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ABSTRACT
We have designed and operated a multistep avalanche chamber capable of de-
tecting single photons in the vacuum ultraviolet wavelength (130 teo 160 nm). The
device has been used to image photons generated from charged particles by Cerenkov
effect in solid and gaseous radiators, and providing a ring pattern with a radius
related to the particle's velocity; experimental values are given for the angle
and velocity resolution obtained. Possible applications ﬁf the method for par-

ticle identification are discussed.
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INTRODUCTION: PREAMPLIFICATION AND TRANSFER OF

IONIZATION FELECTRONS IN GASES

It ﬁas been shown recentlyl,z) that with a proper choice of binary gas mix-
tures, A + B, a new variety of particle detectors can be built, based on the de—
velopment of electron avalanches in uniform electric fields through a mechanism
quite different from the one cccurring in most proportional counters. The name
multistep avalanche chamber (MSC) has been proposed for the new device.

In the carrier gas A, which according to our tests can be zny of the noble
gases, an electric fiéld is applied with a strength such that free electrons ex—
perience non-ionizing inelastic collisions. These collisions lead, most probably
via the production of dimers, i.e. molecular bound states of an excited atom and
an atom in the ground state, to the emission of light quanta in a wide band cen-
tred around an energy characteristic of each gas. The process has been studied

extensivelya'e)

and is referred to as secondary light emission in the works on
scintillating proportional counters’? .

When a small quantity of a gas B having an appropriate ionization potential
is added to A, an efficient process of photoelectric reconversion takes place
leading to an unusual photon—mediated avalanche growthl). In Fig. 1 we have re-
presented the measured secondary light emission continua of several pure noble
gases at atmospheric pressure, as well as the ionization potentials of Vapours
that can be used in conjunction. Since the absorpticn cross-section of all these
vapours above the ionization threshold is around 50 Mb, the mean free path of
photons is around 300 um for a few per cent vapour addition at normal conditions:
quantum efficiencies are typically around 50Z. An electron avalanche developing
under these conditions has several unusual properties, such as a large lateral
spread that tends to obliterate any quantizing effect of discrete electrode struec-
tures (gnids or wires), and the ability to "jump”.through potential wells as ob-
served in the development of the MSC. Consider indeed the three—electrode struc-
ture of Fig. 2, where a region P of high field En is followed by a region T of

lower field E as shown in Fig. 2a, a fraction of the lines of force roughly

pd

equal to ET/EP escapes to the lower section. As represented schematically in



Fig. 2b, an electron accelerated In P induces the emission of a photon; a subse-
quent photoionization may then generate a new electron and the process continues,
scmehow resembling the usual avalanche multiplication. Photons released close Lo
the central electrode may of course be reconverted in the region I, thus enhancing
the purely electrostatic electron leak from P to T determined by the ratio of the
fields and favoured by the lateral charge spread. The experimentally observed
preamplification and transfer ylelds have been well reproduced using a Monte Carlo
simulation; Fig. 2c shows, for example, the computed lateral avalanche spread
obtained assuming a mean free path for both photon emission and reabscrption
around 200 ypm.

The possibility to transfer and drift a sizeable fraction of the preamplified
electrons has led to the following development in the art of particle detectien:
the swarm of electrons can be transmitted through a grid to a new element where
a second step of amplification cccurs: a multiwire chamber, or another parallel-
electrode avalanche chamber., Insertion in the drift space of a gating structure
permits then to control the passage of the swarm and to admit to the second step
only those electrons associated with preselected events. The delay introduced by
the drift-time allows this type of decision with fast auxiliary counters for in-
stance; this was the first motivation of the research. It permits the restric-
tion of the total amplification to a selected class of events, thus congiderably
reducing the detrimental space-charge effects due to the accumulation of positive
ions at high particle Fluxes®) .

However the interest of the multistep approach appears to be broader:

i) The fact that the second step may alsc be a parallel-grid counter opens the
way to detectors withoug any thin amplifying wires. The difference with a
single-step parallel-plate counter with the same total pain stems from the
fact that the feedback mecﬁanism mainly responsible for the discharge propa-
gation in parallel-plate structures, namely the emission of ultraviclet {(UV)
light by the head of an avalanche and the subsequent release cf photo-

electrons at the cathede, is strongly suppressed by the transfer gap.
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ii) The fact that the additive B is highly efficient for photoelectric conversion
makes it an ideal detecter for UV light of energy higher than its ionizaticon
threshold and lower than the cut-off of the window placed at the entrance of
the structure. The intention of the present article is to illustrate some

applications of the MSC in the last field.

TiHE MULTISTEP AVALANCHE CHAMBER AS A SINGLE PHOTON DETECTOR

It has already been demonstrated by the authors of Refs. 1 and 2 that in a
multiple structure, where a preamplification and transfer element is followed by
a cenventicnal multiwire proportionzl chamber, large encugh gains can be obtained
te allow single photoelectron detection. Figure 3 (from the gquoted works) shows
the pulse-height spectrum recorded when illuminating the structure with an UV
light source. The measured charge {(about 1 pC peak) implied an effective chamber
gain in excess of 10° and allowed detection and localization of single photons
using the well-established bidimensional MWPC read-out techniques. Although not
directly measured by the authors, the quantum efficiency of the device could be
estimated from that known for the additive. In Fig. 4 we have represented the
transmission properties of some commercially available window materials for far
(Y wavelengths*), as well as the quantum efficiencies of two additives used, ben-
zene {C.H.) ) and triethylamine [TEA, (C2H5)3N] 19}, For example, using benzene
in argon with a thin LiF window allows average quantum efficiencies of around 25%
in the photon energy range 9.2 to 10.6 eV (taking into account the window trans—
mittance), as far as each converted photoelectren can be detected with Full
efficiency.

To study the detection and localization properties of the MSC for multiple
photon events in this energy region, we have censtructed the device represented
in Fig. 5. A spark-plug is fired with an external high-voltage pulse, generating
a burst of photons in an energy spectrum characteristic of the filling gas and
whose quantity can be controlled by the discharge energy. The fraction of the

proton spectrum that traverses the window can be absorbed in the chamber gas.

*) ORIEL Optik GmbH, Darmstadt, West Germany.
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Although we could have used an electrenic technique for charge localization?,!!),
it appeared that an optical recording on photographic plates was the most suited
for a quick survey of simultaneous multiphoton events. The preamplification and
transfer element of the MSC was therefore fellowed by a triggered spark chamber,
as shown in the figure; the triggering time, in respect to the main plug sparking,
was obviously determined by the electron's drift-time in the MSC. We may mention
here that a device of this kind, named hybrid chamber, was operated long ago by
Fisher and Shibatalz), aithough not for the same purposes. To chtain the best
multitrack efficiencies the spark chamber had individually terminated 50 um dia-
meter wire electrodes, and a high-voltage square pulse about 100 nsec long was
applied from a low impedance source at & time corresponding to the arrival of the
preamplified electron swarm in the neighbcurhood of the grounded electrode in the
spark chamber. It was found that a transfer space at least 10 mm thick is neces-
sary to avoid parasitic firing in the preamplifying gap because of capacitive
pulse couplings. Using argon as gas filling in the spark—plug volume we could
generate a burst of photons with a wavelength spectrum mostly below 150 nm, suited
for this studyla). As filling for the MSC, we have tried several combinations of
noble gases and photoionizing vapours, under the constraints imposed by the de-
scribed preamplification and transfer mechanism; it appeared that the best multi-
track efficiency in the spark chamber could be obtained using helium or helium-
neon together with acetone or TEA (a well-known outcome of previous track chamber
work!*), Although the secondary emission spectra of helium and neon are not known
in our field conditions, their general behaviour under condensed discharge con-
ditions suggests that photon emission takes place mostly around 80 mm '3), thus
satisfying the described MSC operation constraint. Use of a low-density gas is
also convenient in order to decrease the direct contribution of the ionization in
the detector due to charged particles traversing the structure when one wants to
detect, for example, the photons emitted by the particle by Jerenkov effect in a

radiator (as we will see in the following sections).



The pictures in Fig., 6 show the images obtained in these conditions, with a
mask placed in front of the chamber window to simulate a ring image, at an in-—
creasing number of photons in the burst. 1In Fig. 6c, the photoionizaticon charge
is so large as to result in a transition from the individual spark behaviour to a
continuous glow regime, The ring mask diameter is 35 nm, with an opening of
0.1 mm; arnalysis of a succession of images like the ones shown confirmed the
ability of the device to record multiphoton events with intrinsic accuracies better
than a millimetre.

The charge signal induced on the preamplifying grid by single photoelectrons
is far too small, at the present stage, to allow a self~triggered operation of
the chamber, However, this can be realized using a strongly ionizing radiation
source, as for example X-rays of several keV. 1In this case, the discriminated
signal from the preamplification grid can be used to generate at the proper time
the high-voltage pulse applied to the spark-chamber element and allows therefore
the imaging of neutral radiation. Pioneering work on this matter was realized
several years ago by Bohmer, using the hybrid chambers®®). The picture in
Fig. 7a shows the image recorded with the chamber illustrated in Fig. 5 operated
in the self-triggered mode and detecting 5.9 keV X-rays. In this case, the UV
photon pulgser was replaced by a non-collimated °°Fe source, and the ring mask re-
placed by a 5 nm thick aluminium absorber with cross—shaped cutouts, with 2 mm
wide openings, having arms of 40 and 20 mm length, respectively.

Increasing the voltage in the last section of the chamber, one can eventually
get a d.c. operation of the system; Fig. 7b shows an example of the image ob-
tained, with the same source and geometry, cperating the device as a multistep
spark counter. This mode of operation, different from that for the classic spark
counter in that the total amplification process is separated in two steps, seems
to have a considerably better stability of operation, an observation already made
(although in a different context) by Aoyama and Watanabe!®). Obviously, the
general background level in the d.c. mede is 1arger than for the pulsed operation,

as one can see comparing Figs. 7a and b; this is due both to the larger values



of the applied voltages and te the cosmic radiation {the tectal exposure time to

obtain the image in Fig. 7b was about 5 min).

IMAGING OF THE CERENKOV LIGHT PRODUCED IN GASES

3.1 Introduction

A recent analysisl7) has shown that great advantages in Cerenkcv detection
techniques could be obtained by exploiting the gquanta emitted in the far UV region
where photoionization gaseous counters could be used, as they offer the possi-
bility of detection and imaging of individual photons. Several groups have been

working on this subjectle_zc),

the key preblem being to obtain large enough gains
in a proportional chamber that maintains a good quantum efficiency; this 1is not
a trivial issue, since large amplification factors can normally be obtained in
proporticnal counters using organic quenchers that suppress the photon-propagated
discharge or breakdown mechanism. As mentioned in the Introduction, the MSC
approach defeats this otherwise fundamental limitation, allowing gains in excess
of 10° to be obtained in gas mixtures with large quantum efficlencies in the far
uv.

A simple optical arrangement, making use of a spherical mirror of radius r,
permits the formatien, on a spherical surface of radius r/Z, of a ring image
corresponding to all photons emitted in a transparent medium at an angle Ve with
the radiating particle trajectory. The radius, on the image surface, of the ring
is given by

R = fac . (1)

where f 1s the mirror focal length (2f r). For r > R, a flat detection plane
approximates well the spherical image surface and in this case the previous ex-

pression can be written as

- '
R = f tan Bc . (1"

Since we will need them in the following analysis, let us here briefly summarize
some relevant expressions concerning Cerenkov light emission?'s17), Charged par-

ticles with velocity f (referred to the speed of light) emit lerenkov radiation in

a medium having the index of refraction n at an angle GC given by



L1
cos BC ==, (2)

n2
above a threshold velocity given by B = n”', The refraction index is in general

a function of photon frequency or energy, n = n(E). The number of photons emitted

in the energy range E,-E, by a radiator of length L is given by:

EZ
mL f 1 gk . (3)
: [snm]
1

In computing the average number of detected photons, of course, one has to take
into account all sources of energy-dependent efficiencies, like the absorption

and reflection losses in the optical system, as well as the detection efficiencies.
Assuming, in the energy interval E,-E,, an average value n and ¢ for the refrac-

tion index and the over-all efficiencies, one can write

N = N,L sis® 6_, N, = 370 (Ez-E;) € (3"

(L in cm and E in eV). The velocity resolution obtainable from a ring radius
measurement can be estimated by differentiation of expression (1') and substitu-

rion into Eg. (2):

= sin BC -, (4

Furthermore, if all sources of dispersion are Gaussian-like, the radius resolution

whent measuring N photons, assuming that the centre of the ring image is known,

will be given by:

1 AR
= —=:3f‘ (5)

the right-hand resolution corresponding to that for a single detected photon. A
naive statistical argument based on the available degrees of freedom suggests that
in case the centre peint is unknown, and if the radius is computed from a fit to
events with three or more photon peints, the previous expression can be replaced
by

= =22 N> 3 (5")
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For small values of the Cerenkov angle, taking sin ABC = AQ , and combining
. c
Egs. (1), (3), and (5):

AB ~ 1 AR‘ (5"}

¢ AT Rl

(ASC in radians). When approximation (5") holds, one can see that the angular
resolution is constant for a given geometry, i.e. independent of the Cerenkov
angle. In practice, the major sources of dispersion in the radius measurement

are the chromatic aberrations in the radiator and windows and the positioning
errors in the photon imaging device. The first effect is particularly important
in the far UV domain, since the index of refraction varies rapidly in this region.

2.2 Experimental observation of {erenkov rings

We have constructed and tested a gas Cerenkov ring imaging detector, mounting
the described MSC on a radiator tube, about 1 m long, operated in argon at a
pressure slightly above the atmospheric ome {(Fig. 8)., The focal length of the
reflecting mirror, f = 93 cm, matched the distance between the mirror and the MSC,
High—purity argon (3 ppm impurities, mostly water and oxygen) was used as radiator
to minimize photon absorpticn; the mirrvor was coated with magnesium fluoride to
provide a good reflectivity in the far UV (75% at 150 nm as given by the manu-
facturer), The MSC itself was operated with about 5% TEA in commercial grade
helium; the system was installed in a 1.5 GeV/c non-separated charged particle
beam at the CERN Proton Synchrotron, equipped with a gas threshold (erenkov coun—
ter to identify the electrons (the only particles above threshold for this momen-
tum}. Several hundred pictures have been taken with a fast camera under these
conditions. Because of the properties of the image-forming optics, of course,
the direct ionization spark is located in the geometrical centre of the ring only
for those particles whose trajectory coincides with the central axis of the sys-—
tem, Figure 9 shows an integrated image over < 30 events and gives an idea of
the dispersion and the acceptance of the system; the Cerenkcv photon ring appears
clearly around the charged particle points, with a diameter of about 50 mm.

About 400 individual pictures have been hand-analysed by simple projection

on a screen and with the following acceptance criteria:



- only centred events (i.e. with a spark in the fiducial volume corresponding
toe the beam cellimation) were considered;

- the coordinates of all sparks, whatever their position, were measured in a
reference system relative to this centre;

- a least squares fit to a circle (i.e. not using the centre constraint) pro-
vided the best estimate of the ring radius R for events having three or
more photon points.

The measured photon number distribution is shown in Fig, 10 (points with
error hars), together with the Polsson distribution for n = 1.7 normalized to the
same total number of events that represents the best fit to the data. Figure 11
instead shows the measured ring radius distribution, obtained as described for
events containing three or more photons (about one hundred out of the total).

The continuous curve is a Gaussian fit to the distribution with an average radius
of 24.42 mm and a standard deviation of 2.05 mm (or about 8%).

Analysis of individual pictures reveals very little —— if any —— background
that could be due to direct scintillation of argon in the sensitivity range of
the MSC (an observation also made by the authors of Ref. 18).

2.3 Discussion of the data

From the measured value of the average ring radius, R = 24.42 * 0.22 tm, and
expression (1'), one can compute the average Cerenkov angle to be éc = 1,50° + 0.02°
and, from expression (2) for B = 1, the corresponding average index of refraction
for argon in the detected wavelength domain, (n - 1) = (345 = 6) x 107°, This
result is compared in Fig. 12 with the computed dependence of (n - 1) for argon
in the vacuum UV regionzz), as given in the quoted reference at 0°C, 760 mm Hg
and as computed in our conditions (20°C, 770 mm Hg) with an approximated density-
dependent relationship. The approximate limits of sensitivity of our detector,
using TEA and a calcium flucride window, are alsc shown in the figure, the maximum
quantum efficiency being around 150 nm (see Fig. 4).

In practice, several independent scurces of dispersion limit the achievable
radius resclution. In Table 1, we summarize the estimated value of the standard
deviation of the single photen dispersion, assuming the central point to be known,

for the following contributions:
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- the chromatic aberrations in the gas, or the change in the refraction index
with the detected photon energy in the sensitivity region; the known depen-
dence of n - 1 from wavelength (Fig. 12) has tc be folded in with the quantum
efficiency of the detector, Fig. 4; this effect is obviously particularly
large in the vacuum UV domain;

- the multiple scattering of the charged particle in the radiator producing a
dispersion in the angle of the emitted photons, estimated as an average over
the radiator length;

- the accuracy of localization of the detector itself and mainly of the spark
chamber and associated optics.

As from Table 1, an over-all dispersicn for single photons of around 1.2 mm stan-
dard deviation is expected from the three sources, a value to be compared with

the observed 2.05 mm, obtained from a fit to mostly three photon events, under
conditions where expression (5') would suggest a dispersion identical to the one
for single photons with a known centre. We cannot explain the discrepancy so far,
insisting however on the preliminary nature of our results.

The expected number of detected photons can be computed from expressicn (3},
using approximate values for the efficiencies involved. Table 2 summarizes our
estimates of the major losses, as due to the following effects:

-~ window transmittance at wavelengths around the detector sensitivity region;

- gas absorption, assuming 3 ppm of impurities with the oxygen cross-section
around 150 nm (around 14 Mb);

- mirror reflectivity, given by the manufacturer to be around 757;

- absorption in the first wire mesh of the detector, due both to its optical
transparency (85%) and to the probability for the photoelectron to be cap-
tured by the mesh itself, if produced too close to the window; we have
assumed a 30 ym dead layer for a 330 um abscrption length in the gas.

To these factors one has to add the integrated detector quantum efficiency; from
Fig. 4 we estimate the average efficiency-energy product for TEA to be around
0.37 eV. From expression (3') and the data of Table 2, one gets therefore

Ny = 44 cm™ ! and, for L = 93 cm and UC = 1.50°, N = 2.8 photons, larger than the
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measured value (N = 1.7, see Fig. 10). The more likely explanation for the dis-
crepancy seems to us a larger residual oxygen contamination in the ferenkov radia-
tor, that could not for practical reasons be evacuated before the argon filling
(since the CaF, window would not withstand the overpressure). A photon yield
lower by a factor of two than the expected one was cbserved also by Chapman et al.
under similar operating conditions!®). We cannot of course exclude an unknown

source of inefficiency in the chamber itself.

USE OF FLUORIDE CRYSTALS AS RADIATORS

The UV transparent layer used as entrance window for the photon detector is
itself a Cerenkov radiator for particles in the appropriate velocity range. In
Fig. 13 we summarize the known values of the index of refraction for several
fluoride crystalsza,zu) (the corresponding UV cut-off was shown in Fig. 4). It
is interesting to note that in the TEA sensitivity region, below 160 nm, all
crystals (with the possible exception of magnesium fluoride) have an index that
allows total reflection for the Cerenkov light emitted by particles perpendicular
to their surface above a critical velocity., From simple optics and expression (2},

rotal reflection is encountered at a critical velocity given by
-1

g = [n cos arcsin % ] s (6)
a condition that can only be satisfied for n 2 ¥2. For example, LiF, whose mini-
mum index of refraction at the TEA ionizaticn thresheld is 1.47, outputs detec-
table UV Cerenkov radiation for normal tracks only in the velocity range
0,68 £ B 2 0.93, a peculiarity that may offer interesting possibilities of applica-
tion (see Section 5).

As in the case of a gaseous radiator, one has to make sure that direct scin-—
tillation in the radiator 1s not a substantial source of background. We have
checked this point by mounting a commercially available UV sensitive photo-
multiplier with a magnesium fluoride window 1 mm thick™ in a non-separated charged

particle beam, The sensitivity range of the photocathode (CsTe) extends from

%} EMI Gencom Inc Type G26H315.
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about 120 to 300 mm, a region where the index of refraction of MgF, is mostly
below the total reflection limit. Figure 14 shows the measured pulse-heilght
spectrum for 1.5 GeV protons and pions, traversing the window in the direction
that allows the Cerenkov light to be detected on the photocathode, as well as the
spectrum measured inverting the tube direction (for the same particle flux, lowest
spectrum in the figure). Obviously, the extraction of direct secondary electrons
from the photocathode or from the first dyncdes may contribute tc the last spectrum,
giving evidence that direct scintillation, if any, is very small even in the ex-
tended sensitivity region of the tube as compared with TEA. Quite a different
behaviour is expected in the visible range, where all fluorides are known to
scintillate?®).

Since a large number of photens is emitted by such materials above threshold
{they have a large index and therefore a large Cerenkov angle), thin radiators
may be used thus allowing the simplification of the ring imaging optics.

Figure 15 shows the arrangement we have tested; 1t consists of a 5 mm thick LiF
window, used as radiator, 7.5 mm apart from an MSC with optical spark recording
as described in Section 2. The chamber window is a 3 mm thick CaF, crystal. The
ring image is here obtained by refraction of the light cone in the argom gap be-
tween the two windows, a considerable simplification in the opties which, however,
has the disadvantage of providing an extra intrinsic dispersion due to the radia-
tor width.

As for the gas radiator, several hundred pictures were tsken in this geometry
and a least squares fit to the measured photon points (if three or more) provided
the best estimate of the image radius; some examples of individual events are
given in Fig. 16. Again, the centre point could not be used (other than for con-
sistency checks) since photons radiated in the MSC window are alsc detected and
blur the charged track coordinate measurement., Figures 17 and 18 show, respec-
tively, the measured distribution of the number of photons and of the reconstructed
ring radius {(for N 2 3) for 1.3 and 1.5 GeV/c protons traversing the detector,

The corresponding ferenkov angles are 34.05° and 37.75°, well matched by the

assumption of an average index of refraction for LiF of 1.30 (Fig. 19) comsistent
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with the known values (see Fig. 13). In Fig. 19 we have also represented the
standard deviations in the angle estimate corresponding to the measured dispersion
in Ry for the restricted class of events (three or more photons) the equivalent
velocity resolution is about 27 [see Eq. (4)]. Table 3 summarizes an estimate

of the main effects contributing te the single photon dispersion, computed for

1.3 GeV/c protons; the over-all single photon dispersion corresponds to about

2.4 mm standard deviation. As the majority of the reconstructed events contains

4 or 5 photons at this mementum (see Fig, 17) the experimentally measured disper-

sion of 1,17 mm is consistent with expression (5').

The expected number of photeons can be evaluated as for the previous case,
taking into account reflection and absorption losses in the two windows; the
contributions of the main sources of efficiency are given in Table 4, for 1.3 and
1.5 GeV/c momentum, respectively. For the estimate of the reflection losses on
the crystal-gas interfaces we have used Fresnel's law for P polarized Cerenkov
radiation; the average window absorption and quantum efficiency have heen ob-
tained from Fig. 4 as in the previous case. From expression (3'), therefore, we
compute an average number of photons N = 8.5 and N = 6.6 for the two momenta. As
for the case of the gas radiator, we are missing more than a factor of two in the
photon yield, the discrepancy being particularly large for the higher momentum
measurement, where however the large beam divergence and some misalignment may
explain the losses, the Cerenkov angle being rather close to the one for total
reflection in the radiator. Since in this case the gas purity is not of concern,
we tend to believe in an unknown source of inefficiency in the MSC; alternatively,
we may thirk of a badly degenerate transmission of the LiF crystal, a material
that is known to be delicate to handie and that can substantially change its trans-
mission properties at wavelengths below 200 nm 28}, This point obviously requires

further careful investigation,

FUTURE PROSPECTS AND APPLICATIONS

Detection of the Serenkov rings by a photographic device, convenient for a
rapid survey of the technique, may not be adapted to the present experimental re-

quirements. On the other hand, the large number of simultaneous coordinates to
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be measured prevents the use of conventional bidimensional multiwire chambers

with either cathode-induced pulses or delay line read-cuts because of poor
multitrack and ambiguity resolution. Multicell structures with individual needle
counters have been proposed17) but they do not appear very simple to build., We
are presently implementing a digital system having as a last step in the detector
a multiwire chamber with current division read-out on the anodes where one expects,
for moderate chamber sizes with 1 mm wire spacing, localization accuracles around

. . . 7
1 mm in both directions? ).

The ambiguity-free multihit capability remains, how-
ever, to be verified, since it could be worse than the simple wire spacing because
of the large avalanche spread intrinsic in the MSC operation, It seems to us that
coupling of an optical device of the kind described to a television-like scanning
digitizer {like the plumbicon systems extensively used for spark chamber assem-—
blies) may still offer distinctive advantages whenever large particle multi-
plicities and moderate data acquisition rates are expected.

lerenkov light imaging using the MSC is of course restricted to the use of
radiators that are transparent in the wavelength range between 120 and 160 nm,
We have summarized in Table 5 the properties of some of them, giving the estimated

value of the index of refraction®?>

23) at 150 nm and the corresponding Cerenkov
threshold [in terms of the velocity $# or of v = (1 = Bz)-sz. For gases, the
values are given at 0°C, 1 atm. Based on the previous resultg, cne can estimate
the expected resolution of an imaging counter; as an example in Fig. 20 we have
represented the momentum dependence of the Cerenkov angle and cf the ring radius
for pions, kaons, and protons, obtained with a 50 c¢m long, 10 atm argon radiator.
The width of the strips, one standard deviation each side of the average, has been
estimated assuming a 107 relative radius accuracy determined by a single photon
(an optimistic extrapolation of our previcus results), combined with expression (5},
and an average photon number given by Eq. (3}, also indicated in the figure. The
angular rescolution is almost constant in all the range, corresponding to about
0.1°, as can also be inferred from the approximated expression (57).

For a Poilsson-like distribution in the number of photons around the average,

and requiring at least three photons detected to define a circle, we have esti-

mated the constant inefficiency lines shown in the figure. Under these conditions,
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a kaon—proton separation by more than three standard deviations can be foreseen
from detection threshold (7.5 and 14 GeV/c for 107? inefficiency, for kaon and
proton, respectively) up to about 28 GeV/¢, an energy domain where kaon-proton
identification is rather difficult using other techniques.

We may point out here that, contrary to photomultipliers, the MSC has a very
little sensitivity to magnetic fields {only a small image shift may result at the
strongest fields), and can in principle be operated at high pressures as far as
the quenching vapour does not condense {its absolute amount should be maintained
constant in the mixture, irrespective of the pressure, to keep a value of the
absorption coefficient compatible with the MSC operation). One can therefore
foresee the use of the gas detector even simply as replacement of a photomultiplier
in threshold operated devices, in the presence of streong magnetic fields.

The use of fluoride radiators, as we have seen, allows the detection of
Cerenkov photons emitted by particles above threshold velocities 8 = 0.7; this
may be a handy device to identify short-lived, low-momentum particles in a detec-
tor only a few mm thick. Another attractive possibility is offered by the total
reflection property, for particles normal to the radiator surface, above a criti-
cal velocity (B = 0.93 for LiF, see Section 4), which makes the detector insen-
sitive to high-energy particles. One may think of using this peculiarity to
search for or to identify rare, low-energy particles produced in a high flux of
very relativistic tracks. We show in Fig. 21 a simple pulse-height measurement,
obtained with an MSC similar to the one illustrated in Fig, 15 except that the
terminal spark chamber was replaced by a conventional multiwire proportional
chamber. The two pulse—height spectra show the measured yield under Cerenkov
emission conditions in a 5 mm thick LiF radiator (larger peak, protons at 1.5 GeV/c),
and under total reflection conditions (smaller peak, pions of the same momentum).
The residual signal in the second case, which coincides with the spectrum obtained
for both masses inverting the detector as compared to the beam direction, is given
both by the direct ionization in the gas of the detector and by scintillation in
the radiator. Obviously, the direct charge signal can be eliminated if one re-

moves the MSC from the beam and uses a reflecting mirror.
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Table 1

Standard deviation of the single
photon radius dispersion ex-
pected from the three major
sources of diffusion in the
argon radiater., The resulting
over—-all dispersion is about

1.2 nm.

Source Or

(mm )

Chromatic aberration .67

Multiple scattering 0.54

Detector 0.50
Table 2

Average estimated efficiencies
for photon transmission due to
the indicated effects in the
argon radiator case. The
over-all optical efficiency
(not taking inte account the
detector quantum efficiency)
is around 327,

Source £
Window transmittance 0.65
Gas transmittance 0.86
Mirror reflectivity 0.75
Mesh transparency 0.77
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Table 3

Standard deviation of the single
photon radius dispersion expected
for different reasons in the LiF
radiator case for 1,3 GeV/c pro-
tons. The detector contribution
includes alsc the spread intro-
duced by the finite absorption
length of photons in the gas
(about 330 pm).

Source Op

{mm)

Radiator thickness (5 mm) 1.02

Chromatic aberration 1.59

Multiple scattering 0.26

Detector 0.77
Table 4

Average estimated efficiencies for photon
transmission due to the indicated scurces
in the LiF radiator case. The over-all
optical efficiency {(not taking into ac-
count the detector quantum efficiency)

is 40% and 267 for the two beam momenta,
respectively,

£
Source
1.3 GeV/c | 1.5 GeV/c
Window transmittance 0.60 0.50
Interface reflections 0.98 0.88
Mesh transparency 0.70 0.60
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Table 5

gefraction index around 150 nm and corresponding
Cerenkov threshold for several materials transparent
in the vacuum UV range. For solid fluorides and -
liquid neon the value given is an extrapolation of
known values at longer wavelength (Ref. 23); for
gases, the computed values of Ref. 22 are given,

at 0°, 1 atm. For liquefied gases, the density-
dependent expressions given in the same references
have been used.

Radiator nor (n-1) x 107" B

T Yo
LiF 1.50 0.68 1.36
CaF, 1.57 0.63 1.28
Ne (Liquid) 1.10 0.92 2.49

He (Liquid) | 1.03

Ne 0.749 81.7
A 3.785 36.4
Kr 6.806 27.1

Xe 23.898 14.5
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Figure captions

Fig,

Fig.

Fig,

Fig.

Fig.

1

2

3

4

5

Secondary photoemission spectra in several noble gases, measured at
electric field values similar to the ones encountered in the multi-
step chamber (from Ref, 6). The ionization potentials of acetone,

benzene and triethylamine (TEA) are also shown.

Photon-mediated preamplification and transfer mechanism in gases,

in a three-electrode structure., Electrons produced in the upper
region.experience inelastiec collisions with the molecules of the
main constituent, A, of the gas mixture, which lead to the emission
of photons; some of them are reconverted te electrons by photo-
ionization of component B. There results a large, concentration-—
controlled lateral spread of the avalanche, which permits oblirera-
tion of the quantizing effects of the central electrode wires.
Transfer of charges from the upper to the lower region is controlled

by the ratio of the fields.

Pulse-height spectrum for single photoelectrons generated by a UV

lamp in a multistep avalanche chamber (MSC)} (from Ref. 1).

Compilation of the quantum efficiency of benzene®) and TEA'®), and
of the window transparency for 5 mm thick crystals®) as a function

of photon wavelength.

Testing the imaging capability in the vacuum UV for multiphoton
events with the MSC. Bursts of photons are generated in argon by
the triggered spark plug, and a mask in front of the detector allows
the simulation of a ring image. The MSC in this case consists of a
preamplification and transfer element followed by a triggered spark
chamber. The gas filling that provides the best multiphoton ef-
ficiency appeared to be helium or helium-neon (Henogal) in conjunc-

tion with 2 to 57 of acetone, bemzene or TEA.

*) OREL Optik GmbH, Darmstadt, West Germany.
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Ring images obtained by a photographic recording of single events,
at an increasingly large number of photons generated by the spark
plug of Fig. 5. The ring diameter and width are 35 and 0.5 mm, res-

pectively (polaroid film, 3000 ASA, opening 5.6).

Imaging soft X-rays (5.9 keV) with the multistep spark chamber. In
(a), the image is obtained operating the device in the self-triggered
mode, the HV pulse to the spark chamber being initiated by the signal
detected on the preamplification element. In (b), instead, the same

image is obtained operating the chamber as a d.c. spark counter,

ferenkov ring imaging with a gas radiator (argon at normal condi-
tions). The optical system (mirror and window) is cptimized for
good response in the far UV region of sensitivity of the detector,
around 150 um. The MSC detector itself is the same as the one
illustrated in Fig. 5, and photographic recording of individual

events is obtained by a fast camera as represented.

Integrated image over v 30 events obtained with the apparatus shown
in the previous figure. The ferenkov ring pattern appears clearly,
with a radius of about 25 mm; the central spot corresponds to the
overlap of the sparks developing on the direct ionization of the
beam particles (1.5 GeV/c electrons). The small amount of off-ring
counts proves ﬁhat direct scintillation in the radiator is almost

negligible.

Measured distribution of the number of photons (points with error
bars) as recorded with the detector of Fig. 8 on 1.5 GeV/c electrons.
The histogram represents a Poisson distribution for the same number

of events, computed for an average of 1,7 photons.

Measured distribution of the average ring radius (points with error
bars), obtained from events having three or more photon points.
The full curve represents a Gaussian fit with average value and

standard deviation as indicated.
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Comparison between the computed index of refraction for argonzz) in
the far UV, at D°C, 760 mm Hg (full curve) and in our conditions at
20°C, 770 mm Hg (broken curve}, and the average value provided by
our measured Cerenkov ring radius; the detector sensitivity range
is shown, peaked around 150 nm.

Known dependence of the refraction index in the far UV for several

fluoride crystalsza’zq).

Pulse-height spectrum measured on a 1 mm thick MgF, window with a
UV-sensitive phototube, for 1.5 GeV/c protons and plons traversing
the system so that the Lerenkov light emitted by the crystal could
be directly detected on the photocathode. The smaller peak corres-
ponds to the same total exposure to the beam, having turned the

system by 180°.

The MSC used for imaging the photons emitted by Cerenkov effect in
a 5 mm thick LiF radiator. The chamber window is a 3 mm thick CaF,
crystal, The ring image forms directly in the UV-sensitive detector,

with a dispersion that depends on the radiater thickness.

Examples of single events obtained with the detector illustrated in
the previous figure, for 1.3 GeV/c protons. The central point,
corresponding to the charged particle trajectory is often accom-

panied by photon peints emitted in the MSC window.

Measured distribution in the number of photons obtained with the
detector shown in Fig. 15, for 1.3 and 1.5 GeV/c protons (point
with error bars). The histogram corresponds to a Poisson distri-

bution with the indicated average.

Measured distribution of the average ring radius (points with error
bars). The full curves represent a Gaussian fit with the indicated

average values and standard deviations.
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Fig. 19 : Computed Cerenkov angle in a LiF radiator with n = 1,50, as a func-
tion of particle momentum for pions and protens. The points with
error bars correspond to the measured values at 1.3 and 1.5 GeV/c,

obtained from the previous figure and the known geometry (Fig. 15).

Fig. 20 : Extrapolation of our results to a 10 atm, 50 cm long argon radiator
using the MSC Cerenkov imaging device. The strips show the expected
radius and angle resolution (one standard deviation arcund the
average) for an f = 50 em optics, as well as the expected number of
photons N and the corresponding inefficiency levels if three or

more photons are required for an event to be reconstructed,

Fig. 21 : Pulse-height spectra obtained in an MSC having a proportional chamber
in the last element with a 5 mm thick LiF radiator under terenkov
emission conditions (larger peak, protoms at 1.5 GeV/c) and total
reflection conditions (smallier peak, pions at 1.5 GeV/c). The re-
sidual signal, in the second case, that coincides with the spectrum
obtained for both particles turning the detector by 180° in respect
to the beam, is given both by direct ionization in the gas of the
MSC and by scintillation in the radiator. Removing the sensitive
part of the detector from the beam, one may obtain virtual insen-
sitivity for particles having a velocity above the total reflection

limic.



(eV)

E

Il 10

12

—— NE(%H%9)

P 9499
e E15008HD

—
X

Xe

120 140 160 I80 200

100

A (nm)

Fig.



z b4

L ] - L] L} [ ] L ] L ] L L L]
LA R R RS ELEET R RNTE 2NN T T
LR LR LR LAR TR AEr R
LA A AR SRR R 22 ]
FhtddhAdddnaans
LA AL T R 22Ty N ]
LA 2SR R R RT3

LA L ERLIE S]]
(232 2R R SRR
thtrA b AARAS

arrentadh f
AL AR A
|
I

’
1
I
|
)

o

AR AR E

LA A RS T}

i \ﬂ rurman
wrigpzg= Ay Hi
LR RS 2 8 )

ek E AN

kR

. rean

006= Vd i
LER EJ

LY

LR

LA

"

')

'

*

2

« U9







E (eV)

€ (%)

100 - , .




Spark plug [
pdrpug/

- o
[ O
e = w
§ &%
S Mvm
-~ -
E§ 81
» a5
T
) - N2
-
_Hu z T T
[] ] 3
I IR |
NN NN
NN N
L A K e e e o e o e e e e e e AL L L
SN bbb N S S
ANKAN ANANAN L ——————————— Z\\N/A /AA///\\
= - N
8 S
B £
2 . \
@ 35 3
—
o]
e
e
TR

Fig. 5






8 "bLJ

| E— 1
wo Of 0
jajul SDY MOPUIM 24 D)) 2041 1D{4
, N /,.
-8 .M\>m® Gl \\ .
: &
205\ / 198
N /
jouw 24bw -y 104DIPOY Jaquoys yipds dagsiynng

H

DI3WD3 |SDY ~







Argon Radiator

N
|50}
Poisson n=1.7
|00—+ +
50+




60

40

20

(.5 GeV/c

Radiator

24 .42 +0.22 mm
= 2.05mm




(n-1)-10%

600

500

400

300

T } ! T T
window cutoff
TEA Range
... Measured__ ~
— 345t6 — R,
]
| | | i l
100 i50
A (nm)

Fig.

12




2 10 8 S 5 4 3 E (eV)

| | |
100 200 300 400 A {nm)

Fig. 13



yl 614

Hbay  asing

e - - pr 25 42 s P [ S By g0 s 404 e g Sumarcogs
v !}LE 2 ..I.run.}lr. . .
,..\rufc\?:} TN, - iy
iy oy, A
- .jll\{\/. fl\l.. ).ncrfuﬂ\\./:.i\\
L) W . \\..J- . ...n.. g .‘...
A ", .. o, .
s fraun-fu\r J.. \Ir\ %

» Y . 3
h _JJ?IIJ/ .I/ - _.r!n.. _w.
W, ;
- ’ ﬁr\ »
f{.\/).. .. ..n i)
. .‘lvo. ..\ Vd ... f.\ \.- ¥ ; I
) 4 . ’ ]
.o R ~
o, u..e e qu...“u”.\.,. - 7
oy 1

apoyjpocjoyd 3} s)

wwi( ‘ mopum ¢4 By

GIE H9ZS

W3  9/A29 G|




Sl

by

2000,
IR

-------------------------------------

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

suojoad 2/A89 ¢€'|

/////////////////// 4177 H01DIpDY U

\\\//////////////// NN
\\%&é@% &.v/v?%///

ST NN juoipognduiy -a4
Q UOISIGAUDD |

uch sy

¢4 DD MOpUIM

1H1Q

¢ OSW
iBquoyo yodg



Fig. 16



40

30

20

rrrrr T 1717 17 1TT

LI L

LiF Radiator

0

Fig. 17

p 1.3 GeV/c p 1.5 GeV/c
- - 4
/ n=17
i ® i K]
- =4
Ll 111 |+1 ) Lot
4 8 n 0 4 8 n




I I H
N LiF Radiator
30
_ 3 Geve
R=17.56%0.14mm
Or =Li7mm
20
\ 1.5GeV/c
\ R =24.38 ¢
s g \ 0.3/ mm
: \ Og =1.89 mm
i + A
O 10 20 30

Fig. 18




002

O

09




GOl

02 "B

{(o/n29) d

Ol

'lllll'll

T 1 I 1 1 — LB T F T

Ol =

Ob

06 -

(ww)y | g




Fig. 21

&
s
Fonrrs
7



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45

