve nuclear 
jets. It could be used to study 

Fig. 11. Dave Fancher makes an adjustment on the pressure vessel of the 
prototype time pro jection chamber. (CBB 760-10482) 



the fragmentation or diffractive 
dissociation of nuclei, particularly 
correlation between like fragments. 

The basic concept of the TPC is 
that of a large drift chamber with 
proportional amplification placed in 
a strong magnetic field - the magnetic 
field being parallel to the drift 
electric field. The chamber is filled 
with an argon-methane gas mixture 
pressurized to ten times atmospheric 
pressure. Charged particles traverse 
the chamber and create ionization 
electrons along their trajectories. 
These ionization electrons drift in 
the direction of the electric field 
towards the sense wires (the Z wires 
in Fig. 12). The parallel magnetic 
field suppresses transverse diffusion 
of the electrons, helps contain delta 
rays, and provides the bend in the 
particle trajectories for momentum 
measurement. The signals picked up 
by the sense wires induce signals on 
pads located in the ground plane 
beneath the wires (see Fig. 12). 

These induced signals are used to 

y 
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compute the X coordinate of the 
particle crossing~ An algorithm can 
be used to find the centroid of the 
signals induced on several adjacent 
pads. This technique gives an X 
resolution much better than the size 
of the pad. The drift time of the 
electrons from the particle trajectory 
to the sense wires is also determined 
(see Fig. 12) by measuring the time 
delay between a trigger pulse and the 
signal on the wire (time t in Fig. 
12). The time delay is proportional 
to the distance Y between the cross
ing particle and the wire. The 
proportionality constant is computed 
from the known mean drift velocity of 
the ionization electrons. Thus, all 
spatial coordinates of a charged 
particle trajectory are read out at 
many places along the trajectory. 

The momentum is calculated from 
the curvature of the tracks as mea
sured by the X pads and a knowledge 
of the strength of the magnetic field. 
The particle's mass (and hence its 
identity) is obtained from a measure
ment of the dE/dx (for Fig. 12, dE/dz) 

Electrons 

Fig. 12. The principle of operation of the Time Projection Chamber. 
(XBL 7611-9879) 
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energy loss along the particle 
trajectory. The amount of track 
ionization per sense wire is preserved 
through proportional amplification at 
the wires, and the analog signals of 
the Z wires can be digitized to give 
the ionization energy lost for each 
wire. By studying the distribution 
of the energy lost for a large number 
of samples (wires) one can separate 
particles by their mean energy 10ss.2 
Figure 13 shows the most probable 
energy loss for electrons (e), pions 
(n), kaons (K), and protons (p) as a 
function of particle momentum. Figure 
14 shows a Monte Carlo simulation of 
the mean energy loss for 2-GeV e, ~, 
K, and p, obtained by using 200 
samples of dE/dx information and an 
algorithm described in Ref. 2 to 
compute the mean energy loss. At 
higher energies the separation is 
better (see Fig. 13); at lower 
energies the separation is also 
better since dE/dx is proportional to 
1/S2, where S = vic, velocity of 
particle. At intermediate energies 
(about 1 GeV), where ambiguities 
exist (see Fig. 13), other techniques 
can be used to extract the particle 
identity. 2 

To test the feasibility of a 
detector like the TPC, we are construc-

3 

2 

Most Probable Energy Loss (Emp) for e,7r, K,p In lem 
of Argon at 10 Atm., O·C. 

P (GeV/cl 

Fig. 13. The most probable energy 
loss (~p) for electrons, pions, 
kaons, and protons in 1 cm of 
argon at 10 atm., OOC. 
(XBL 7611-9880) 

ting a prototype to be tested at the 
Bevatron at LBL. This prototype will 
have the geometry of Fig. 15 and will 

Truncated Mean Energy Loss 2.0 GeV/c Monte Corio 

K 

o 2.5 5.0 
<dE/dx)KeV 

7.5 10.0 

Fig. 14. A Monte Carlo simulation 
the truncated mean energy loss 
2 GeV electrons, pions, kaons, 
protons. (XBL 7611-9881) 
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Fig. 15. Test pressure vessel and 
prototype TPC. (XBL 7611-9883) 
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consist of 200 sense wires spaced 4 rom 
apart and 8 rows of 16 pads - the pads 
being 8 rom by 8 rom square, 0.5 rom 
apart, and the rows being 100 rom 
apart. The drift region is about 
100 rom and the entire detector is 
inside a pressure vessel containing 
an argon-methane mixture at 150 psia. 
The pressure vessel in turn is inside 
a large magnet ("Ulysses"). Figure 15 
shows the pressure vessel and proto
type TPC. The direction of the E 
and B fields is perpendicular to the 
plane of the paper. 

The prototype will allow us to 
study techniques of track reconstruc
tion and particle identification for 
various types of particles and differ
ent momenta. 

The TPC envisioned for PEP has a 
different geometry (Fig. 16). The 
drift region is cylindrical: two 
meters long and two meters in diameter. 
A membrane at a large negative poten
tial, across the center of the cylinder, 
separates the cylinder into two drift 
regions causing electrons to drift 
towards the two endcaps. The cylinder 
is surrounded by a solenoidal magnet 
producing a B field parallel (or 
anti-parallel) to the E field. The 
electrons drift to the endcaps where 
the sense wires measure R and the 
pads under wires determine~. Z, the 
distance .along the beam direction is 
measured by the drift time of the 

TIME PROJECTION CHA~ 

,ef,,'iJ 
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'-Beam Pipe '--200 Sense Wire. per Seclar 

Fig. 16. The Time Projection Chamber 
proposed for PEP. (XBL 7611-9882) 

electrons to the wires. Analog 
signals from the wires are used to 
extract dE/dx information for particle 
identification. 

A chamber of this design would be 
used as the heart of a TPC facility 
being proposed for PEP by a collabora
tion of several groups3 including an 
LBL group. Such a facility might look 
like Fig. 17. The TPC is surrounded 
by a thin cylindrical solenoidal 
superconducting magnet, a design 
pioneered at LBL. Outside of the 
magnet are cylindrical wire chambers 
to measure the particles' exit 
trajectories and then a cylindrical 
calorimeter, which is designed to 
measure the energy and location of 
electrons, positrons, and photons, 
and is useful for the detection of 
neutral pions that decay to two 
photons. The calorimeter could be 
made of alternate layers of liquid 
argon and lead sheets. Outside the 
calorimeter is the iron return yoke 
of the magnet. Outside of the magnet 
(not shown in Fig. 17) would be layers 
of iron and drift chambers for muon 
identification. 

In conclusion, the TPC shows 
promise of proving to be an ideal 
general purpose charged-particle 
detector in the current and future 
physics environment of such acceler-

Inner Poletip--+,,"X 

Outer Polelli.-_h~' 

Endcap Calorimeler=~>#~ 

>----------I 
I meter 

Fig. 17. The TPC Facility proposed 
for PEP, which includes ancillary 
counters and supporting equipment. 
(XBL 7611-9884) 



ators as PEP. Its features, which 
include compact size, high resolution, 
particle separation, close to 41T 
detection efficiency, good momentum 
resolution, and high efficiencies for 
reconstruction of large multiplicity 
events, make it ideal for studying 
jet structure and hadron physics at 
PEP. 

- D. Fancher 
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LSD AT LBL 

Yes, there is LSD at LBL. But 
don't expect to see any acid trippers 
from this type of LSD. It's actually 
a Large Scale Digitizer (LSD) Systeml 

that has been developed for acquiring 
data on particle charge and time of 
arrival gathered during high-energy 
physics experiments. Indeed, it is 
the LSD that has made it possible to 
implement the lead-glass wall detec
tor at the SPEAR colliding-beam ring 
at SLAC, and to handle the increas
ingly complex calculations on the 
particle fragmentation data that 
Heckman describes in another feature 
article in this report. 

To meet the investigators' 
demands for cost-effective instru
mentation of increased sophistication, 
the Instrumentation Group in the 
Physics, Computer Science and Mathe
matics Division continues to uphold 
LBL's reputation for being a leader 
in the field of instrumentation 
development. The idea for the LSD 
originated with Fred Kirsten and was 
executed by Lee Wagner, who now heads 
that Group. Wagner states that a 
functionally similar system might 
have been assembled from commercially 
available components, but at a cost 
so great that it would have been 
impractical. Instead, the Instru
mentation Group designed the clever 
compOnents described below, had them 

,fabricated commercially, and then 
brought the components back into LBL 
shops for check-out and installation. 
In this way they have achieved their 
objective by realizing a state-of
the-art, cost-effective instrument 
system that has practical application 
and gives good performance. It has' 
demonstrated its practicality: the 
cost of development has been amortiz
ed in the first year of its service. 

This is a system that can be used 
wherever many channels of charge or 
time parameters are to be converted 

and digitized. Constructed at a cost 
of $65 a channel, the system can have 
a maximum of 8192 channels, yet still 
be cost-effective when only a 64-
channel system is used. The lead 
glass wall was the first system 
installed -- a 320-channel analog-to
digital converter (ADC) system. 
Group A has a 128~channel time-to
digital converter (TDC) system for 
developme'ntal work on cylindrical 
drift chambers, while Heckman's 
system consists of 256 channels each 
of TDC and ADC. 

Let's take a closer look at what 
the LSD system is all about. The LSD 
was designed to significantly reduce 
the cost of instrumenting large
detector arrays which, for the 4TI 
geometry of colliding beam experi
ments, are proposed with an order
of-magnitude increase in channel 
count over previous detectors. To 
achieve the desired economy, a general 
system was designed in which a number 
of control signals for conversion, 
for digitization, and for readout are 
shared in common by all the channels 
in each 128-channel bin in a system 
(Table 1). This system can be used 
in most experiments wherever many 
channels of charge or time parameters 
are to be converted and digitized. 

Overa 11 Sys tern Oeser; pt; on 

The overall large-scale-digitizer 
system is illustrated in Figure 1. 
The design concept of economy through 
shared resources and controls empha
sizes the following: 

1. Packaging economy is achieved by 
having 128 channels per LSD bin 
that share common power, control 
card, and readout cabling. 

2. Charge and time converter cards 
contain eight converter-digitizer 
channels each. 
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Table 1. System characteristics of the Large Scale Digitizer. 

Charge Converter 

o 10·bit digitization 

o 14 pCoulomb/count 

o ±2 counts linearity fit to 
two straight lines 

o (j :S 07 channels 

o Pedestal temperature coefficient: 
:S 0.05 pCoulombs/oC 
@ 1 P. sec Q.gate 

o Hit pattern logic 

o Calibrate facility 

Exploits Economies of: 

o Large scale (quantity) 
- Development cost amortization 
• Production techniques 

• Eoch LSD bin i. provided with power 
fr~m itl own rack"~mounted power supply 

Time Converter 

o 12-bit digitization 

o 125 psec/count 

o ± 2 counts linearity 

o Hit pattern logic 
o Common start or common stop 

o Self abort 

o Converter multiplexing 

o Calibrate facility 

Shared Elements: 

Overall System 

o 50-200 p.sec digitization time 

o "Smart" readout via CAMAC 
- Fast discretionary 
- Read-All 

a Wire multiplexing (time only) 

a System abort 

a l-Synchronized, Q-Terminated 
CAMAC Block transfer 
capability (UlS) 

a Conversion Control Signals 

o Digitization Control Signals 

o Readout Control Signals 
o Calibration Source 

.0 Multiplexed Time Converters 

o "Femperature Stabilization 

o Serial Readout Bus 

o Power Distribution 

To Computer 

Fig. 1. Large-scale digitizer -- overall system. (XBL 7611-9895) 



3. Event trigger and calibration 
voltages/pulses are fed to the 
control cards, which distribute 
them to all 128 channels in each 
bin. 

A conversion-digitization-readout 
sequence is initiated for either an 
event or a calibration run upon the 
receipt of a signal at the control 
card of the LSD bin: A charge gate 
triggers bins loaded with charge 
converters. A pulse for common start 
or for common stop, whichever config
uration is in use, is required for \ 
bins loaded with time converters. 
The control card then generates the 
control signals required for conver
sion and for digitization, and drives 
all 128 converter-digitizer channels 
in the bin. Under this control, each 
channel converts, digitizes, and 
stores a digital representation of 
its input charge or time signal. 
At "digitization complete," the 
control card initiates a serial data 
transfer to the CAMAC readout module, 
which then requests computer service 
and facilitates the complete readout 
of all LSD channels. 

"Hit pattern" bits, indicating 
which channels have received over
threshold signals, are provided on 
card-edge connectors on the front of 
each converter-digitizer card. These 
bits are provided for performing 
external medium-speed logic opera
tions. 

Another system capability that 
offers significant potential,for 
economical utilization is the sharing 
of time converters by multiple wires. 

Fundamental to each eight-channel 
time converter card is the capability 
of arranging for converters (in groups! 
of two or four, by wire links) to 
automatically sequence the inputs 
from converter-to-converter upon each 
receipt of an input signal. Thus, 
multiple hits on a wire can be 
digitized in successive converter 
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channels. This configuration is 
functionally attractive, and is 
economical in that one does not have 
to provide fast external channel
switching logic to perform this task. 

But the real economy comes into 
play by incorporating a "Buncher" 
card, which allows the grouping 
(bunching) of up to 16 input lines 
into each half of a converter-digiti
zer card that has· been appropriately 
wire-linked. to sequence upon receipt 
of multiple hits (Fig. 2). The 
buncher contains four 16-bit hit
identifier registers, which accept 
sequencing control from the four 
converter-digitizer channels. Thus, 
where the kinematics of an experiment 
will allow, 16 wires on which no more 
than four hits are anticipated during 
the same event can be serviced by 
four time converter-digitizer channels. 
The result is that four inexpensive 
hit-identifier registers and four 
converter-digitizers can be used in 
place of 16 converter-digitizers. 
Although not diagrammed in Fig. 2, 
the hit identifier registers are read 
out with the converter-digitizer cards. 

In addition to the selectable 1, 
2, or 4 autosequencing of time
converters, the 16 channels of the 
Buncher can also be manipulated by 
wire links into groups of 4, .8, or 
16. Thus, the combination of multiple 
wires and auto sequenced converters 
best suited to each experiment can 
be configured. 

Analog-to-Digital Converters 

Much of the economy of the LSD 
system comes from the sharing of 
system resources and controls by 
many channels of analog-to-digital 
converter circuits. These common 
resources include th0se that are 
critical to the linearity and 
stability of the individual channels. 
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Y2 Time Converter-Digitizer Card 

Register 

and 

Readout 

Fig. 2. Diagram of buncher/converter multiplexing (a duplicate arrange
ment can be configured with the second half of the two cards). 

The concept of an analog conver
ter daughter card is shown in Fig. 3. 
Signals (2), (3), and (4) are0:r:9anized 
by a control card (Fig. 4), which i~ 
common to 16 such daughter cards in 

(4) 

(3) 

DAUGHTER CARD 

- Q OR T 
CONVERTERS 

Fig. 3. Analog converter card: 
(1) individual inputs 

(1 - 8 converters) 
(2) common signals: fast gates; 

conversion time-base; 
pedestal; calibration; reset 

(3) readout control 
(4) bit-serial readout 

(XBL 7610-4931) 

(XBL 7611-9897) 

a full LSD bin. Note particularly 
that the conversion time-base is one 
of the shared signals. The digitiz
ing counter and readout circuits are 
shared by all eight converters on a 
daughter card. For details of these 
converter cards see Ref. 2. 

Converter Card Common Control 
Functions 

In Fig. 5 the degree to which the 
control functions are carried out 
with common control signal lines is 
apparent, as is the economy in not 
having to provide separate conversion 
control signals, digitization control 
signals; and readout logic for each 
converter channel. Amortization of 
each of the control signal generators 
over 128 channels per bin is indeed 
cost effective, although not without 
some technical challenge (and some 
cost) in control signal distribution. 



Control Card 

EYent or Callbrltlon 
Trille' Glte 

D.C. Cellb'ltlon 
Voltl'l Source 

Serlll D.t. Trln.re, vii 
otherOln'lndlo 

LSD/CAMAC ControUer 

Fig. 4. Bin control card logic. 
(XBL 7611-9898) 

Converter Card 

Control Function. 

conV8-;'~;I-on-----D-II--<'t?>-tl-on------R-'.:c.out 
Converalon Glte. and 

Tlmln, Rlmp or Common 
St.rl/Stop 51,nl' 

: Indlyldull Cherie 
•. _- or Time Input. 

Clock Clrd 
Select 

Select .. " 
Shift 
Lo,lc 

lOld/5hlft ·Convert.r Chenne' I.D. Bh • 

Fig. 5. Converter card control logic. 
(XBL 7611-9901) 
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The slope of the charge conversion 
timing ramp is 5 mV per bit period. 
The digitization clock swings through 
TTL logic levels. How does one avoid 
cross-talk? At full scale calibration 
input, the system sensitivity to 
Q-gate width is 50 psec per least 
count. How does one achieve a stan
dard deviation of 0.7 channels for 
calibration? How does one tolerate 
line reflections from taps on twisted
pair transmission lines, when signal 
rise-times are critical to timing? 
The answer to each of these questions 
is: by well-planned control signal 
distribution techniques. Physical 
separation of ramp signal from 
digital logic signals, and good 
ground-plane shielding techniques 
provide adequate stability for the 
ramp. On the eight-channel converter 
cards, differential drive on balanced 
lines provides excellent Q-gate width 
stability. Radial distribution of 
matched-length twisted-pair control
signal lines in small groups achieves 
reasonable impedance match, thus 
preserving signal rise-time integrity. 

Control Card and Control Signal 
Distribution 

Care in control signal distribu
tion is emphasized. The use of 
twisted-pair lines for signals that 
are either critically sensitive or 
are grossly obnoxious noise trans
mitters is one technique utilized. 
To the extent possible, incompatible 
signals are kept physically separated. 

LSD System Readout 

Readout of the LSD system is 
accomplished via the standard CAMAC 
data busing system (Fig. 6). In 



Control Out 

Serlll 
Input 

Rell,ten 

Fig. 6. LSD/CAMAC Readout Controller 
functional block diagram. 

(XBL 7611-9900) 

addition to the expected task of 
performing the handshake .manipulation 
between the serial transfer from the 
LSD system and the parallel transfer 
on the CAMAC dataway, the LSD/CAMAC 
Readout Controller provides format 
translation, i. e., arranging converter 
address and data, to minimize the 
tasks required of the recipient 
computer. 

The controller also completely 
unscrambles the addressing and the 
data when buncher cards are used for 
multiplexing multiple wires into few 
converter-digitizer channels, leaving 
the computer oblivious to this poten
tially complicating system configura
tion. 

Readout transfer speed is control
led by the recipient computer system; 
the LSD system will transfer at rates 
up to the limit of the CAMAC specifi
cation for dataway transfer. Readout 
can be selected by computer to Read 
All mode, where all channels are 
regardless of their data content; 
or to Discretionary Readout mode, 
in which data from only over-thresh
old channels are transferred. 

Wagner states that he and others 
in the Instrumentation Group were at 
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first concerned about the temperature 
stability because the control signal 
sources were located apart from the 
controlled circuits. However, they 
found that the concepts of sha~ed 
control were as effective for 
temperature stabilization as they 
were for functional control signals. 
As a result, cost economies were 
achieved without limiting performance 
in relation to present state-of-the
art charge and time converter-digiti
zer systems. 

Members of the developing team 
(authors of the accompanying refer
ences) received high praise from 
Wagner, as did Charlie Carr for his 
efficient and effective coordinating 
of all activities in order to meet 
the development time schedule of the 
prototype system, which became part 
of the lead-glass-wall detector at 
SPEAR. Meeting the deadline for 
SPEAR was accomplished only by 
extraordinary effort and cooperation 
from the LBL electronics fabrication 
shop,-particularly the printed cir
cuit section. 

It seems that when you're into 
this kind of LSD, it is its own kind 
of trip. 
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TPC UPDATE 

The Time Projection Chamber (TPC) 
prototype described in the September/ 
October 1976 issue of Research/Accel
erators, has recently completed a 
successful run at the Bevalac. Data 
were taken February 15 with 2.5 GeV/c 
protons. The chamber was operated at 
a pressure of 5 atmospheres with a 
gas mixture of 80% argon and 20% CH4' 
with an electric drift field of 600 
volts/cm,and with and without a 
parallel magnetic field of 12.3 kilo
gauss. Figure 1 shows the prototype 
chamber. 

Several important chamber parame
ters were studied: For the pads, the 
electronic noise was measured to be 
< 600 electrons per pad. The size of 
the signal on the pads was about 40% 
of that of the sense wires. The 
signal was typically 1. 2 x 10 5 elec
trons, with a signal/noise ratio of 
about 200. Figure 2 shows a typical 
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"magnet-off" trajectory (straight 
line) as displayed on-line while 
taking data. (This is also displayed 
on the cover.) Figure 3 shows a part
icle trajectory with the magnet on. 
In both cases, the 8 rows of 16 pads 
are shown. The pads are 8 rom x 8 rom 
and the rows are spaced 10 cm apart. 
The size of the central image ("dot") 
in each pad is proportional to the 
energy deposited on the pad. A fit 
to a typical event for the magnet-off 
data is shown in Fig. 4. Applying no 
corrections, the rms spatial resolu
tion is 

(J = 220 ~m . 

Further analysis and corrections s 
should give (J = 150 ~m. 

For the wires, we found we were 
able to run the 'sense wires at a high 
voltage of 2.5 kilovolts, correspond
ing to a wire gain of 1.6 x 10 3

• This 
is much lower than anticipated and, 
results from very low noise in the 
electronics. Such a low gain reduces 

Fig. 1. The prototype Time Projection Chamber. (CBB 772-1299) 



Fig. 2. CRT display of particle 
passing through the 8 rows of 
16 pads each in the Time Projec
tion Chamber. The beam enters 
at the top. This is a typical 
trajectory obtained with the 
magnets off. (XBB 772-1181) 
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Fig. 3. With the magnets on, this 
particle's trajectory is altered 
as indicated. (XBB 772-1180) 

the positive-ion feedback by more 
than a factor of 10 from that antici
pated, allowing us to accept corres
pondinglyhigher background rates 
before positive-ion feedback becomes 
a problem. 

Initial results for dE/dx from 
the wires gave a resolution of 

2.6% 

Typical pad event (straight - thru ) 

I 

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 
Pad 

Row 
I 

2 

3 

4 

5 

6 

7 
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Fig. 4. A fit to a typical event for 
the magnet-off data. (XBL 773-546) 

at 5 atmospheres pressure, which 
agrees very well with theory. Figure 
5 shows the most probable energy loss 
for a single event, in which a simple 
algorithm is used to calculate the 
most probable energy loss. 

We were also able to successfully 
calibrate the systems by using an 
electronic pulser and an sSFe x-ray 
source. 

Thus far, the TPC prototype is 
working better than anticipated. We 
intend to continue our development 
and testing program at the Bevalac 
with a run scheduled in late March. 
Eventually we hope to test all the 
important features of the TPC, which 
is being designed for eventual use 
at PEP. 
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dE/dX resolution 
184 samples 14mm sample 
5 atm pressure 
80%Ar- 20%CH4 
protons at 2.5 GeV Ic 0-RMS = 2.60/0 

25 50 75 100 125 150 175 

Most probable energy loss (channel no.) 

200 

Fig. 5. The most probable energy loss for a single event. (XBL 773-547) 
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