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Wire gaseous coordinate detectors continue to be a basic tool in experimental high-energy
physics and are being intensively introduced into related areas of science and technology,
particularly biomedical research. The constant evolution of these detectors allows broad
application of their new modificatons: multistep chambers, low-pressure detectors, time-
projection chambers, and so on, so that detector systems are enriched with new possibilities. In
this review we give the operating principles and fundamental parameters of these detectors and
discuss some examples of how they are used in experimental physics. We also explore some of
the features of the use of these detectors for research in molecular biology and medical
diagnostics for examples of existing and projected setups.

INTRODUCTION

The appearance of new charged-particle coordinate de-
tectors—filmless wire spark counters, and then multiwire
proportional chambers (MWPC) and drift chambers
(DC)—in the 1960s in physics experiments at accelerators
was largely due to the rapid development of microelectron-
ics, electronic computational techniques, and standard elec-
tronic modular systems. These detectors then became one of
the basic tools of high-energy physics, owing to their good
space-time resolution characteristics, the possibility of using
them for particle identification by means of ionization mea-
surements, and the relative ease of preparing them according
to the requirements of a particular experiment. This class of
detectors now includes various modifications of time-projec-
tion chambers, two- and one-coordinate wire detectors oper-
ating in the self-quenched streamer (SQS) mode, and mul-
tistep shower chambers. A promising direction in the
development of radiation detection techniques is based on
the combination of wire gaseous detectors with detectors of
other types.

The arsenal of detecting setups used in experimental
nuclear physics is constantly being enlarged by new types of
detectors with better spatial or time resolution. The new
BGO and BaF, scintillators have been developed, and mi-
crochannel plates, silicon planar detectors, and devices with
charge coupling have been put into operation. Nevertheless,
the importance of gaseous coordinate detectors has not been
diminished. For example, in the DELFI setup designed for
experiments in the colliding electron—positron beams of
LEP (at CERN) information will be recorded via
~1.2X 10° channels from various detectors of this type,
which amounts to about 75% of the proposed total number
of detection channels.'

The existence of relatively inexpensive electronic com-
putational installations equipped with a sufficient amount of
fast memory together with the development of cathode read-
out techniques with MWPC and DC, which has made it pos-
sible to obtain two-coordinate information in the detection
of neutrons and y rays, has opened up the possibility of using
these detectors as the so-called electronic analog of x-ray
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film. Studies in this direction were begun in the mid-1970s
and are being carried out at many large physics centers such
as CERN, JINR, the Institute of Nuclear Physics at Novosi-
birsk, and others. They are concentrating mainly on the ap-
plication of MWPC to x-ray structural studies and medical
diagnostics. The replacement of the traditional detectors by
electronic ones allows the following:

1. The current techniques of obtaining and storing data
can be used relatively simply, mathematical analyses of any
complexity can be carried out, and the results can be present-
ed in the form familiar to investigators.

2. The sensitivity can be increased by the improved radi-
ation-detection efficiency and the significantly smaller back-
ground, thereby lowering the amount of radiation to which
the objects under study are exposed and decreasing the in-
vestigation time by more than a factor of one hundred.

Aspects of the technique of gaseous coordinate detec-
tors and features of their application in nuclear physics and
applied research have been discussed in Refs. 2-7. The pres-
ent article is devoted to a review of the principal features of
these detectors and to some aspects of their application in
biomedical research.

1. GASEOUS COORDINATE DETECTORS FOR DIGITAL
RADIOGRAPHY IN BIOMEDICAL RESEARCH

The experience gained in the use of gaseous coordinate
detectors in high-energy physics has shown that these detec-
tors have the following main features:

1. The detectors can be controlled, so that the number
of background events can be minimized.

2. They are useful for carrying out a preliminary selec-
tion of events.

3. They possess high time resolution (short memory
time), so that particles separated from each other by very
short time intervals can be distinguished.

4. Their dead time is short, that is, since they have a
short response time, rapid data accumulation is ensured.

5. They possess fairly high spatial resolution, that is, the
true coordinates of the points at which particles intersect the
detector plane are determined accurately, and also they are
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capable of detecting nearby events which occur simulta-
neously.

These detectors can be classified as detectors of the dis-
crete or analog type, depending on their method of informa-
tion readout.® In the first case the coordinate information is
determined from the number of the discrete element of the
detector whose electronics have recorded a pulse from the
passage of a particle. In the second case the coordinates are
determined via one of the following procedures: (a) by anal-
ysis of the detected charges according to the signals from
several electronic circuits connected in parallel to the detec-
tor; (b) by measurement of the delay of the appearance of
the signal relative to the time that the particle has passed
through, which in turn is determined from the time for the
produced charge to drift to the detection electronics; (c) by
measurement of the signal delay time by means of the intro-
duction of delay lines (DL) between discrete elements of the
detector.

In high-energy physics only part of the radiation pass-
ing through the detector is of interest. When these detectors
are used in applied research, it is assumed that all the detect-
ed radiation is of interest.

The structure of various objects is traditionally studied
by obtaining the image of the object on photographic film or
by detecting radiation passing through the object or emitted
by it. The electronic coordinate detectors, for example,
MPWC, used for such purposes together with their elec-
tronic instrumentation are referred to as electronic analogs
of x-ray film, while the technique itself is called digital radi-
ography. Here the detector might be of the form of a matrix
of square cells, usually with from 64 X 64 to 256 256 cells.
The amount of information sent to memory from these cells
is from 4 to 64 K words, respectively. The linear dimensions
of the cells (/, and /, ), which determine the spatial resolu-
tion of the system, are usually 0.5 mm or larger. The relation
.1, =S /N holds, where S is the sensitive area of the detec-
tor and &V is the size of the memory, whose word capacity (up
to 20 bytes) determines the dynamical range of the system.
The characteristics of the system are determined by the de-
tector, the method of information readout, and the elec-
tronic detection apparatus, which allows preliminary data
selection and digital coding of the coordinate information. A
computer with memory capabilities (buffer memory, mag-
netic tapes, floppy disks) is used for the storage, statistical
analysis, digital processing, and final presentation of the in-
formation. Cathode-ray tube displays with the number of
resolving elements no less than the number of detector cells
and with a wide range of black/white or color gradiations
are used to present the data.

A high intensity of the radiation flux and large informa-
tion density require a fast detector and nullify the require-
ment that the detection be 100% efficient. Usually the effi-
ciency is tens of percent and a high degree of uniformity in
the area of the detector is ensured. A large angular spread of
the radiation flux makes it necessary to use relatively thin
detectors. The simplest and most widely used method of co-
ordinate information readout in the case of MWPC detec-
tors is based on the use of DL, which gives high resolution (a
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fraction of a millimeter) and faster operation (hundreds of
kilohertz). We note that information readout from two ends
of the DL leads to an increase in the spatial resolution by a
factor of two without changing the time resolution. As a
rule, the anode wires are connected and the signals from
them are used to trigger the apparatus and to carry out event
selection on the basis of the amplitude., The coordinate infor-
mation is read out via two detection channels per coordinate.

When detectors are used in applied research, it is as-
sumed that nonspecialists will be operating them. Conse-
quently, the detector parameters should have a high degree
of stability, the number of detection channels should be
small, and the detector should be as simple as possible to use.
Gaseous coordinate detectors come closest to satisfying
these requirements.

2. RADIATION DETECTION. THE CHARGE COLLECTION
MECHANISM

Charged radiation

When charged particles pass through matter, their elec-
tromagnetic interaction with the electrons and nuclei leads
to excitation and ionization of the atoms which are impor-
tant even in thin layers of matter. This ionization brems-
strahlung, which is important for slow particles, is accompa-
nied by a decrease of the particle kinetic energy. The
ionization losses per unit path length are given by the well-
known Bethe-Bloch formula. The ionization losses increase
with decreasing particle velocity.

An electron with kinetic energy considerably greater
than the ionization potential of the atoms of the medium and
produced as the result of ionization bremsstrahlung of a par-
ticle of charge z is referred to as a § electron. The maximum
energy of the ejected electron is given by the expression

Emax = 2m—c2ﬁ2/(1 T ﬁ2)’

where m is the electron mass, 3 is the velocity of the incident
particle in units of the velocity of light ¢, and the emission
angle of a 6 electron with energy E is defined as

cos 20 = E/E,,,

In the passage of particles through matter with charge Z,
atomic number 4, and layer thickness x (g:cm~2), the total
number of § electrons produced with energies greater than
E, (MeV) is (Fig. 1)
#Zz 1
B4 E, °

Most of the electrons are knocked out at an angle of 7/2
and have low energy. We see from Fig. 1 that in the passage
of a relativistic proton through 1 cm of argon about 10 elec-
trons are created with energies greater than the ionization
potential of the gas, with one in ten having an energy greater
than 1 keV. In 5% of the cases the detected particles are &
electrons, whose mean free path in argon is greater than 100
pm, indicating that there is a significant effect on the spatial
resolution of the detector. Since there is a nonzero probabil-
ity for knockout of electrons with energies up to E,, it is
possible for some primary electrons to leave the confines of a
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FIG. 1. Number of electrons of energy greater than E, knocked out in 1
cm of argon at STP by 10-GeV protons.

thin detector. The dependence of the mean free path of slow
electrons in a gas on their energy is shown in Fig. 2.
Electrons with kinetic energy greater than the excita-
tion potential E,, or the ionization potential J of the atoms of
the medium can, in turn, excite or ionize the atoms of the
medium. In a gaseous medium at STP about three secondary
ionization electrons are produced for each primary electron
(the number of which per 1 cm of particle path lengthis #;, ).
The total number of produced ion pairs, n is defined as the
ratio of the total particle energy loss in the gas-filled part of
the detector to the average energy w at which the electron
pair is produced. Since the total energy loss of a charged
particle in a thin layer of matter is the result of a small num-
ber of primary interactions (in argon, for example, at STP
the average distance between two primary ionization events
is 450 xm), its value fluctuates strongly. The probability of
producing highly energetic 8 electrons causes the ionization
distribution to be asymmetric about the most probable val-
ue, so that the detector sensitivity must have a large dynami-
cal range. The determination of the average value of the ioni-
zation for each particle by means of a large number of
independent measurements with about 50% of the largest
values discarded forms the basis for particle identification in
the region of relativistic growth of the ionization losses when
gaseous detectors are used. The distributions of the average
ionization (constructed from the values forming the small-
est 70% of 192 measurements) are narrow and Gaussian,
and the full width at half-max (FWHM) is 8.4%, so that it is
possible to distinguish pions from kaons and kaons from pro-
tons in the momentum range 5-40 GeV/c.'? The problems of
particle identification have been discussed in detail in Ref.
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FIG. 2. Energy dependence of the electron mean free path in Ar and Xe at
STP (Refs. 10 and 11).
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13, for example, and lie outside the scope of the present
study. We note only that in condensed media the density
effect, which terminates the growth of the ionization losses
with increasing relativistic particle energy, appears earlier
than in rarified media.

In Table I we give some parameters of the most widely
used gases. > !4-1%

Gaseous coordinate detectors which are sensitive to ul-
traviolet radiation can be used to identify charged particles
with momenta in the range from 1 to hundreds of GeV/c.
The identifying elements consist of a gas radiator with a fo-
cusing device, in the focal plane of which a coordinate detec-
tor is located. When a fast charged particle of velocity S
passes through a transparent medium with index of refrac-
tion n> 1, the atoms of the medium become polarized if
fBn> 1, leading to Vavilov-Cerenkov radiation directed at
an angle © to the particle trajectory:

© = arccos (pr)-t.

The number of photons with wavelength in the range from
A, to A, emitted by an ultrarelativistic particle with unit
charge per path length L is given by the expression

N = KL sin® 0,
where
2me? ¢ 1 1
K==% (K_RT) ;
In the plane normal to the direction of motion of the particle
the radiation can be recorded as a ring of definite radius. In
the spectral range determined by the quantum efficiency of

gaseous coordinate detectors we have the coefficient K ~70
cm~!' (Ref. 19).

X-ray and vy radiation

When a ¥ flux passes through matter, the intensity of
the beam decreases exponentially. Photons are eliminated
from the beam as a result of interaction events leading to
scattering or absorption. The processes responsible for this
are photoabsorption, Rayleigh and Compton scattering, and
electron—positron pair production. The latter process can
occur for photons with energy above 1.02 MeV. In Fig. 3 we
illustrate the contribution of the various processes to the
efficiency of the interaction of photons of energy 50-800 keV
with lead, which is often used as the external convertor in
gaseous detectors. In this energy range the dominant inter-
action mechanism is the photoelectric effect, while at higher

1 . 1 A '
00 3N W F,. kev

FIG. 3. Efficiency of interaction of photons with energy up to 800 keV in

lead of thickness | mm: 1—efficiency of Compton scattering; 2—Rayleigh
scattering; 3—photoabsorption; 4—total efficiency.
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TABLE I. Some parameters of the gases most commonly used in wire coordinate detec-

tors.

P , n
Gas z A mg/ E., 1, eV/ dE /dx, iy . L/

i eV eV | pair kev/cm g?: pair/ g::l paiz/
He 2 4 10.178] 20,9 | 24.6 | 41 0.26 3.7 6.3
Ne 10 20,210,90 | 16,6 | 21.6 | 36.2 e 11 32
Ar 18 39.9/1.78 | 11.6 | 15.8 | 26.2 241 22 80.5
Kr 36 | 83.813.74 | 10.0 | 14.0 | 24,0 4,24 4 177
Xe 54 |[131,3/5.89 8.4 (12.1| 21,5 6,16 62 286
CO, 22 44 (1.98 | 10,0 | 13.8 | 34.3 2.93 26 85
CH, 10 16 10.72 13.1 | 28 1,33 12 48
CsH;y 34 58 [2.87 10.6 | 23 4.5 42 195

energies (in the range 0.5-5 MeV for lead, for example) the
Compton effect dominates. Rayleigh scattering, in which
the incident photon is deflected without loss of energy, can
affect the spatial resolution and is taken into account at low
energies. If the gas-filled part of the detector serves as the
convertor, Compton scattering becomes the dominant inter-
action mechanism for photons with energy above 300 or 80
keV, when the gas is Xe or Ar, respectively. In Fig. 4 we
show the ratio of the Compton-scattering cross section o and
the photoabsorption cross section 7 as a function of the ¢
energy for several types of matter.

In the photoelectric effect the interaction of a photon of
energy E, with an atomic electron strips the electron from
the atom; here the electron kinetic energy is

Te=E‘|‘_Ii$

where I; is the binding energy of the electron in the ith shell
of the atom. The dependence of the electron binding energy
on the atomic number of the material is shown in Fig. 5. We
note that the cross sections for all the types of interaction
mentioned above increase as the charge of the atoms of the
medium increases, which determines the choice of conver-
tor.

The vacancies created as a result of the photoelectric
effect in the ith shell of the atom are filled after a time of only
10~ '3 sec with electrons from the outer shells. Here a flu-
orescent photon is emitted with probability ,, while in the

19(o/%)

31g E, (keV)

FIG. 4. Ratio of the Compton scattering cross section ¢ to the photoab-
sorption cross section 7 as a function of the photon energy for several
materials.
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other cases one of the outer electrons is emitted (an Auger
electron).

The fluorescent photon yield for the K shell is®'

Og = Pgy/(Pyy + Pge),

where Py, is the probability for the atom to deexcite by the
emission of a  quantum P, is the corresponding probabil-
ity for an Auger electron. The energy of the fluorescent pho-

ton is determined by the energy difference between the K and
L levels:

Epy=1Ig —1Iy,

while the energy of the most probable KLL Auger elec-
tron is

Byl g0y

The dependence of the probability for, and the energy of,
fluorescent radiation on the atomic number of the matter is
shown in Fig. 6. Fluorescent emission can lower the spatial
and energy resolution of a detector. A fluorescent photon
with the average value of the mean free path A =y~ ', where
£ is the total attenuation factor, can leave the confines of the
detector or can produce a secondary photoelectron from the
L shell of the atom far from the primary photoelectron. In
Xe at STP, A =20.7 cm.

The photoelectrons of soft x-ray radiation are usually
emitted at an angle of 7/2 to the photon direction of motion.

A
Be Ne ArFeKeXePh

I'f-'*hke\/ '{:rl\}'
e
1L & 100
£
-
10’ 4w
E ]
- -
13"1 g rpnnl reeronlf
T 70 100
A

FIG. 5. Dependence of the electron binding energy in the K and L, shells
of atoms on atomic number (Ref. 20).
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FIG. 6. Dependence of the fluorescent photon yield wy and energy E,
on atomic number (Ref, 20).

As the energy increases the photoelectron emission direction
approaches the direction of motion of the primary radiation.
For example, for photons of energy 1 MeV, 80 keV, and 20
keV the average emission angle is about 10°, 45°, and 65°,
respectively.

In the case of Compton scattering the wavelength of the
radiation varies from 4, to A, depending on the scattering
angle @, since A — A, = 2A sin® ¢ /2, where the Compton
wavelength is A = 0.002 42 nm. Each scattering event is ac-
companied by the appearance of a recoil electron of kinetic
energy (in eV)

7 2479.5A sin® q/2

£ Ao (hg—+2A sin? p/2) ?

where the wavelength is in nanometers. In Fig. 7 we show the
variation of the wavelength of the radiation and the recoil-
electron kinetic energy as functions of the energy of the scat-
tered photons for various scattering angles.

High-energy recoil electrons are emitted in the direc-
tion of the incident photons. As the energy decreases the
angle between the directions of the recoil electron and pri-

10%c Fe ,_keV
5 75 %
& =0
10% =
2 s
> 0% ,,,:/; o 703
= 7/ o
:‘ B 2 Al 5 /Z
S o / / { e
8 W20 A N A
0° i / 7ty 2
10 3 70
= ,// / / ’, // 3
: L) —
- 75 ——/:Ii /' ’/ /f II =
i iis ¥ 3 / 1
[ 1747 I, /I / =
1 L i ||t{'{h; VA Illllllll L nulfo
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FIG. 7. Dependence of the change of wavelength in Compton scattering
on the radiation energy (solid lines) for various scattering angles. Depen-
dences of the recoil electron kinetic energy on the incident photon energy
(dashed lines) for various Compton scattering angles.
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mary photon emission increases to 7/2. The Compton scat-
tering of the photons occurring before their passage through
the working volume of the detector affects the spatial resolu-
tion, owing to the change of direction and the energy resolu-
tion due to the change in the wavelength. Compton scatter-
ing on the atomic electrons of the gas-filled part of the
detector can also lead io uncertainty in the coordinate mea-
surements.

Neutron detection

The dominant form of neutron interactions with matter
is interaction with the nuclei. Neutrons are detected via the
ionization due to secondary particles. Fast neutrons are
most often detected by detection of the recoil protons. Neu-
trons of lower energy are detected using the (n,7), (n,a), or
(n, p) reactions. We note that the nuclei formed in radiative
capture reactions are usually # ~-radioactive.

In the course of their detection, neutrons can interact
either with the matter in the gas-filled part of the detector or
with the matter serving as the convertor located right next to
the detector. In the former case, hydrogeneous compounds,
*He or BF;, are introduced into the gas-filled part of the
detector. Usually, CH,, °LiF, '°B, Gd, or Dy are used as
external convertors; materials which selectively capture
neutrons of resonance energies also might be used.

In the detection of thermal neutrons via the reaction
B(n,a)Liusually the coordinates of the stopping points of &
particles of energy 1.5 MeV, which are a considerable dis-
tance from the neutron conversion points, are determined.
Here the spatial resolution is no better than 2-3 mm (Ref.
22). If the specific ionization losses of the secondary radi-
ation are sufficiently large, it is possible to use low-pressure
gaseous detectors with so-called focusing properties, allow-
ing the accuracy to be improved to a fraction of a milli-
meter.”*** While the mean free path of an ¢ particle of ener-
gy 1.5 MeV in argon at STP is about 1 cm, in boron it is about
4 pm, which determines the effective thickness of the con-
verter. An estimate of the efficiency of the a-particle yield
from a converter of thickness 0.4 mg-cm ~ with an enrich-
ment of '°B of up to 90% showed that the expected efficiency
of thermal-neutron detection by a gaseous detector with a
'°B converter is about 1% (Ref. 25). The secondary-particle
yield is doubled if convertors are put on both sides of the
detector.

Thermal neutrons can be detected very efficiently using
high-pressure gaseous detectors. When a gas at a pressure of
1013 kPa contains 60% “He by volume, the efficiency of
detecting neutrons of wavelength 0.28 nm is about 70%. The
spatial resolution is no better than a few millimeters.*

Electron diffusion and drift in a gas

When they undergo multiple collisions with the atoms
of the gas, the electrons and ions created as a result of ioniza-
tion lose a fraction of their kinetic energy determined by the
average thermal energy of the atoms. The density of the
charge produced decreases with time, owing to recombina-
tion and electron loss via capture by electron-deficient mole-
cules. The electron-capture probability is characterized by
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the sticking probability A, which is the ratio of the cross
section for negative-ion production to the total cross section
for electron interactions with atoms. For the inert gases H,
and N,, 1/h~cw, while for CO,, for example, 1/
h~1.6x10° (Ref. 26).

When an electric field is present, the electron cloud is
shifted a distance x toward the anode during a time ¢, Here
the electron coordinates acquire a spread with rms deviation

oL = 2Dt = 2egx/eE,

where D is the diffusion coefficient and € is the characteris-
tic electron energy (ex = kT for an ideal gas). In strong
electric fields €, can grow significantly for some gases, while
in others (for example, CO,) the electrons remain thermal
even in strong fields. In an electric field such that E /p > 103
V/(cm-mm Hg)* the diffusion along the direction of the
field D, isdifferent from that in the perpendicular direction
D ;. For example, in helium with hydrogen, argon, and xe-
non the ratio D /D, is roughly 2, 7, and 10, respectively.*’
Electron diffusion affects the maximum accuracy of the de-
tector. In the detection of the most energetic & electrons of n
primary electrons in a drift chamber, for example, the coor-
dinate accuracy is given by'®

n
1 1 12
o= (3t 2 wr) " %
m=k

where o, is related to the electric field strength and the gas
pressure p as

0y = [ (E/p) (z/p)'s

The average velocity of charges in an electric field mov-
ing toward the corresponding electrode is referred to as the
drift velocity W. If the average energy of ions in an electric
field is practically unchanged, the electrons acquire an ener-
gy whose maximum value is determined by the lower energy
levels of the atoms of the gas. The energy acquired by the
electrons can be decreased by adding a gas of high molecular

0%  Ar+C0y(%)

w,cm/usec
NOB o
I

0 04 08 E/p, V/(cm-mm Hg)
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§ 5L 20%
2
g
[&]
=2 pure Ar 5
ot | 1 t % T =X
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FIG. 8. Dependence of the electron drift velocity in a mixture of Ar and
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FIG. 9. Dependence of the ionization probability of several inert gases on
the electron energy (Ref. 29).

weight with many low-lying excited states to a pure gas with
a high first excited state. The cross section for electron-atom
interactions decreases and the mean free path between colli-
sions increases, causing the drift velocity to increase. In Fig.
8 we show the dependence of W on the ratio E /p for several
mixtures. The analogous dependences for various mixtures
of gases are given in Ref. 30.

Inelastic collisions of electrons with atoms

If the energy acquired by the electrons between two
collisions in a strong electric field is greater than or equal to
the energy of an excited state, the atom is excited. In molecu-
lar gases the electrons excite the vibrational levels of the
ground state, and the energy that they lose is considerably
less than in the case of monatomic gases. If between two
collisions an electron acquires an energy greater than the
ionization potential of the atoms of the gas, ionization oc-
curs. In Fig. 9 we show the dependence of the ionization
probability of several inert gases on the electron energy. At
high values of E /p, beginning with some value of the field
strength, the ionization can become shower-like. If the ini-
tial number of electrons is n,, the total number of shower
electrons at the end of a path of length x in a uniform field is
n = nye™, where the first Townsend coefficient @ deter-
mines the multiplication factor of a primary electron over a
path of length 1 cm in the direction of the field. The gas
amplification is ¢**. The dependence of @ on the electric
field for inert gases is shown in Fig. 10. The energy acquired
by an electron between two collisions is

To=(Elp)e—r—,
where e is the electron charge. Shower development occurs

102

-

8,

a/p, ion pairs/cm-mm Hg

=

1 1 ] 1 1 L 1 Il
2 4 10 2 4 102 07
E/p,V/(cm:mm Hg)

CO., (upper figure) and in Arand CH, (lower figure); O are the results of

Ref. 28, and X are those of Ref. 29, FIG. 10. The first Townsend coefficient for several inert gases (Ref. 29).
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FIG. 11. Emission spectra of several inert gases (Ref. 31).

efficiently in a field for £ /p > 100 V/(cm-mm Hg).

The addition of, for example, Ar to Ne leads to a large
increase in & due to the so-called Penning effect. This goes as
follows. As a result of inelastic collisions between electrons
and atoms of the main component of the gas 4, the atoms are
excited and then deexcite via photon emission 4 * —Av + 4.
The emission spectra of several inert gases are shown in Fig.
11. If the excitation potential of the atoms A4 is higher than
the ionization potential of the atoms of the admixed gas B,
ionization occurs: Av+ B—B ™ +e. Multistep shower
chambers at normal pressure work in a similar manner.

The charge-collection mechanism in gaseous detectors

The number of ion pairs collected at the electrodes of a
detector, that is, the size of the detected signal, can vary,
depending on the strength of the electric field. This is illus-
trated in Fig. 12, which can be divided into six parts. In
region I charge accumulation is hindered by ion recombina-
tion. When the field strength is increased, the drift velocity
increases and the recombination probability decreases. In
the case of a mixture of argon with about 10% gases of high
molecular weight the recombination process is negligible for
E/p>0.65V/(cm-mm Hg) (Ref. 32). Complete charge ac-
cumulation occurs in region II of Fig. 12. When the field
strength is increased further, we enter the proportional re-
gime, region III. At high field strengths electron showers are
produced and move to the anode with velocity 2 % 107 em/
sec (Ref. 26) in the form of an electron cloud leaving posi-
tive ions behind. The change of the electric field due to the
space charge corresponding to the positive ions causes the
gas amplification coefficient M to depend on the primary
ionization at large values of M. The energy resolution of the

FIG. 12. Qualitative variation of the detected charge with the voltage (in
arbitrary units) applied to the electrodes of wire gaseous detectors (Refs.
32 and 35): 1—for a relativistic particle undergoing ionization brems-
Istrahlung in 1 cm of argon at STP; 2—for the case of large ionization
osses.
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detector begins to deteriorate in this regime of limited pro-
portionality (region IV). The value of the gas amplification
coefficient M, corresponding to the onset of this regime is

My = Q./E,

where E is the ionization loss per unit length of a discrete
element of a wire detector. The coefficient @, for such detec-
tors (MWPCs) has been determined in Ref. 32 andis 3 X 10’
eV. In the case of relativistic-particle detection by a detector
of thickness 1 cm the amplification coefficient M, for Ne,
Ar, and Xe is about 2x 10*, 10%, and 5 x 10°, respectively.

Further increase of the field strength leads to the Gei-
ger—Mueller (GM) regime or, when certain conditions are
satisfied, to the SQS regime, region V. In the GM regime the
dead time of the detector is ~ 500 usec per discrete element.
‘When the concentration of gas with high molecular weight is
sufficiently large, the shower propagation probability is de-
creased because of photoionization and the development of
primary showers leads to the formation of a streamer which
propagates along the electric field lines. The streamer stops
growing when it reaches the weak-field region. In this (the
SQS) regime a discrete element of the detector has a dead
zone of about 30-90 usec-cm. The review of Ref. 33 is devot-
ed to detectors operating in the SQS regime. We note that an
SQS detector can operate in the so-called two-streamer re-
gime, where two independent streamers develop from oppo-
site sides of the anode wire. This causes the signals to have
different amplitudes when radiation significantly differing
in mass and charge is detected.**

Region VI corresponds to electrical breakdown of the

gas gap.

3. COORDINATE DETECTORS
Multiwire proportional chambers (MWPC)

Operating principles. An MWPC can be viewed as a set
of cylindrical counters located in a single gas-filled volume.
As arule, they contain three electrodes (Fig. 13). The inner
one is the anode and usually consists of wires of diameter
d = 20 um with pitch s = 2 mm. The outer electrode, the
cathodes, are equidistant by an amount / from the anode and
can be solid elements or consist of discrete conductors. In
Fig. 14 we show the electric field strength as a function of the
distance to the anode wire. In the region where the electric
field is strong, several radii from the anode wire, electron
shower production occurs. The detected charge g is pro-
duced at a distance of one electron mean free path A from the
wire; in argon A =1 um (Ref. 3). When the full charge is
collected, the contribution to the detected signal from elec-
tron accumulation is

A
o A-L C,
f_ g & 4
e
- 5 -A_ 5 - Py C
/A 2

FIG. 13. Schematic depiction of an MWPC.
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For /=35 mm and d =20 um we have the ratio V' ~/
V' * = 0.015. Therefore, the detected pulse is determined
mainly by the removal of positive ions from the region clo-
sest to the wire.

The time for the full accumulation of the charge is de-
termined by the mobility 2+ of positive ions in the gas and
can be estimated to be

t = (l/u+) (E/p)-L.

Since u* ~1.5 cm*V~'sec™' (Ref. 36), for an MWPC
with /=5 mm and E /p = 1.5 kV/(cm-mm Hg), t=0.2
msec. Analysis of the signal guided to the anode wire indi-
cates that 8% of the total signal reaches the wire in the first
10 nsec, while about 149% of it reaches it in the first 100 nsec
(Ref. 37). When photons are detected, the primary ioniza-
tion is localized in a small region and the time for the collec-
tion of charge from the showers of all the primary electrons
is small. When charged radiation is detected, all of the pri-
mary electrons are collected during 100-150 nsec, taking 20
nsec to travel 1 mm. This determines the constant of differ-
entiation in the accumulation of charge of the fast compo-
nent.

The signal of negative polarity recorded from the anode
wire is determined by the charge ¢. Here signals of positive
polarity determined by the charges g; (Fig. 13), where

— g = 2g;, are guided on the adjacent wires and on the
cathodes. In Fig. 15 we show the dependence of the signal
amplitudes at the exit of the linear amplifier when the signals
are taken from the anode plane (all the wires are joined to-
gether) and from the discrete elements of the cathodes.
When the anode wires are joined together, the capacitance
connected to the input of the amplifier is increased, which
for this particular MWPC leads to a factor of 8 reduction of
the anode signals compared to the case of discrete readout.
When this is taken into account, it follows from Fig. 15 that
~0.33g is guided to the cathode C,, ~0.25¢g to C,, and
~0.2¢q is on the neighboring anode wires. Therefore, for the
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FIG. 15. Dependence of the amplitude of the anode signal (A4) and of the
signals directed to discrete elements of the cathodes on their distance from
the center of the shower. The MWPC size is 250 %250 mm?, /= 3 mm,
s=2mm, d =20 um, and the cathodes C, and C, have 1-mm pitch.

case of discrete readout from the anode and from the cath-
odes, the sensitivity of the cathode amplifiers should exceed
that of the anode amplifiers by about a factor of 30. The
dependences that we give were obtained using a >>Fe source,
and the photon conversion occurred mainly near the cath-
ode C,. A slight difference between the signals from the cath-
odes C, and C, is observed, owing to the angular localization
of the showers near the anode wires,>*3*

The efficiency. For a given amplifier sensitivity the
MWPC efficiency is determined by the type of gas used, the
applied potential U, and the geometrical parameters of the
detector. A large number of gas mixtures are known which
ensure a charged-radiation detection efficiency of close to
100%. When there are no special requirements such as ob-
taining the maximum time resolution or gas amplification or
requiring that the gas filling the detector have a large effec-
tive density, the most suitable commercial two-component
mixtures are Ar with 20%-30% CH, or CO,. When the
chamber is flushed with the gas mixture, a small fraction of
alcohol vapor is introduced, which increases the efficiency
plateau by about 40% (Ref. 39). The alcohol molecules in-
hibit the photoelectric effect at the cathodes and the second-
ary electron production occurring when the positive ions
approach the cathode. In some cases, particularly for large
MWPC, which are difficult to prepare with the necessary
accuracy, it is better to use gas mixtures containing electron-
deficient additives, for example, the “magic” mixture con-
sisting of argon, isobutane (239 ), freon-13B1 (0.2%), and
methylal (4%) (Ref. 40). In these mixtures the gas amplifi-
cation coefficients are high and spontaneous electrical
breakdown does not occur, so that a sufficiently large effi-
ciency plateau is obtained. For an MWPC with pitch s = 1
mm it has been proposed that a mixture of argon with 14%
C,;H;0, and 50% CO, be used to ensure high efficiency and
stable operation.*!

In Fig. 16 we show the variation of the voltage as a
function of the anode wire pitch for fixed electrical field
strength at the surface of anode wires of various diameters.
The voltage at which electrical breakdown occurs in accor-
dance with the Raether condition a/=20 (Ref. 26) is
marked. A decrease of the diameter of the anode wires low-

V. D. Peshekhonov 463



I=4mm
by 1]
= =
£ =
) )
=2 =2
= =
] o
o 2
ne an

§mm a 2

FIG. 16. Dependence of the voltage on the anode pitch for MWPC with
various electrode spacings / and various anode wire diameters.

ers the required values of the voltage and makes it possible to
obtain a higher gas amplification. However, electrostatic dif-
ficulties restrict the use of wires of small diameter.** As the
spacing between the electrodes decreases the capabilities of
the MWPC deteriorate somewhat. For example, when / is
changed from 8 to 4 mm, the minimum possible value of s for
wires of a given diameter increases by 20%. We note that a
1% variation of the diameter of the anode wires changes the
gas amplification coefficient by 109%-15% (Ref. 43).

The temporal resolution of an MWPC is defined as the
full width at half-max (FWHM) of the curve of delayed
coincidences between the signals from the chamber and the
resolving signal at the electronic detection apparatus. Its
value is determined both by the duration of the resolving
signal and by the width of the time distribution of the signals
from the MWPC. In the detection of charged radiation with
99% efficiency the time resolution is usually no worse than
40-50 nsec. The FWHM of the time spectrum of the distri-
bution of signals from the MWPC and at the level where
99% of the events are detected is 10 and 30 nsec, respective-
ly, for a mixture of Ar and CO,.***° For a mixture of Ar and
isobutane these times are increased to 12 and 50 nsec. The
highest resolution is obtained for mixtures based on neon;
for example, for Ne with 209% CO,, 8% Ar, and 3.5%
C,H;OH these values are 8 and 23 nsec, respectively.*

In the case of analog readout of information by means of
delay lines (DL), the time resolution of the chamber for the
anode and cathode signals must be distinguished in some
cases. Whereas the time resolution for anode signals is usual-
ly about 50 nsec, that for cathode signals is the same as the
dead time (74 ~7,L, where 7, is the linear delay of the lines
and L is the linear dimension of the detector). In fact, in the
detection of two events which are simultaneous or separated
by a time smaller than 7, the uncertainty in the determina-
tion of the coordinates of each particle cannot be eliminated.
The time resolution of an MWPC with analog readout is
usually 0.5-1 usec. The good time resolution for the anode
signals is used to exclude background events by analysis of
their coincidences with fast monitor signals.

Spatial resolution. The uncertainty in the determination
of the coordinates of particles detected by MWPCs with di-
gital readout corresponds to the distance between the anode
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FIG. 17. Dependence of the delay of a coordinate signal read out using a
cathode delay line on the displacement of a photon beam of diameter 0.15
mm (a characterization of the detector linearity) (Ref. 49) when the
beam is displaced along the anode wires (a) or perpendicular to the anode
wires (b).

wires and is + s/2. As for any rectangular distribution, the
rms deviation is o = 5/y12. For MWPCs with anode wire
pitch equal to 2 mm, the resolution is o = 0.56 mm (Ref.
47). Decreasing the distance between the anode wires im-
proves both the spatial and the time resolution and raises the
efficiency of the detector when used in intense particle
beams. However, for this it is necessary either to raise the
high voltage in order to ensure the necessary gas amplifica-
tion or to increase the sensitivity of the amplifiers. These
requirements can be weakened somewhat by decreasing the
diameter of the anode wires. There are quite a few studies on
the use of MWPCs with anode wire pitch equal to 1 mm. For
example, such MWPCs have been used successfully for the
diagnostics of a separated antideuteron beam at IHEP.*' A
vertex detector has been constructed using a set of 18
MWPCs with anode pitch 0.5 mm, the individual chambers
being shifted relative to each other by an amount s/2. The
resulting resolution is o = 80 um (Ref. 48).

The value of s does not restrict the spatial resolution in
the case of cathode readout from an electrode whose wires
are perpendicular to the anode. The dependence of the delay
of the centroid of the cathode signal on the shift of the x-ray
beam along the anode wires [Fig. 17(a)] shows that the
MWPC is equally accurate in this coordinate and that the
differential nonlinearity is about + 60 gm and periodic in
nature. The readout was done by means of DL. Such modu-
lations can be manifested as a distortion of the shape of the
signals from the DL (with period related to the pitch of the
lines) and as a nonuniformity of the field near the cathode
wires.’® The accuracy of measurement of the second coordi-
nate [Fig. 17(b) ] obtained from an electrode whose discrete
elements are parallel to the anode elements is related to the
pitch s. Since the shower that develops near the anode wire
does not envelop it completely but rather is spatially orient-
ed, the centroid of the directed charge is shifted by an
amount related to the distance of the conversion point from
the anode wire. The observed dependence of the delay of the
coordinate signals on the shift of the ¥ beam [Fig. 17(b) ]
indicates that better resolution can be obtained than in the
case of a rectangular distribution.
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FIG. 18. Dependence of the MWPC energy resolution on the voltage
across the chamber. Photons of energy 5.9 keV are detected (Ref. 32).
The arrow indicates the voltage and the value of the gas amplification at

which the detector begins to operate in the regime of limited proportional-
ity.

When the coordinate readout is done by DL, the spatial
resolution of the detector can be limited by the intrinsic reso-
lution of the electronics®**: g, = A4, t./A, 7, where 4, is
the amplitude of the detected signal, 4,, is the rms amplitude
of the noise, and ¢, is the signal front (usually 50-100 nsec).
In practice, lines with 7, = 1-10 nsec/mm are used, and to
ensure good resolution the signal-to-noise ratio should be at

‘least 50. The resolution o = 100 #m has been obtained in the
detection of 5.9-keV photons.®! A two-coordinate readout is
possible by separation of the charge from special electrodes,
so that the X and Y coordinates are encoded in the charge
ratio.’* > The electrodes are printed on glass laminate in the
form of a series of wedges and strips whose area depends
linearly on the coordinates. Here, in contrast to the case of
resistive readout, the accuracy is limited only by the shower
size. For MWPCs with length dimensions of several meters
it is believed that a spatial resolution of about 0.1% of the
length of the anode wires can easily be attained by this me-
thod.”

Energy resolution. The charging ability. The depend-
ence of the energy resolution of an MWPC on the voltage
across the chamber is shown in Fig. 18. In the region of
proportional amplification the energy resolution is about
20% and worsens when the MWPC is operated in the limit-
ed-proportionality regime. The gas amplification of the
chamber usually lies in the range 10°-10°% and the energy
resolution is generally no better than 30%. If the spread of
values of the coefficient M over the entire area of the MWPC
is not to exceed 35%, the accuracy of the pitch of the anode
plane should be 1%.7¢

By analogy with proportional counters, the pulse input
to the amplifier, that is, the sensitivity, can be estimated
from the expression

MEe

Vb=, (T)
where E is the energy of the ionization losses and C is the
capacitance of the input circuit and the discrete element of
the detector to which the amplifier is connected. The coeffi-
cient k is taken to be 0.5.57 An important characteristic of the
MWPC as a high-speed detector is its charging ability, de-
fined as the maximum particle flux per unit area per unit
time which leaves the characteristics unchanged. An impor-
tant limit on the charging ability of an MWPC is the space
charge of the positive ions, which affects the gas amplifica-
tion coefficient. In Fig. 19 we show the variation of the anode
signals as a function of the intensity of an 8-keV photon flux.
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FIG. 19. Dependence of the values of the average amplitude of the signals
from an MWPC anode wire on the unit amount of charge loading for
various voltages U, across the chamber. The lower curve shows the vari-
ation of the energy resolution with the charge loading. The radiation con-
sists of 8-keV photons. The gas is xenon plus 20% methane and 3% ethyl
alcohol. The dimensions of the MWPC are 350 X 350 mm?.

All of the anode wires are joined together, which increases C,
and the coordinate information is read out from the cathodes
by means of DL. We see that for photon-flux intensities
greater than 1.5 10> mm~2-sec™' the space charge de-
creases the signal amplitude and worsens the energy resolu-
tion.

The speed of response of an MWPC can be increased as
follows: by decreasing the pitch s and thereby the charge
loading per wire, by decreasing the gap distance / and there-
by the effect of the space charge and the signal ““tails” due to
delayed electrons, by decreasing the diameter of the anode
wires to improve the time resolution for the anode signals
and decrease the effect of the space charge, and by using low-
noise amplifiers so that it is possible to work with a lower gas
amplification.

Low-pressure MWPCs. The properties of chambers
filled with hydrocarbon gases at low pressure have been in-
vestigated for the purpose of detecting recoil nuclei in ex-
periments on 7 and p scattering on He.?®%° It has been shown
that such chambers have good space-time characteristics. A
spatial resolution o = 40 um has been obtained in the detec-
tion of 5.5-MeV «a particles using a chamber filled with hep-
tane at a pressure of 77 mm Hg (Ref. 59). The time resolu-
tion of an MWPC filled with heptane or isobutane at a
pressure of several millimeters of Hg was found to be 2.5 nsec
(FWHM), while in the case of ethylene at 5 mm Hg it was
0.8 nsec (Ref. 60). Later these detectors were investigated
and developed further, mainly for the detection of fission
fragments of nuclear reactions in heavy-ion physics. Their
typical parameters are as follows: a sensitive area of up to
10 10 cm?, time resolution of 0.2-0.5 nsec (FWHM), spa-
tial resolution of 0.5-1 mm (FWHM), and average matter
content of about 600 uzg/cm? (Ref. 61).

The special features of low-pressure MWPC are the
rapid collection of the ionization products and the addi-
tional gas amplification due to electron collisions in the re-
gion between the anode and the cathode. It follows from Fig.
20 that for isobutane gas at a pressure of less than 15 mm Hg
the strength of the uniform electric field in the MWPC can
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FIG. 20. Dependence of the maximum value of the field strength in the
region of uniform electric field (curve 1) and at the surface of the anode
wires (curve 2) on the isobutane pressure. The MWPC parameters are
=4 mm, s =2 mm, and d = 20 um (Ref. 62).

exceed 100 V/(cm-mm Hg), with additional amplification
possible. In order to increase the efficiency plateau and im-
prove the signal-to-noise ratio in the detection of light nu-
clear fragments of relatively low energy, an additional drift
gap (DG) can be introduced. If the field in a DG of 4 mm is
sufficiently uniform and isobutane at a pressure of 5 mm Hg
is used, the gas amplification of the detector can be increased
by an additional factor of almost 100. This allows the detec-
tion of particles with total ionization loss greater than 4 keV.
For 5-MeV a particles the spatial resolution is about 0.1 mm
and the time resolution is better than 3 nsec (Ref. 62).

Multiwire proportional chambers filled with a mixture
of isobutane gas at 3 mm Hg and TMAE gas at a partial
pressure of 0.28 mm Hg in conjunction with BaF, scintilla-
tors are used in electromagnetic calorimetry. A chamber
filled with such a gas mixture is sensitive to ultraviolet radi-
ation, and the coordinate information is read out from the
cathodes and the anodes. We note that BaF, is not hygrosco-
pic, it has a high density ( p = 4.9 g/cm?), its radiation
length is 2.1 em, and it is 500 times faster than NaI(T1) or
BGO. The calorimeter contains 14 detector modules (19.3
radiation lengths), and for electrons of energy 0.1-0.2 GeV
it ensures an energy resolution of o/E = 2.5E '/*9%, where E
is in GeV (Ref. 63).

Drift chambers

The coordinates of particles produced by ionization of
the gas in a drift chamber are determined by measuring the
drift time of electrons in a uniform electric field. The oper-
ation of such detectors has been described in detail in Refs, 3
and 5. We note that the ability of DC to operate in a wide
range of gas pressures significantly increases their region of
applicability. For example, low-pressure DC are used in
heavy-ion physics,®” and at high energies they have been
used successfully to study the radiation of relativistic parti-
cles in monocrystals, where high resolution in the scattering
angle and low bremsstrahlung background are required,®
These detectors can also be used for neutron radiography.®®

The operation of a DC is affected by a number of factors
which can change the electron drift velocity: errors intro-
duced in the construction of the detector which lead to non-
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FIG. 21. Schematic depiction of a multistep shower chamber.

uniformities in the electric field and instability in the magni-
tude and direction of the field and to errors in the composi-
tion of the gas mixture. Among the external factors which
tend to destabilize the operation of a DC are the atmospheric
pressure, the temperature, and external magnetic fields. For
example, a 1% variation in the composition of the gas leads
to a 0.12% change in the drift velocity, while a 1 V vari-
ation of the voltage leads to a 0.06% change of the velocity.%*
Nevertheless, when certain conditions are met the drift ve-
locity can be stabilized to within 0.5% over prolonged oper-
ation. The maximum accuracy of a such DC system is about
o =100 um.

Allison ez al.%” have demonstrated the operation of DC
without field-shaping electrodes. Here a voltage is supplied
to the signal wires (the anodes) and the cathodes, which are
located at the ends of the drift gaps, are grounded. The walls
shielding the sensitive part of the detector are made of a good
insulator. The external metallized surface of the walls is
grounded. The accumulation of positive ions on the inner
surface of the walls automatically creates a uniform electric
field. These detectors are extremely simple to prepare®® and
can operate at particle fluxes of up to 10° sec™' per wire.*®
Highly efficient collection of ionization electrons over a dis-
tance of more than 1 mm is possible even when the trajector-
ies are curved by using plastic tubes with a spatial resolution
of about 2 mm (Ref. 70).

Multistep shower chambers (MSSC)

The operation of MSSC at normal pressure is based on
obtaining additional gas amplification in the strong uniform
electric field of the preliminary-amplification gap (BC in
Fig. 21) by filling the detector with an inert gas with a 1%—
3% admixture of gas with high molecular weight. The atoms
of the principal component of the gas mixture are ionized
and excited by electron collisions. De-excitation occurs by
the emission of photons which ionize the molecules of the
admixed gas if the photon energy is greater than the ioniza-
tion potential of the molecules. In Table IT (Refs. 7, 31, 71,
and 72) we give the values of I and the saturated vapor pres-
sures ps of various gases at the temperatures 0 ° and 20 °C
(denoted by the star *) used as the additive. An MSSC con-
sists of an ordinary MWPC with a series of auxiliary elec-
trode grids B, C, and D across which the required electric
potentials are supplied. Interactions between photons and
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TABLE II. Values of the ionization potentials of several organic compounds used as the
addition to the gas. The saturated vapor pressure is given for liquids.

Meth- |Isopropylene o g Eth
-heptane| Acetone | TEA thyl-
Compound |ane |alcohol ferro- | TMAE
(CH)|(CH,0) |(&H) |(CH0)I(CH),) T
I, eV 12.6 10.2 10,1 9,7 7,5 6,0 | 5.36
Ps, mm Hg = 8.5 11.5 67 20 <1¥*| 0.35%

gas atoms in the conversion gap CD produce electrons which
drift to the preliminary-amplification gap, leading to the ap-
pearance of a charge g in that region. The motion of the
charge in the strong uniform field leads to a current given by

dQ

o QW
VR
where /is the gap width. From this it follows that the charge

Q@ accumulated at electrode B during time t =/ /W is
Q = g (ex! — 1)/al.

Thedrift gap BK serves to transfer the charge to the sensitive
region of the MWPC. The detected chargeis Q * = fG,G.q,
where G, is the preliminary amplification of the gap BC and
G, is the gas amplification of the MWPC. The coefficient f
determines the fraction of charge that has passed through
electrode B to the gap BK. For E, <0.2E,, where E, and E,
are the field strengths in the gaps BC and BK, respectively,
the coefficient is f~E,/E, (Ref. 73).

In Fig. 22 we show typical dependences of G, on the
field strength in the preliminary-amplification gap. The rela-
tion between the field strength in this gap and the voltage
across the MWPC is shown in Fig. 23, where the depen-
dences correspond to a fixed value of the gas-amplification
coefficient of the detector M. The preliminary amplification
of the detector reaches 10*, which makes it possible to lower
the voltage across the MWPC considerably. An additional
enhancement of up to 5 10° is usually ensured; at higher
values sparking across the gap BC occurs occasionally. The
stability of operation of the MSSC is to a significant degree

I 1 1 1
g E,kV/cm

FIG. 22. Dependence of the preliminary-amplification coefficient on tlhe
field strength: curve 1—argon with 1.6% acetone; curve 2—argon with
3% acetone.
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determined by the stability of the partial pressure p of the
gap mixture. For example, for a mixture of argon and ace-
tone M~p~'% (Ref. 74). The gas control system must be
thermally stabilized, and in the case of MSSC with mylar
entrance windows it is necessary to stabilize the gas channel
rate.

The space-time characteristics of MSSC at normal pres-
sure are the same as those of MWPC. In the case of charged
radiation entering the preliminary-amplification gap at
large angles, the strongest signals are from the primary elec-
trons produced at the beginning of the gap (there is no con-
version gap). The coordinates of points on particle tracks in
the plane C are determined, that is, the detector possesses
“focusing™ properties.

When a gas of low ionization potential (5-7 eV) is in-
troduced into the gas mixture, the MSSC can detect ultravio-
let radiation and can be used, for example, in Cerenkov-radi-
ation detectors’® and for plasma diagnostics.”® A detector of
area 20 X 20 cm” with gas content 90% He, 7.5% CH,, and
2.5% TEA localizes single photoelectrons with an accuracy
of, for example, 0.9 mm (FWHM) and has a gas amplifica-
tion of about 10° (Ref. 76).

The possibilities offered by low-pressure MSSC are dis-
cussed in Refs. 77 and 78. The detector is filled with a pure
hydrocarbon mixture, for example, methane or isobutane, at
a pressure of several millimeters of Hg. A field E /p > 100 V/
(cm'mm Hg) is created in the preliminary-amplification
gap, and in this case showers can be produced by electron
collisions. The shower electrons pass through the drift gap
and into the MWPC, where further amplification occurs via
a two-stage process: first in the uniform field via electron
collisions, then at the anode wires. At low pressures the
transverse dimension of the showers leaving the gap BC is

Ua
1.6
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EkV/cm

FIG. 23. Dependences showing the relation between the voltage U, in an
MWPC and the field strength E in the preliminary-amplification gap at
which the gas amplification of the detector is constant: curve 1—argon
with 1.6% acetone; 2—argon with 3% acetone. The amplitude of the
signals at the output of the linear amplifier is 200 mV.
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about 1 mm (FWHM) (Ref. 79). Diffusion of the electrons
in the drift gap increases this value, thereby ensuring that the
detector is equally accurate at measuring both coordinates
and also decreasing the unit charge density so that a larger
amplification can be obtained. A large amplification ensures
a good signal-to-noise ratio, that is, good spatial resolution.
Low-pressure MSSC possess the following properties:

1. The time resolution is a fraction of a nanosecond.

2. The gas amplification in isobutane at 6-20 mm Hg
reaches 107.

3. The speed of response is increased by the diminish-
ment of the role of the positive-ion space charge owing to the
high ion drift velocity.

4. They are not very sensitive to relativistic particles,
but still they are suitable for detecting radiation with ioniza-
tion losses exceeding 150 eV (Ref. 78).

5. They can detect single photoelectrons with close to
100% efficiency.®®

6. Both coordinates are measured with equal accuracy,
and the spatial resolution is better than 0.2 mm (FWHM).#°

7. The detector can have a fairly large area—for exam-
ple, that in Ref. 78 has area 24 18 cm.

Time-projection detectors (TPD)

The operation of TPD is based on the electronic projec-
tion of the tracks of ionizing particles from the drift chamber
onto the sensitive electrode of the coordinate detector. The
following quantities can be measured: the track distribution
of the particle ionization, the mean free path when particles
are stopped inside the drift gap (the X coordinate), the ¥
coordinate of the points on a track by one of the analog meth-
ods of coordinate cathode readout, and the electron drift
time in the gap, that s, the Z coordinates of points on a track.
Therefore, it is possible to reconstruct the spatial picture of
the motion of charged particles and to measure the ioniza-
tion density on a track, so that such detectors can be used to
identify slow nuclear fragments in a wide range of mass and
charge. A detector with a sensitive volume of 100 40x 12
cm”’ (the length, width, and size of the drift gap, respective-
ly) using argon with a 10% admixture of methane reliably
identifies hydrogen and helium isotopes. The event mass dis-
tribution (Fig. 24) indicates that the resolution is 10%
(FWHM) for protons and 6% for helium. Such a detector is
a good instrument for the identification and spectrometry of
slow particles and, when filled with helium gas, it can serve
as a polarimeter for protons and deuterons. "'

Allison®* proposed that such detectors be used to iden-
tify relativistic particles; this was done successfully by Sha-
piro et al."? i

The use of TPD for Cerenkov detectors of charged par-
ticles is illustrated in Fig. 25. The electrons produced as the
result of the detection of the photons of Vavilov-Cerenkov
radiation in the drift gap drift to the MWPC. One of the
coordinates of their production points is determined from
the drift time, and the other is determined from the number
of the wire which was triggered. It is possible to register a
larger number of electrons of the Cerenkov ring by a small
number of measuring channels without any spatial uncer-
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FIG. 24. Event distribution in the identification parameter IP (the mass
distribution of hydrogen and helium isotopes) (Ref. 81).

tainty. The identifying element consists of a gaseous radiator
(C,;H,, or Ar) separated by a quartz window from a coordi-
nate detector filled with a mixture of gases, for example,
80% CH,, 20% CH,,, and TMAE. Such setups have been
constructed for the OMEGA spectrometer®® at CERN and
for the DELPHI installation.®*

The multistep parallel-plate chamber shown schemati-
cally in Fig. 26 has been proposed as a TPD with improved
temporal properties and spatial resolution. The electrode 4 is
printed on metallized glass laminate and is used to determine
the X and Y coordinates, while the other electrodes are wires.
The gas is 90% argon and 10% methane. The total gas am-
plification of the detector is 3 X 10°, of which 10* is attained
in the first gap (2-3) and 30 in the second (3—4). The effi-
ciency of transferring shower electrons to the second gap is
50%. The detected signal is determined by the fast electronic
component, and the basal width of the signals is about 8 nsec.
The spatial resolution of the detector for soft x-ray radiation
is o = 150 um. The two-track resolution is about 1 mm.*’

4. MEDICAL DIAGNOSTICS
Gamma chambers

The ability of many organs to selectively absorb chemi-
cals enriched by radionuclides has been widely used for func-
tional diagnostics in nuclear medicine. Since particle radi-
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FIG. 25. Schematic depiction of the use of a TPD to detect Vavilov—
Cerenkov radiation in a relativistic particle detector (Ref. 71): 1—gas
radiator; 2—quartz window; 3—conversion-drift gap.
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FIG. 26. Multistep parallel-plate chamber (Ref. 85): 1-4 are the detector
electrodes. The detected particle interacts with the gas inside the detector
in the drift gap.

ation is completely absorbed by organs, nuclides with
monoenergetic y radiation are used for radiopharmaceutical
preparations (RPP). When electronic detectors are used to
detect radiation harder than the principal type, an effect oc-
curs which is analogous to the appearance of fogginess in
photographic film, so that the contrast of the picture is re-
duced. Currently, one of the principal areas of research in
radiopharmaceutical chemistry is the development of new
RPP tagged by short- and ultrashort-lived radionuclides.®®
The short half-life and other nuclear physical properties of
these RPP make it possible to minimize the radiation dose to
the patient, study dynamical processes, and, if necessary,
carry out repeated examinations. This requires special com-
plexes consisting of a cyclotron, a radiochemical laboratory,
a clinic, and also high-speed detection apparatus.

In functional investigations the internal organs are vi-
sualized using classical gamma chambers, in which the radi-
ation is detected by a NaI(T1) crystal of diameter up to 400
mm and thickness of about 10 mm. The scintillation coordi-
nates are determined by a matrix of photomultiplier tubes.
The RPP distribution in the organ under study is projected
via a collimator onto the entire sensitive area of the detector
simultaneously. The spatial resolution, which is defined as
the FWHM of the image of a point source at a distance b
from the surface of the collimator, is%’
Fog =d(b+c+a—2u"")/(a—2u""), whered is the di-
mension of the apertures of the collimator, a is the collima-
tor thickness, ¢ is the distance between the closest surface of
the collimator and the “effective” plane of the detector, and
[ is the linear attenuation coefficient in the material. The
geometrical acceptanceis Q = [kd*/(a —2u~")(d + 1)1,
where ¢ is the thickness of the walls between the apertures of
the collimator and k& ( < 1) is a coefficient depending on the
shape of the apertures and their locations. The spatial resolu-
tion of the system is determined mainly by the collimator,
since? = r5 + r2,,, where r, is the intrinsic resolution of the
detector and r,,; is the collimator resolution. The examina-
tion time is determined by the efficiency of the system. When
the information density is low, statistical fluctuations can
distort the image. If the information density in adjacent cells
of the detector is N and N + AN, the standard error of the
counting difference between them is o, = 2N . This is
about 10% for a variation of the counting density which can
be detected visually in the image.*® The information density
per cell of area N = 200g> events, where g = 1, 2, 3, specifies
the number of standard deviations o, through the relation
AN = go, , that is, 68.3, 95.3, or 99.7%. The examination
time is
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where S is the area of the organ with cumulative activity
A(~10mCi), () is the geometrical acceptance (determined
by the collimator), and e is the detector efficiency.

Traditional gamma chambers use a large number (up to
91) of PM tubes®® and are not very fast. The typical energy
resolution for quanta of energy 140 keV is 15% (Ref. 4) and
ry = 9-4.4 mm (Ref. 89); these parameters worsen rapidly
with decreasing energy. For example, the energy resolution
of crystals of large area for photons of energy in the range
from 50 to 100 keV is about 30%—-35% (Ref. 90).

Fast gamma chambers based on MWPC®'-%* allow the
use of RPP with radiation energy below 100 keV, e.g., "*’"Hg,
133X e, 178Ta, 2°!Tl, and so on. In Fig. 27 we show a detector
of sensitive area 27 X 27 cm? filled with a mixture of 90% Xe
and 109 CH, at a pressure of up to 10 atm. The drawbacks
of such detectors are, first of all, the large thickness (about 8
cm), which affects r;, and, secondly, the presence of back-
ground signals from fluorescent radiation quanta (point 2 in
Fig. 27), which reduces the contrast of the image and lowers
the efficiency, since some events are rejected. In Fig. 28 we
show the dependence of the detector efficiency on the pho-
ton energy at a pressure of about 500 kPa, including and
neglecting electronic event rejection. The coordinate infor-
mation is extracted from the cathodes of the MWPC using
DL, and the anode signal is used for amplitude selection. The
detector possesses good area uniformity. For example, for
60-keV photons the efficiency is 40% and r4y = 1.5 mm (Ref.
92). The energy resolution is about 30%.

When used to detect radiation of energy below 100 keV,
a gamma chamber based on an MWPC can be used to obtain
more qualitative information than a traditional detection
system during a given operating time.®”> This is consistent
with the estimates that can be obtained using the expressions
given above, taking into account the parameters of the setup
and the geometry of the photography. Studies with gamma
chambers based on MWPC have shown that they can be used

e

B.

4 v K(PY)
e £ 5 \”
[ ] =
. =
" =1=N
y =
L ] =
: :
L ]
° A

D ¢ ¢ D
FK(Fe)

Pb

FIG. 27. Schematic depiction of the detector: A—the anode; C—the
MWPC cathodes; D—the electrodes of the drift gaps; B—the box; Pb—
the lead shield; K (Fe)—a stable flange supporting the entrance window
M; K (Pb)—the collimators. Point 1 is where the primary photon under-
goes conversion on the Xe atom. The production of a photoelectron on the

L shell of the atom by a fluorescent radiation quantum can occur at point
2.
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FIG. 28. Dependence of the efficiency of detecting radiation which has
passed through the collimator on the photon energy. Curve 1 corresponds
to the total number of photon interactions in an 8-cm-thick layer of xenon
at a pressure of 500 kPa, and curve 2 is the same after event selection.

to determine the functional state of the heart, the brain, and
the kidneys. When the pressure is raised to 1000 kPa, it is
possible to use > Tc (140 keV), although the examination
time increases by a factor of 1.5-2. An electronic detector
ensures a speed of response of up to 2.5 X 10° events per sec-
ond and has stable characteristics when designed properly.
Gamma chambers with a large sensitive area can be con-
structed at relatively low cost.

Work on the design of a gamma chamber capable of
operating in a broad range of photon energies has led to the
development of the prototype shown in Fig. 29 (Ref. 95). A
detector 11 cm in diameter is filled with Xe at a pressure of
10-40 atm. The photons interact with the xenon gas atoms in
the gap 1-2 (it is proposed that a layer of liquid Xe be put
here). The electrons drift under the influence of the electric
field and intersect the wire electrode 2 and then 3. At these
instants of time (¢, and ¢,) the PM tube detects scintillation
bursts. Since electrode 3 makes an angle of 4° with electrode
2, the difference 7, — ¢, determines the X coordinate. The use
of an additional electrode suitably oriented makes it possible
to determine a second coordinate of the conversion point.

Emission tomography

The development of the mathematical apparatus for the
three-dimensional reconstruction of an object has led to the
creation of medical x-ray tomographs and in nuclear medi-
cine has generated interest in single-photon emission tomo-
graphy (PET) and positron tomography, which make it
possible to carry out qualitatively new diagnostic investiga-
tions. Positron emission computer tomography (PECT) al-
lows the reconstruction of the three-dimensional image of an
object by obtaining the activity distribution in a set of cross
sections of the object. The principal element of a PECT is a
pair of detectors between which the object of interest is

(7
FIG. 29. Schematic depiction of a photon detector filled with pure xenon
at a pressure of up to 40 atm.

470 Sov. J. Part. Nucl. 17 (5), Sept.-Oct. 1986

placed. The PECT also contains an electronic system for
selecting, recording, and storing information and systems
which process and represent the information, eliminate ran-
dom coincidences, correct for photon absorption in the mat-
ter and for scattering, and reconstruct the image. We note
that an intrinsic, “‘electronic” collimation is present when
positron RPP are used. The PECT which have been devel-
oped are, as a rule, designed for examining the entire body;
the possibility of using them for PET when the energies of
the emitted photons are below 500 keV is envisioned.

The annihilation of the emitted positron results in the
creation of a pair of 511-keV photons which travel in oppo-
site directions. These photons are detected efficiently using
detectors based on a high-density material containing ele-
ments of high atomic number. In scintillation PECT (BGO
or CsF detectors) the temporal resolution is 15-20 nsec
(Ref. 96) or ~5 nsec (Refs. 97 and 98), respectively. Such
systems contain hundreds of crystals and are characterized
by a small geometrical acceptance. When gaseous coordi-
nate detectors are employed to detect the radiation, either
plane convertors of Pb (CP) or convertors with drift chan-
nels (CD) of Pb-Bi or Pb-glass are used. The conversion
electrons traveling from the walls of the convertor to the gas
channels under the influence of the electric field drift into
the sensitive region of the MWPC, where they are detected.
The sensitivity of the setup can be characterized by the ratio
€,/7, where € is the detector efficiency and 7 is the time reso-
lution. A setup based on an MWPC obviously has a lower
sensitivity than a scintillation setup, but it is simpler and has
a larger field of view. In Table III we give the parameters of
setups based on MWPC used for existing and projected stud-
ies under clinical conditions.

A low-pressure light-sensitive coordinate detector com-
bined with a BaF, crystal serving as the photon convertor
could be the basis for a detector satisfying all the require-
ments imposed on PECT. Liquid TMAE is used for the pho-
tocathode.?®-1%0

Digital radiography

Angiography. X-ray studies of blood vessels (angio-
graphy) are performed by introducing an x-ray-contrasting
material (a preparation of up to 50% iodine) into the artery
under study by means of a catheter. It was proposed and then
experimentally verified'"”'%® that such studies can be car-
ried out using monoenergetic beams of synchrotron radi-
ation (SR), for which it is sufficient to have a concentration
of less than 1% of the contrasting material in the blood,
which can easily be attained by internal injection. In this
procedure the organ is irradiated twice. The first time the
beam energy is lower than the K absorption edge of iodine
(33 keV), and the second time it is above it. For photons of
these energies the absorption coefficient  in bone and soft
tissue varies only insignificantly, while in iodine it varies
greatly. The difference between the logarithms of the count
in the two measurements is proportional to Aprx;, where x,
is the thickness of the iodine layer. In order to detect an
iodine layer <1 mg/cm? thick, it is necessary to ensure that
AN /N~0.01 (Ref. 109), where N is the count from an ele-
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TABLE III. Parameters of setups based on MWPC for positron tomography.

Num-

Spatial
b Quantum Z
O;r 2:;?5512 The convertor in each |efficiency,|7, nsec g:;c]llunon. Refer-
Mwepd MWPC % (FWHM) | "
3 2020 ;3)13,7;’2—83; iy 8.5 20 2,5 [101. 102]
44 3030 CD, Pb-Bi 20 20 2.0 [102]
2x75%0.25 mm?
6 4545 CD, Pb-glass 2 X 15 200 4.8 [103]
3
6x2 | %45 | o %,%_’;‘f:ss % 22,5 | 100 4,5 [104] *
2x20] 3030 x 10 mm’* |l 52 5 1105
220  80%40 gg, g'; 2X0.125 mm* | 44 54 5 [ios} *

*Planned systems.

ment of area 0.5 X 0.5 mm?. The required statistics per cell of
this area is (2-8) X 10* events (see the beginning of Sec. 4).
To obtain such statistics during the rest time of the heart
muscle (0.4 sec), the speed of response must be (2-8) x 10°
events/(mm?>-sec).

A parallel beam of monoenergetic SR passes through
the object under study and falls on the detector (Fig. 30),
which contains 10 wire chambers operating at a rate of up to
4% 10° events/(mm?-sec). The chambers are designed to
have different thicknesses in order to ensure equal charge
loading. The sensitive region of the detector has volume
10x 10X 20 cm®. When the chambers are filled with a mix-
ture of gases consisting mainly of Xe at a pressure of 400 kPa,
the efficiency is 95%. The detector is designed for low-dos-
age angiography setups.'%®

Radiography using monoenergetic y-ray sources. A
monoenergetic x-ray source has been created for systematic
studies with various radiography setups.'!'® This source con-
tains the usual diagnostic x-ray tube, a target, and a filter
composed of various elements, which can be used to obtain
monoenergetic beams with energy in the range from 15 to 70
keV. At a distance of 1 m from the filter the area of the
photon beam, which has uniform intensity, is 10X 10 cm?
The integrated intensity of the beam is about 1% of the in-
tensity of the primary polyenergetic beam. It is possible to
design a radiography setup with spatial resolution of less
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FIG. 30. Angiography detector containing 10 position-sensitive elements
consisting of thin MWPC with drift gaps of various sizes. The total num-
ber of anode wires is 400.
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than a millimeter using a similar sort of fluorescent monoen-
ergetic source combined with a gaseous coordinate detector
possessing a sufficiently high quantum efficiency.'!! The set-
up is shown schematically in Fig. 31. The x-ray radiation is
incident on a target making an angle of 45° with the primary
beam. The fluorescent radiation from the target passes
through a filter whose K absorption edge lies between the K,
and K lines of the target. In Table IV we give combinations
of target (of thickness 0.7 mm) and filter materials together
with the energy of the monoenergetic radiation.

A monoenergetic ¥ flux is incident on an MWPC of
sensitive volume 128 X 128 X 6.4 mm®. Owing to the small
thickness of the chamber, the error in the determination of
the coordinates for various angles of the photons entering
the detector (the *“‘parallax’) is no more than 0.4 mm. The
intensity of the ¢ flux over the entire area of the MWPC is
2% 10° sec™". The coordinate information is read out from
cathode strips of width 2.7 mm by delay lines. The thickness
of the entrance window is 0.18 g/cm?, and the chamber is
filled with a mixture of 80% Xe and 20% CO, at a pressure
of 200 kPa. The efficiency of detecting 45-keV photons is
10%, the energy resolution is 30%, and the spatial resolu-
tion is 0.75 mm. It has been shown that the speed of response
of the system can be raised to 10° sec™! and that the system
can be used for diagnostic purposes.

It is possible to use SR to produce a high-intensity
monoenergetic ¥ beam for low-dosage radiography by using

MWPC { Seessscnce

FIG. 31. Schematic depiction of an x-ray setup: XT—x-ray tube; C, and
C,—collimators; T—target; F—filter.
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TABLEIV. Several combinations of target and filter materials
.ensuring a monoenergetic photon beam.

) ; Beam energy,
Target Filter eV
Sm Nd 40
Gd Sm 42
Dy Gd 45

fast gas-filled coordinate detectors of this type with a suffi-
cient large area and relatively high quantum efficiency.

5. ANALYSIS OF RADIOCHROMATOGRAMS
Thin-layer radiochromatography

Chromatography is a method of isolating, analyzing,
and chemically studying materials. It has broad applications
in biochemistry, molecular biology, pharmacology, medi-
cine, and so on. The method is based on use of the velocity to
distinguish components of different mass transported in a
flux of liquid along a layer of sorbent. Amounts of matter as
small as 1 ng can be distinguished using thin-layer chroma-
tography. Complex protein systems are usually separated
into their components by electrophoresis—the directed mo-
tion of large protein molecules in an electric field. Biological-
ly active materials are usually labeled by one of the radionu-
clides °H, "*C, **P, **S, or '**I; double and even triple tagging
is possible. In the analysis of radiochromatograms it is first
ascertained that the individual components are separated;
then, quantitative estimates are made of the percentage ra-
dionuclide concentration in the isolated components and the
absolute concentration is measured by detection of the 5
radiation (or  radiation in the case of '*°I).

The traditional methods of analyzing thin-layer sam-
ples are characterized by their low sensitivity and large re-
quired time (autoradiography) or by the great amount of
labor involved (when liquid scintillation counters are used).
The nuclear-physics techniques of radiation detection that
have been developed recently allow such investigations to be
carried out using digital radiography while preserving the
material so that more work can be done on it.

The radionuclide is distributed uniformly throughout
the thickness of the chromatogram or gel; the effective thick-
ness of the sample is determined by the mean free path of an
electron of the maximum energy. For example, for *H in
water, R, ~0.5 mag/cm? (i.e., 5 um) and for 'C,
R,.. =27.6 mg/cm’. The sample under study obviously
must be in direct contact with the sensitive surface of the
detector, which is highly efficient at recording /3 radiation of
energy from several to hundreds of keV. The efficiency of the
analysis is characterized by the ratio of the number of detect-
ed events per second from a unit area of the sample to the
amount of activity introduced into the same volume of the
sample. The detector must be capable of making quantitative
measurements when radioactive zones of greatly differing
activity are present, that is, it must possess a sufficiently
large dynamical range. The sensitivity of the method, which
is determined by the background level (1 cm > min—"), is
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limited by the intrinsic noise of the detector, which must be
stable in time. The spatial resolution characterizes the
ability to separately detect radioactive zones which are close
together. It should be noted that as long as the detected
peaks are Gaussian, by analyzing them it is possible to distin-
guish them even when they have different heights and over-
lap significantly.

There have been some attempts to use spark chambers
for two-coordinate analysis of chromatographs; however,
these have not received wide application because of technical
difficulties and the impossibility of making quantitative
measurements. One-coordinate counters are widely used for
scanning planar samples. The possibility of using MWPC to
analyze radiochromatograms was pointed out in Ref. 112,
which led to the creation of specialized setups at a number of
scientific centers.''*~''¢

One-coordinate detectors

The typical one-coordinate detector of a scanning setup
for analyzing planar samples consists of a proportional
counter with an anode wire fixed in the center of the detec-
tor. The sensitive area of the detector is 250 15 mm?>. The
coordinate information is read out from two ends of the DL
forming part of the cathode. The detector has two operating
modes: one with the entrance window covered by alumin-
ized mylar (Al-mylar) of thickness 12 um and when detect-
ing tritium radiation (E < 18 keV), another with the win-
dow open, in which case the Al-mylar is replaced by a wire
electrode. The detector operates at a gas (Ar plus 10% CH,)
flow rate of about 300 cm?/min. The spatial resolution,
which is defined as the minimum distance between adjacent,
fully distinguishable zones of equal activity, is 0.8 mm for *H
and 3 to 4 mm for "*C (E < 155 keV). The sensitivity is about
20 pCi/mm for *H and 2 pCi/mm for *C (Ref, 117).

MWPC with cathode readout for digital autoradiography of
planar radiochromatograms

Setups based on MWPC with cathode readout of the
coordinate information using DL have been developed at the
JINR High Energy Laboratory for the automatic express
analysis of thin-layer radiochromatograms.''*'"* The detec-
tor consists of three MWPC with the drift gaps located in-
side a hermetically sealed box which has been flushed with a
gaseous mixture.''® The flat sample of area up to 200 200
mm? which is to be analyzed is introduced into the detector.
Theirradiated surface of the sample is put into direct contact
with the sensitive volume of the first MWPC through the
narrow drift gaps. The layer of gas in front of the second
MWPC and the Al foil between the second and third MWPC
act as filters and make it impossible for radiation from H
and "*C to travel to the second and third MWPC, respective-
ly. Statistical analysis of the MWPC operations based on the
anode signals makes it possible to identify the form of the
radionuclide in a particular region of the sample as *H, '*C,
or *?P. In the course of the information processing it is possi-
ble to reconstruct the trajectories of long-range electrons
and to determine the point at which they were emitted from

the sample, which, in spite of the large amount of Coulomb
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TABLE V. Basic parameters of a radiochromatograph based
on an MWPC for several radionuclides.

: Spatial resolution, ' Sensitivity,
Nuclide Bl pCi/mm?
3H 1—1.5 10
LG 6 0.5
s2p 10 (4) 0.1(0,3)

scattering, allows the spatial resolution to be increased for
3P (E,.. = 1.7 MeV). The basic parameters of the setup
are given in Table V. Inside the parentheses are the values
obtained by reconstruction of the emission point.

It should be noted that the need for introducing the
sample into the gas-filled region of the detector complicates
the construction and makes it necessary to have an experi-
enced operator. The use of such a setup for biochemical re-
search gives an increase in the speed by more than a factor of
100. The analysis of a radiochromatogram usually takes no
longer than 30 min. A complete analysis of a peptide chart
has been done in, for example, 1.5-2 hours, with the peptide
sample preserved for further study. A comparable analysis
using liquid counters requires slicing the chromatogram into
1500 to 2000 samples, finding their counts, and then recon-
structing the chart. The biological material cannot be reused
after this procedure. It is possible to use an MWPC to per-
form a quick analysis of an iodized mixture of proteins with
high spatial resolution (about 1 mm)."'"®

An MWPC has been used to study the DNA replication
mechanism by digital autoradiography of living cells tagged
by *H or "“C (Ref. 120). When working with tritium the
samples are put inside the detector because of the small elec-
tron mean free path. When the gas in the detector is at stan-
dard pressure the spatial resolution is 1.5 mm (FWHM),
and at a pressure of 202 kPa it is 0.8 mm.

When working with '*C and **P the chromatograms
can be placed inside the gas-filled region of the detector on a
thin-film entrance window. The spatial resolution is deter-
mined by the quantity / tan ©, where / is the effective thick-
ness of the detector and © is the angle at which the radiation

enters the detector. We note that when, for example, 100-
keV electrons pass through polyethylene of thickness 1 mm
the average angle of their Coulomb scattering is 70 °. The
minimum thickness of the MWPC is 2 mm (Ref. 121). This
chamber operates in the SQS mode and has a gas amplifica-
tion of 10”. The possibility of using such devices to detect soft
f radiation is determined by the minimum possible thick-
ness of the entrance window, which also serves as the cath-
ode of the MWPC.

Radiochromatographs based on MSSC

The use of an MSSC as a detector with focusing proper-
ties to record the /3 radiation from '*C, *?P, or **S leads to a
higher spatial resolution and improves the operational fea-
tures of the radiochromatograph (Fig. 32).'*2 An MSSC
with sensitive area 160 X 160 mm? records the coordinates of
the points at which particles enter the plane of the entrance
window with a spatial resolution of about 1 mm for all the
nuclides. The detector is flushed with a mixture of Ar gas
with 1.5% n-heptane, and a constant value of the partial
pressure is ensured by passing all the Ar gas through n-hep-
tane at 0 °C. The nonuniformity in the area of the detector is
less than 5%, and the setup is characterized by a high degree
of stability and reproducibility of the measurements. The
analysis time is no greater than 30 min, and the sensitivity is
1 pCi/mm? for **P and ~3 pCi/mm? for '*C and **S. The
characteristic radiation of '**I (4 keV) can be detected with
an efficiency of about 3%. Here the spatial resolution is
about 1 mm, and the sensitivity is 6 pCi/mm?. The regula-
tors of cell metabolism and processes related to biosynthesis
are studied using this setup. A cycle of studies on the identifi-
cation of ribosomal proteins has been carried out. Radioim-
munological analysis (RIA) has many applications in medi-
cine, biology, biochemistry, pharmacology, and agriculture.
The use of the most promising RIA technique, the solid-
phase technique, is limited by the lack of instrumentation for
the miscounting of the standard 96- and 60-hole plane tables.
The measurements are obtained by successively finding the
miscounting for each hole using a gamma counter. In this
setup it is possible to obtain miscounting of the standard
plane tables adjusted to the detector using collimators whose

.Discriminators .

planar radiochromatograms and electrophoregrams: P—re-

[ FIG. 32. Block diagram of a setup for the express analysis of
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geometrical parameters correspond to those of the plane ta-
bles. The collimators limit the photon radiation and the
characteristic radiation of energy of about 30 keV without
appreciably affecting the efficiency of detecting 4-keV pho-
tons. The low intrinsic noise level of MSSC (~3
min~'-cm?) ensures a sensitivity of 500 and 700 min~" per
hole for the 60- and 96-hole plane tables, respectively. The
activity during the analysis is usually about 10* min—" per
hole. Such setups allow the broad application of RIA for the
quantitative and qualitative analysis of antibodies, hor-
mones, nucleic acids, pharmacological preparations, pesti-
cides, and so on.'?

6. THE USE OF MWPC FOR STRUCTURAL ANALYSIS
Requirements of x-ray detectors

X-ray structural analysis (XSA) is based on measure-
ment of the spatial distribution and intensity of x-ray of
wavelength A from 0.25 to 0.06 nm (5-20 keV) scattered by
the sample under study. The intensive development of XSA
is a consequence of the existence of x-ray tubes, which make
it possible to obtain intense beams, the possibility of using
high-intensity synchrotron radiation, and the existence of
efficient radiation detectors. When studying the structure of
complex crystals it is necessary to measure tens and hun-
dreds of thousands of reflections of varying intensity, so the
measurement time must be large in order to ensure a statisti-
cal accuracy of at least a few percent. Consequently, the time
needed for the experiment may not be compatible with the
“lifetime” of the crystal if its resistance to radiation is low. A
study of the crystal of the vitamin B, containing 95 atoms,
for example, requires a photograph resolution d = 0.1 nm
and the recording of 3200 independent reflections. The to-
bacco virus crystal (TMV) containing 6000 000 atoms re-
quires a resolution d = 0.28 nm and 2 X 10° independent re-
flections.'** Such objects obviously must be studied using
large-area detectors and a high degree of automation. The
traditional detector, photographic film, has a high quantum
efficiency (65% for CuK, radiation), but its intrinsic back-
ground is about 10° photons/mm?, which limits the lower
level of measurable intensities, the dynamical range of the
counting, and the measuring accuracy. It also makes it diffi-
cult to attain a high level of automation. Fast scanning
television systems have recently been designed for XSA, but
they are not good enough for making quantitative measure-
ments because of the high noise level, the nonlinearity, and
the narrow dynamical range. Diffractometers based on
MWPC have been constructed at many scientific centers.
These come closest to satisfying the following basic require-
ments of diffraction experiments: high quantum efficiency,
good spatial resolution ensuring the angular resolution of
closely spaced diffraction images, energy discrimination of
the detected radiation, minimal time resolution and maxi-
mum speed of response, the ability to measure many reflec-
tions simultaneously, small detector thickness as seen by the
beam, a sufficiently large area, maximum reliability over
long-term operation, and temporal stability of the param-
eters.

The MWPC with a spherical drift gap'®* is interesting,
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but planar MWPC are of most interest for XSA because of
their superior operating characteristics.

X-ray diffractometers with planar MWPC

A shortened photography time with a simultaneous de-
crease of the amount of radiation exposure of the sample are
determined by the quantum efficiency, the number of resolv-
ing elements in the detector, and the response time. To opti-
mize the geometrical parameters of the photography, the
MWPC are arranged such that the normal to the detector
plane makes a Bragg angle © = arcsin A /2d with the direc-
tion of the primary beam (Fig. 33), where d characterizes
the resolution of the photograph and can be written as
d =A(2sin arctan L /2R) . The linear dimension of the
reflections A, is determined by the spatial resolution A of the
system for normally incident beams, by reflection broaden-
ing due to parallax, and by the dispersion of the diffracted
beams dO: A; = A + g tan © + RdO cos~? ©, where g is
the effective thickness of the detector determined by taking
into account the exponential nature of the absorption of the
radiation. The angular resolution of the system is
6= AR ~'cos’ ©. The maximum lattice spacing of the
crystal a,,,, which can be studied in the diffractometer is
estimated from the expression § = 4 /a,,,, . We note that the
number of simultaneous reflections increases with increas-
inga,,,.

The first MWPC-based XSA system in the USSR was
built at the Institute of Nuclear Physics of the Siberian Divi-
sion of the USSR Academy of Sciences and was used to study
biopolymers by means of synchrotron radiation.'?® Later
setups developed at that laboratory and at the Joint Institute
for Nuclear Research are used for the XSA of protein mono-
crystals. In Table VI we give the basic parameters of the
most efficient diffractometers based on planar MWPC. In all
cases the chamber is flushed with a mixture of gases based on
xenon. The use of, for example, the KARD-3 diffractometer
has made it possible to decrease the experiment running time
by a factor of 50 with a corresponding decrease of the radi-
ation dose compared to the inclined single-channel diffrac-
tometer used previously. Mappings of 40 proteins with mo-
lecular masses of up to 200 000 and including some which
are unstable to radiation have been made at the KARD-3
installation.

One-coordinate x-ray detectors

The use of one-coordinate detectors to study the struc-
tural mechanism of the functioning of muscles and mem-

Crystal

Primary
X-ray beam

FIG. 33. Geometrical setup for mapping monocrystals using a planar
MWPC.
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TABLE VI. Operational diffractometers based on MWPC.

Fundamental parameters KARD-3 KARD-4 MAD ARGUS
of the system (Refs. 127, 128) | (Ref. 129) | (Ref. 130) | (Ref. 131)

Effective volume of 320 320x10 |420<420:<10| 3002709 | 25632569
detector, mm?
Spatial resolution, mm

X 1.4 1.8 $17 2

Y 1.6 2.0 2.13 2
Number of channels 256X 200 256210 256128 128128
Efficiency for CuK,, % 70 i 30 60
Nonuniformity of 2 2 2 —
efficiency, %
Nonuniformity of
cha;ne] width, % i ? 3 ’ 5

Y ; ' =
Number of measured
orders of reflection 9—12.5 10—13 | §.5 615
@max, M 0,16—0.27 | 0.42—0.10; .22 0.18—0.5
d,nm 56—46 -0 | 43 33—30
Maximum counting rate 2.5.108 2.5.108 6-104 3.108
for losses < 25%, sec ™"
Readout method Delay lines DL DL Digital

(DL)

branes'?? and to investigate the structure of various materi-

als at high pressures and temperatures, etc., by means of
small-angle diffractive scattering began with the develop-
ment of a counter with a resistive anode wire, with the coor-
dinate information determined from the rise time of the lead-
ing edge of the output pulse.'**

Now most small-angle diffractometers make use of one-
coordinate detectors consisting of MWPC with one-coordi-
nate readout via a DL which is part of the cathode. The
anode is of the multiwire type and the entrance window is
vacuum-tight beryllium of thickness up to 1 mm. It is filled
with a gas consisting of 90% Xe and 10% CH, at a pressure
of up to 500 kPa. The quantum efficiency is no worse than
50%. The spatial resolution is 0.3 mm for MoK, and 0.1
mm (FWHM) for CuK_, and is restricted by the mean free
paths of the shower electrons. The energy resolution is 30%—
40%. It should be noted that for an MWPC with Xe it gets
harder to obtain good energy resolution and a large signal-
to-noise ratio as the pressure is increased. When used for
fast, multiframe x-ray photography, this sort of one-coordi-
nate detector ensures a speed of response of up to 2.5 10°
events per second and can be used successfully in an SR
beam.'??

The use of such detectors in wide-angle diffractometers
for studying polycrystals is limited by the smaller spatial
resolution for beams entering a planar detector at large an-
gles. To correct this, a detector has been designed with a
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single anode wire of diameter 38 um and length 20 cm bent
into an arc of radius 29 cm (Ref. 135). When this wire,
placed in a magnetic field of strength 800 G, is in its stable
position, a current of 15 mA flows through it. The informa-
tion is read out from a DL, and the detector thickness as seen
by the beam is 12.5 mm. It is filled with 90% Xe and 10%
CH, gas at a pressure of 300 kPa. The spatial resolution is 0.3
mm (FWHM), and the angular aperture is 40 °.

In Fig. 34 we show a detector with radius of curvature
20 cm and anode in the form of a sharp edge. The detector
thickness is 8 mm. The rear cathode consists of 94 strips of
width 2 mm. The information is read out from the strips

QUNNNANAS

7
J 2
FIG. 34. A one-coordinate detector of radius of curvature 20 cm: 1—

entrance window; 2—anode; 3—sensitive gas-filled region of the detector;
4—cathode strips; 5—delay lines; 6—elements of the detector cathode.
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using DL. A steel plate of thickness 40 um serves as the
anode. The detector operates in the SQS mode at a pressure
of 200 kPa, and the signal-to-noise ratio is over 100. The
entrance window of width 10 mm is made of Al-mylar of
thickness 25 um. The spatial resolution is 0.18 mm
(FWHM) for CuK,, and the angular aperture is 60° (Ref.
136).

Neutron diffractometry

Some investigations, such as the study of magnetic ma-
terials, the determination of the positions of light atoms in a
substance, and the determination of the difference of atoms
with nearly equal atomic numbers, can be carried out only by
neutron-diffractometry techniques. The method of small-
angle scattering is widely used at neutron sources to solve
structural problems in solid-state physics, biology, polymer
physics, and materials science.'*” A setup with an annular
multiwire *He detector of slow neutrons with 70% detection
efficiency (4 =0.18 nm) has been constructed at the Joint
Institute for Nuclear Research to carry out such investiga-
tions using the IBR-2 reactor.'*® The time-of-flight diffrac-
tometer designed for structural studies of protein monocrys-
tals at the IBR-2 is based on a two-coordinate MWPC with
digital information readout from the cathode wires.'*’ Neu-
trons are detected via the reaction *He(n,p)*H with effi-
ciency equal to 63% and 86% for neutrons of wavelength 0.2
and 0.4 nm, respectively. The pressure of the gaseous mix-
ture in the detector is 600 kPa, the partial pressures being
250 kPa for He, 350 kPa for Ar, and 45 mm Hg for CH,. The
presence of Ar decreases the mean free path of the nuclear
reaction products, which limit the spatial resolution to 0.31
mm,

CONCLUSION

Wire gaseous coordinate detectors of charged radi-
ation, neutrons, and gamma, x-ray, and ultraviolet radiation
currently have broad applications not only in experimental
nuclear physics, but also in quite different areas of research.
These detectors are widely used in astrophysics. The possi-
bilities of using them effectively in medicine for diagnostic
purposes are being investigated. They play an important role
in a number of areas of biomedical research such as the de-
tection of soft 5 and y radiation in analyzing planar radio-
chromatograms or phoregrams, immunology, and x-ray
structural analysis. The use in medical diagnostics of short-
lived radionuclides and the more widespread practical use of
high-intensity synchrotron radiation will certainly stimulate
the further development of this technique. The detector pa-
rameters vary within very broad limits depending on fea-
tures of the detector construction, the type and pressure of
the gas used, and the value of the field strength. This makes it
possible to develop original detectors and create installa-
tions for automatic operations which are often carried out at
a qualitatively new level. These detectors have good oper-
ational features, and it is possible to build relatively cheap
ones which are sufficiently large. By focusing attention on
certain fundamental parameters of these detection systems it
is possible to solve in the most rational way many important
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problems arising both in experimental nuclear physics and
in other areas of science and technology to which nuclear-
physics techniques are applicable.

In conclusion, the author would like to thank Academi-
cian A. M. Baldin for his interest in and support of this
study, and Yu. V. Zanevskii, I. F. Kolpakov, and M. D.
Shafranov for useful discussions.
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