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Abstract 

The application of electromagnetic delay l i ce 
readout methods for determining the track positions of 
ionizing purtlcles In cultlvire proportional chambers 
i s descrlbsd. Construction techniques for large area 
chamber*, which allow the use of a l l three planes for 
track position mesurenents are given. The construc­
tion and characteristics of electrceagnetlc delay lines 
optinlzed for vlre chaaber readout are discussed. 

Introduction 

HhB e-lectrocagnetlc delay line cethod for the 
readout of the position coordinates of charged part­
icles in HSPC has been in use at our Laboratory, and 
elsewhere, during the last three years in a nu&ber of 
particle physics 1 and biomedical applications . s 

Although in general, the construction of the chambers, 
the delay lines and the readout electronics i s s ia i lar 
in a l l of these various applications, the requirement* 
for particle phycics are the most demanding. In this 
paper we shall confine ourselves to a description of 
the various cc«panents as optimized for particle 
physics -nark. 

Description of Delay Line Readout IWFC 

The basic electrical connections for a delay line 
readout i s Illustrated in f ig . 1. The chanber consists 
of three planes with the central wire plane at a 
positive high voltage relative to the outside ones 
which are at ground or close to ground potential. Me 
have been making the anode plane—on which the 
avalanches occur—of polished stainless s tee l or gold* 
platpf. tungsten of dlaaeter ranging frca 15 to 25 
microns- The wire spacing has been between 1 and 5 as 
depending on the desired accuracy and size of the 
chambers. The cathode vires are Isolated frca e fixed 
potential through resistors of 250 Kfl to 5 Kfl in ards? 
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to allow a voltage signal to appear on thea which i s 
ccaaunicated to the delay lines by a capacitatlve 
coupling, the sispleet position determination of the 
trajectory of a charged particle can be cade by 
connecting a l l the anode wires together to give a 
zero tiae signal and aeesuring the X aud ¥ coordinates 
by the delayed pulse appearing at one end of each of 
the delay lines coupled to the cathode planes. The 
anode pulse i s proportional to the Ionization energy, 
fiS, deposited in the chaaber gap by the particle i f a 
char her gas i s used which has no electronegative 
contaslnation and the chaaber i s operated in the 
proportional region. This configuration Is suitable 
for biomedical and other applications in which only 
one particle truck occurs per event. 

In particle physics applications the nuaber of 
ionizing tracks per event can often be larger than 
one. For those cases i t i s desirable to use the 
BOXlauD aaount of inforaation obtainable froa the 
anode and two cathode planes of the chaaber. Thus i f 
any two planes have wires oriented at 90* to each 
other, the third plane can v-ave i t s vires oriented at 
soae intermediate angle—typically Z*5*. With a delay 
line coupled to each plane, three coordinates are then 
read out, X, Y, 0, free the 0*, 90*, &5* planes which 
i s sufficient, i f the accuracy i s good enough, and 
the pulses do not serge, to solve for the coordinates 
of the n tracks in a cultiple track event when n i s 
not too large. Soae further redundancy in Golvzng 
for a tracks and a factor of two iapraveaent in 
position accuracy i s obtained by tlclng the arrival of 
the pulses to both ends of the delay l ines. With 
delay lines coupled to o i l three planes, the zero tine 
of the event, i . e . , when the avalanche is farced, can 
be obtained by coupling the ground plane of any one 
delay line through a low input lepedance aapllfier to 
ground and obtaining a proapt signal frco i t which 
starts the counting period and which can provide, in 
addition, the pulse height lnfara&tlon for the fiE 
aeasurtisent. The T-chennel readout electronics rar 
such ckaabers i s described elsewhere.3 

tie have cade a nuaber of delay line readout 
cheaters of various sizes up to 50 ca using cathode 
planes tsade of vires. For these chaaberfi, even when 
f i l led uith a high-drift velocity gas mixture ( i . e . , 
30$ CCg, 70?i Ar), i t i s necessary to place a bias 
potential of a few hundred volts between the cathode 
planes and the elualnlzed sylar windows which faro the 



external gas envelope vhen charged particle tracks ore 
to be detected. Shin prevents electrons produced in 
the cothode-to-vindow drift regions from being collected 
in the avalanche region between cathode and anode 
planes* These drift electrons, i f not ell&in&ted, tend 
to produce pulses vlth rise times appreciably elover 
than 100 nsee and thus affect adversely the timing 
accuracy on the delay line and the ensuing position 
measurement. 

Larger delay line readout chanters with sensitive 
areas of la x la have been cade in our laboratory as 
part of an External Kuon Identifier-* for the 35 f t . 
bubble chamber at the national Accelerator Laboratory. 
These chambers have been designed with cathode planes 
cede of copper strips on a gyler backing which i s 
epoxied on to a f la t Hexcel honeycocb plastic backing 
which la f lat to ±200 microns. Since the whole 
detector wil l con* 1st of care than 20 chambers of this 
s ize, the main emphasis here was on achieving the 
desired active area for the lowest cost, both in the 
construction and in the readout electronics, consistent 
with the desired accuracy. With this in mind, the 
anode wire spacing* were chosen to be 5=»# the anode-
to-cathode spacing 8ca, and the cathode plane strips 
2ms vide with 0 . 5 = spacing. The U plane la one of the 
cathode planes with copper platings at fc5* relative to 
the chamber rims; this plane Is read out by two delay 
lines on opposite edges of the plane. The 0* and 90" 
planes are the anode plane (wire) and the second 
cathode plane (copper strips on mylar). The digitizing 
electronics operates at 25 KHz which gives an accuracy 
of 1 count - lies which i s the final accuracy of the 
system sine* i t i s larger than any other error. 

In the following section we give descriptions of 
our latest BQtitfications to Jfce delay lines and to 
large area chamoer constriction. 

Electromagnetic Delay Lines 

All the fore* of continuously wound delay lines 
that ve have used In KtfFC readout have been capeeita-
tively coupled to the chaaber vires. 2 * y have a l l 
been built with acme fam of phase compensation In 
order to minimise the inherent dispersion and to 
provide well-shaped pulses optimized for timing pur­
poses* Except for our in i t ia l work,? we have used 
rectangular cross section delay lines with dlstrlbr -ed 
capacity phase coopenrntion. In f ig . 2, we show tje 
construction of a delay line and In f ig . 3 ve show i t 
aounted on a jm cathode plane. Figure U shows a 
partially assembled 1 meter chancer. 

Various modifications have been made to these 
rectangular cross section delay l ines. The criteria 
that ve nave used ere as follows: 

a. The bandwidth of the delay line should be 
approximately matched to the rioetire of the 
proportional chamber pulses. 

Typically the chamber pulses have a rise tine 
of *"100 ns for minimum ionizing particles 
traversing a 0.5 en gap in 90$ Argon - 10$ 
Methane at one atmosphere pressure. The In 
chnmbera with their wider gaps (ficza + 8ca) 
have rise times closer to 200 ns, and their 
delay lines nave rise times that range frees 
200 to 5C0 no for a pulse travelling their 
fu l l length. (Their delitys are about 25 to 
30 t ires the corresponding rise times.) 

b. The coupling to the chamber should be simple 
and the coupling efficiency should be high. 
The lines ore cade with a large area 

rectangular cross section and the desired 
coupling efficiency is obtained by placing 
the line on a flat surface of plated 
metallic bands which are connected to the 
chamber wires. 

c. The impedance should be high to allow good 
coupling without loading the chamber pulse. 

d. There should be uniform delay dependence 
with delay line length. 

e. The delay per unit length should be -50 to 
100 ns/cm so that timing electronics with 
a minimum time Jitter of 1 ns i s sufficient 
to localize the pulse origin to a fraction 
of a millimeter. 

f. The attenur.tion should be moderate for a 
lino 2: In. 

g. The two pulse resolution should be as good 
as possible. 

All of the above criteria are not independent. 
The delay per unit length i s given by *̂ LC; the 
impedance i s given by Y L / C ; the bandwidth la pro­
portional toyi/LC and can be further limited by the 
ohaic resistance of the windings. Here L i s the 
inductance per unit length and C is the capacitance 
per unit length. In practice the delay per unit length 
i s cade as large as i s possible without causing 
unacceptable attentuation of the signals due to the 
decrease in bandwidth* The desired high impedance is 
obtained by caking L relatively large and C relatively 
small. The best overall performance i s obtained vhen 
the r*1nlTTi rise trtr*̂  of the delay line i s approxi­
mately equal to the rise tine of the chamber pulses. 

The changes described below were made in order 
to Increase the high frequency response of the lines 
and to increase the coupling efficiency to the chaaber. 

First the thickness of the line was made smaller. 
This increases the effective number of sections, since 
the distributed delay lines can be considered as 
consisting cf a number of sections with the section 
length determined by the thickness af the l ines .9 A 
well-known proparty of lumped-section delay l ines* 0 is 
that the delay-to-risetime ratio increases as n?/3 
where n i s the number of sections. In order to main­
tain the delay per unit length at the desired value of 
50 to 100 ns/cm,- the quantity-^Ec" has to be maintained 
at the desired value. This was done by increasing the 
width of the line ets well as the number of turns/cm of 
the helical winding. 

Eddy current losses in the distributed ground 
strip were reduced by making i t of copper-plated lines 
on Mylar or Kapton with strips of lea or leas in width. 
The eddy current losses in the compensation pads were 
minimized by caking then of aluminum plated Mylar with 
thin enough platings so that the resistance i s of the 
order of in/sa,uare. 

Dielectric lasses in the distributed capacitance 
of the delay line were minimized by making the plastic 
former of Kcma G-7 (a glass-fiber plastic impregnated 
with low-loss silicone resin) and the dielectric 
spacer between the ground plane end the helical 
winding of Polyethylene. 

The coupling efficiency of the delay line to the 
chamber wires was increased primarily by raising the 
characteristic impcd&ncc of the line as well as by 
increasing tlie coupling capacity between the line and 
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wire pads; this latter increase occurs primarily from 
the Increased width. 

That these changes produce better coupling can be 
seen as follows. Define a coupling capacity C c 

between the metallic strip and the delay line, Then 
for signals of a given frequency (typically 3 MHz) the 
capacity acts as an Impedance given by ZQ = l/2sr€c 

where f is the frequency. Shis impedance is in series 
with one half of the delay line impedance since a 
signal coupled to midpoint of the line sees the charac­
teristic impedance of both sections in parallel. The 
coupling capacity and delay line behave as a voltage 
divider and the fraction of the input voltage trans­
mitted in each direction is given by lZ^/2)/'{Z^Zjz) 
or Z*f(2.Zc+Z*) where Z^ is the line characteristic 
Impedance. From this expression it is evident that 
both the increased coupling capacity and the increased 
characteristic impedance improve the coupling effi­
ciency. For example, take C c • 6o pf , f • 3 KHz and 
ZA - 1500 n. Then Zc - 662 n and ^/(2Z-+^) - .53. 
These numbers ere typical for our recent deify lines. 
Hate however that further increases in C c do not 
produce comparable increases in the delay linr signal 
amplitude obtained from a chamber. This is because 
the chambers are current United sources, and increas­
ing the coupling efficiency merely loads the signal on 
the chamber producing only slight gains in the output 
signal from the delay line. Schemes in which the 
chamber vires are directly coupled to the delay line 
can increase the amplitude of the output signal by at 
most about 50$. 

The tight coupling of the delay lines to the 
chamber planes neans a wave travelling along the delay 
lines is accompanied by one travelling from strip to 
strip (or wire to wire) along the chamber planes. For 
lurge chambers, the strij>»to-strip capacity cuat be 
allowed far in designing the delay line frequency 
compensation.-"' Also some care must be taken to 
prevent cross-coupling between delay lines. 

The electrical characteristic*, from measurements 
described below, are given In T*bleftl* For comparison, 
the characteristics of the old line8 are included also. 

Table 1 

Mechanical and Electrical Parameters 
of the Delay Lines 

Parmaeter Sew Line Old Line 

Length 31 ca 51 CO 
width J.2 cs 2.6 ca 
Ihlcknet* • 33 cs .9 ca 
Windings (&S u l n ) 78 turns/cn 31* t u n a / n 
Ground Strip Width 2.5 ca 3.b en 
Compensation Strip 

Width (1*5') «* 1 no 1.8 ca 
Inductance 77 * / c a 30 tii/cn 
Capacity 36 pf/ca I19 pf/cn 
Icpcdancc 1500 n 750 n 
Delay 52 as/en 39 ns/ca 
Voltage Coupling 

Efficiency m 5* 
Attenuation 5 db/o 6.5 db/n 
Bond Pass -3 4b e 3 HHs -3 do 9 2.5 
Delay-Rlsetlec 30:1 15:1 
D. C. Resistance 590 0 300 fl 

From the table, taking the delay-to-risetime ratio as 
a figure of merit, it is seen that the new line with a 
value of 30 is appreciably better in its overall 
frequency response than the previously described line. 
The voltage coupling efficiency and attenuation are 
determined by measuring the output voltage response of 
the line to a 100 ns rise time step function input 
from a voltage source. The signal is capacitively 
coupled to the delay line using a printed circuit 
board with 5 strips/cm of the same type as Is used on 
the wire chambers. Typical pulses are seen in fig. 5a. 
The delay-to-risetime ratio is obtained by coupling 
directly a 20 ns step function in one end of the line 
and measuring the timn delay and risetlzoe (10$ - 90$) 
of the step function at the other end. To measure the 
corresponding two-pulse resolution, tvo equal amplitude 
pulses are simultaneously entered on the line via a 
coupling board as described above, again using step 
functions with a 100 ns rise time. The two pulses are 
said to be resolved when the dip between the tvo peaks 
is a quarter of the peak amplitude. Some pulses 
showing the lits response versus the tvo pulse 
separation at a distance of 25 cm from the end of the 
line are shown In fig. 5b. The effect of this non-
resolution 00 a chamber readout for multi-track events 
is shown schematically in fig. 6* The heavy lines 
indicate the regions in which two or more pulses are 
not resolved • In fig. 6a we assume that tvo pulses 
originate simultaneously at two different positions, 
X 1 and Xg. In fig. 6b ve plot the case for tvo pulses 
originating at times t^ and t« and show bow the non-
resolvable region propagate? in time to the end of the 
delay line. In both cases, if ?. third pulse occurs 
anywhere on the shaded band, part of the coordinate 
information will be lost, note however that enough 
redundant information is available so that the 
particle track can still be reconstructed in the 
computer so long as the pulse does not come in a 
triple crossing region where A (delay line left end), 
B (right end), end C (prompt) signals all intersect. 
Also, of course, it is not necessary In general to 
wait for a dr-lsy line to "clear" before accepting 
later event*. 

The width of this non-resolvable band can be 
decreased considerably by making full use of the 
redundant timing inf creation to both ends of the 
delay lines. This Is accomplished by using constant 
fraction timing discriminators in place c2 ;ero cross 
discriminators. The former operate on the leading 
edges of the merged pulse; thus, by recording the time 
intervals from the xero time of the event to the 
arrival times of the leading edges of the pulses at 
both ends of the delay lines separately, each half of 
the merged pulse can be identified, giving the 
positions of the two events. The situation that occurs 
when a few pulses merge together may be the most 
difficult to unfold. Another simple situation occurs, 
however, in the case of electron showers where often 
the required information is the position of the cen-
troid of the shover and the energy deposited in the 
chamber gap. Both of these quantities can be 
conveniently obtained by use at integrating discrim­
inators which can be designed to give both of these 
numbers.1 Figure 7 shows a block diagram of the read­
out electronics. In practice, tvo delay lines on 
opposite sides of the chamber are used far the V 
coordinate. A prompt pulse (not shown in the figure) 
can also be obtained from any delay line ground strip. 

Conclusion 

Delay line readout (if the track coordinates 
produced by ionizing particles in HWrG's Is a conven­
ient, accurate and simple method to use. The simpli­
city of the readout ••Hows the use of all three planes 
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la the chamber for coordinate information tilth some 
degree of redundancy. Bile redundancy la useful in 
providing more accurate position determination for 
single track events and for allowing the unambiguous 
recording o? multi-track events In a single chamber. 

l o s t , but not least/ since the amount of 
electronics required le minimal, the cost of this 
readout scheme is considerably less than that for the 
amplifier per wire method. 
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Figure Captions 

Fig. 1. Schematic of a chamber -with delay line 
readout.. 

a. Side view showing wire planes and drift 
regions. 

b. Top view showing X, Y, U planes and delay 
lines coupled to X and Y planes. 

Fig. 2. Schematic of delay line construction showing 
helical winding, ground plane and distributed 
compensating capacity. 

Fig. 3* Picture of delay line coupled to chamber 
plane cade of plastic film with metallic pitted 
otripo. 

Fig. 4. Picture of a partially assembled 2s> chamber. 
On the right side, a mylar cathode plane Is 
visible; on the bottom a delay line placed over 
circuit strips that connect to the anode plane; 
an the left a pressure pad used in clamping the 
other delay lines to their corresponding cathode 
planes. 

Fig. 5- Photographs of delay line pulses 

a. Single pulses at 10 and kC cms distance from 
one end of delay line. 

b. Output of delay line produced by two equal 
amplitude pulses occurlng at the same time 
but at different positions in chamber. 

Fig. 6. Position-time plots indicating propagation 
of a pair of delay line pulses. 

Fig. ?. Block diagram of readout electronics. 
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