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ABSTRACT

In 1968, Luis Alvarez suggested that a high-resolution multiwire

particle detector could be developed using a thin layer of liquified noble

gas as the detection medium. After key problems in chamber construc-

bon, purification, and readout had been solved, a spatial resolution of

15 fl. rms was demonstrated. Work is in progress to build high-resolu-

bon chambers and lTIeasure their properties for particle physics exper-

ilTIents at high-energy accelerators.

The liquid xenon ITlUltiwire chalTIber also has potential in nuclear

medicine for ilTIaging isotope distributions with an unprecedented COITI-

bination of g alTIlTIa- r ay dete ction efficiency and spatial re solution. A

prelilTIinary 24-wire chalTIber has been constructed; this chalTIber de-

teets 280-keV galTIlTIa rays with 65% efficiency and 4-1TI1TI FWHM spatial

re solution. Initial ilTIage s of point and dis tributed source s are ve ry

prolTIising, and the liquid purity ·can be lTIaintained for periods exceeding

several days.



-1-

1. INTRODUCTION

This paper outlines the developm.ent of liquid-filled wire cham.bers

up to the present tim.e. Although the initial m.otivation was high spatial

res olution for particle physics experim.ents, othe r applications such as

the im.aging of x rays and'{ rays in astrophysics and m.edical sciences

are also appealing. This paper places particular em.phasis on the use of

liquid xenon m.ultiwire gam.m.a-ray detectors in clinical m.edicine for the

diagnosis of hum.an disease.

2. INITIAL MOTIVATION AND DEVELOPMENT

The gas -filled wire charn.ber plays an im.portant role in particle

physics, prim.arily because it can sim.ultaneously provide fast electronic

pulses and a spatial accuracy approaching ± 0.2m.m. (0.4 m.m. FWHM). In

1968, Alvarez suggested that the spatial accuracy of the wire cham.ber

could be im.proved ten to one -hundred fold by greatly reducing the thick-

ness of the detecting layer and filling this layer with a liquified noble

1
gas. Such detectors would be invaluable for tracing the paths of high-

energy particles through m.agnetic fields, whether in cosm.ic-ray experi-

m.ents or in particle physics studies at the new m.ulti-hundred GeV acce1-

erators.

Previous work over the past twenty-five years had dem.onstrated

that sm.all cham.bers filled with liquid argon and liquid xenon were cap-
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Argon is the least expensive of the liquified noble gases and the easiest

to handle. Initially, im.purity problems were severe, as the best com-

m.ercially available argon gas contained several ppm 02 and a single

pass through our early purifiers did not provide adequate purification.

One day we em.ptied and refilled a cham.ber so as to pass the gas through

the purifier a second tim.e. The liquid was m.uch cleaner, prompting us

to install a circulation pum.p to pass the gas through the purifier

thousands of tim.es before it was liquified in the chamber. The result

was liquid containing < 0.1 ppm. °2.
10

By using a fine tungsten wire 4 fJ. in diam.eter to produce electric

fields> 10 6 V /cm., we were able to observe amplified pulses arising

from. som.e electron avalanche process in the liquid. We were quite en-

couraged by this, and began to think about low-cost schemes for reading

out arrays of such fine wires. 11 Unfortunately, the avalanche pulses

occurred only at a few small regions scattered along the wire. 12

Thus we turned to liquid xenon (which is a much better detection

medium. for the gamma rays used in nuclear medicine) and found that

the electron avalanche was much better behaved than in liquid argon-

the amplified pulses occurred with high reliability along the entire length

of the wire. In addition, the pulses were proportional to the initial

ionization, a necessarypropertyfordetermining the energy of gamn1a

argon, requiring improvements in our noble gas purifier, more care-

able of dete cting ionizing radiation by colle cting the ionization de c-

2-8 I h' . f I ftrons. It a so became known t at a contamlnatlon 0 on y a ew parts

rays.
13 Liquid xenon proved much more difficult to purify than liquid

per million of oxygen would poison the liquid by capturing the ionization

9electrons before they traveled a few m.m. Because of the tremendous

potential of liquid-filled chambers, however, we were motivated to

solve the purification, construction, and readout problems that had dis-

couraged the developm"nt of practical devices. We began our work

using simple cylindrical chambers filled with liquid argon (sel: Fig. 11.

fully constructed chambers, and the use of field emission electrons

from the 3.5-fJ. wires to selectively sweep electronegative impurities

from the bulk of the liquid. These mcasurt's remove of·ar])' all ()f the

impurities, and we seldon1 df'tect any electron apture In our chambers.

Typically, the electron capture is less than 1<J70 ["'1' rnm drift in fiPlds

of a few kV/cm.
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Ultimately, we learned that the electron avalanche does not readily

occur on closely spaced wires, which led us to investigate the smaller

ionization pulses. Using a wire spacing of 50 f.L in liquid xenon, we have

shown that a space resolution of 15 f.L rms can be achieved for charged

. I 13parhc es; as a result we are now building small high-resolution cham-

bers with wire spacings of 20 f.L to measure their properties for high-

h
. 14

energy p YSICS.

Using 3.5-f.L wire and pure liquid xenon, single-wire chambers

readily provide avalanche gains as high as 200; and due to the high

density (3.06 g/cm
3

) and high atomic number (54) of liquid xenon, they

are conveniently tested with gamma-ray sources. Figure 2 shows the

pulse height spectrum from a 203Hg source obtained when the charn-

be r of Fig. 1 is filled with pure liquid xenon. The applied potential

is 2400 V and the proportional gain is 10. The 68-keV and 279-keV

photopeaks are quite prominent, as is the 279-keV Compton edge (which

appears at 140 keY). At this point we had a detector with high gamma-

ray detection efficiency, promising energy resolution, and proportional

electron multiplication to facilitate a simple readout-capabilities that

appeared attractive for applications in radiology and nuclear medicine.

3. APPLICATIONS IN MEDICAL IMAGING

After discussing the merits of multiwire liquid xenon chambers with

several nuclear medicine specialists at LBL's Donner Laboratory

(including Thomas Budinger, HalO. Anger, and James McRae), we de

signed and built a small 24-wire chamber to explore the potential of

this technology in nuclear medicine. 15

3.1. . Conventional Approache s in Radiographic and Isotope Imaging
in Medicine.

In order to place our detector in perspective, it willbe helpful to

review the conventional approaches used to image human organs:
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x-radiography, rectilinear radioisotope scanning, and scintillation

camera imaging.

X-radiography is the classical clinical procedure in which a beam

of x-rays is selectively absorbed by features within the patient. The

transmitted x-rays interact in an intensifier (photon converter) screen

and record their presence on photographic film. The resulting images

have excellent resolution; but contrast suffers from the fact that soft

tissues, such as the heart, kidney, liver, brain, etc., are of nearly

uniform density and cannot be easily distinguished from body fluids or

from surrounding tissues such as muscle or fat. Of course, good

anatomical information is obtained for these soft tissues if they are con

tiguous to bone, air, or lung. Injected dyes containing high-Z materi

als (barium or iodine) are used to trace blood vessels, heart chambers,

and kidney function by following the movement of the injected dye on

succe s sive radiogr aphic image s.

Decades ago, it was discovered that many organs preferentially ab

sorb certain chemicals labeled with gamma-ray-emitting isotopes,

causing the organ to "glow" from within. The absorption of iodine by

the thyroid is a good example. A lead collimator is used to select

gamma rays originating only from a small region within the patient.

These gamma rays can then be detected by a single-crystal NaI (TI)

scintillator-photomultiplier combination. This assembly is systemati

cally" scanned" back and forth across the area of interest so that by

recording the number of gamma rays detected at each point, one can

construct a map of the activity. It is important to J"ealize that this

technique not only allows organs to be imaged with a contrast not

otherwise available, it also allows organ function to be visualized

because the absorption of the labeled chemical is often abnormal in

regions where organ function is abnormal.
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This procedure was revolutionized in the late 1950's when Hal Anger

developed the scintillation cam.era at LBL's Donner Laboratory. 16

This device consists of a single-crystal of NaI (Tl) scintillator of larger

area than the scanner detector (typically 12-in. diam.eter and 1/2-in.

thick) viewed by an array of photom.ultipliers. A pinhole or m.ultichan-

nellead collimator is placed in front of one face of the crystal so that

the gamma rays emanating from each point in the patient can interact

only in a very limited region of the crystal. The X and Y coordinates

of the center of intensity of the scintillation light from each interacting

gamma ray are determined by suitable electronics, and this position

information is used to produce a single dot on a cathode ray tube dis-

play.

A picture of the isotope distribution is made up of many such dots.

The scintillation camera has a resolution of typically 9 mm FWHM at

140 keY and approximately 6 mm FWHM at 511 keY. 16 This camera

simultaneously records gam.m.a rays from the entire area of interest

and is much faster than the rectilinear scanner. Data rates in excess

of 50,000 events per sec can give a picture every 0.1 sec, permitting

"motion picture" photography of blood flow through the heart and lung

spaces.

A promising new type of gamma camera-the solid state camera

17was recently evaluated. By cutting grooves in the anode and the

cathode of a large lithium-drifted germanium crystal (4.4 ern),

McCready et al. achieved both good spatial resolution (- 3 mm FWHM)

and excellent energy resolution (- 1% FWHM at 140 keY). However,

several problems were encountf'red: high cost of the germanium de-

tector, limited size of available crystals, lack of detection uniformity,

and variations with time. These rlifficulties must bf' solved to make a

uSf'ful Can1pra.
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3.2. Liquid Xenon Multiwire Gamma Ray Camera

The liquid xenon multiwire gamma ray camera we are developing

uses a lead collimator in the same manner as the scintillation camera

but detects the gamma ray somewhat differently (see Fig. 3). Rather

than using the flash of scintillation light, we use the electrons liberated

by the interacting gamma rays. These electrons can be transported

with high efficiency over distances of many em in sufficiently pure

liquid xenon, and are attracted to the nearest anode wire where they

avalanche to produce the desired electrical signals. This detector is

similar to the gas -filled multiwire proportional chamber, except that

the wire s are much finer and the gas filling is replaced with very pure

liquid xenon. In this context, it is interesting to compare the photo-

peak efficiency of liquid xenon with that of gaseous xenon at 1 and 10

atm (see Fig. 4). We see that pressurized xenon-filled wire chambers 18

are quite useful for photons of energy ~ 80 keY but have very low

efficiency for the 140- to 511-keV gamma rays now used in nuclear

medicine. A 2.5-cm thick chamber pressurized with xenon gas at 10

atm has a photopeak efficiency of only 9% at 140 keY and 0.3% at 511

keY. The corresponding figures for liquid xenon are 100% and 36% .

In order to maintain the required degree of purity, our chambers are

constructed of only ceramic, glass, and metal. Figure 5 shows a

piece of ceramic that serves both as a pressure windc)w and the sup-

porting member for the electrodes. Twenty-four 3,,, -iJ. wires are

stretched across and spot welded to pairs of kovar ?ins. The pins are

sealed to the ceramic with glass and protrude from ·.he other side

where the electronic readout is attached. The wide' 'trips below the

wires (and orthogonal to them) provide the orthogon;;.~ oordinate from

the pulse induced by E'ach avalanche. The liquid xe'.n layer is 2·cm
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thick and the photopeak detection efficiency for 279-keV gamma rays

is 650/0. The liquid purity has been maintained for periods as long as

5 days. (For further details see ref. 19).

Tests of the resolution and contrast capabilities of our camera have

thus far included moving point source s and an emis sion patte rn in the

shape of the letters "XE". Slots were cut in a l-in. lead block to aim

back toward a single point so that a small 203Hg source (279-keV gam-

rna rays) could produce the desired distribution. A comparison of

images from our 24-wire liquid xenon chamber (left) and the 12-

in. diameter scintillation camera at LBL' s Donner Laboratory (right)

is shown in Fig. 6. This preliminary comparison shows that the wire

chamber has the expected 2- to 3-fold improvement in resolution.

3.3. Limitations Imposed by the Collimator

In a clinical situation, an increase in resolution requires an in-

crease in the number of initial gamma rays because the transmis sion

of the collimator is proportional to the square of the resolution. A col-

limator having a resolution of 3 mm (to match our liquid xenon wire

chamber) unfortunately has a transmission 10 times smaller than that

of the 10-mm collimators in common use. However, in many situations

it is reasonable to increase both the administered activity and the ex-

posure time. These include studies involving the short-lived isotopes

123 99m 113m 113
13-hr 1, 6-hr Tc, 1.67-hr In (from115-day Sn), 66-sec

82 82 81m 81 11
Rb (from25-day Sr), 13 sec Kr (from 4.7-hr Rb),20-min C,

10-min 13 N , and 2.1-min 150 .

3.4. Positron Coincidence Imaging

Is there any way to overcome the limitations in sensitivity associ-

ated with the collimator? There is! For the past twenty years, exper-

imental cameras have been built to image isotopes that decay by
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positron emission. 16,20 These cameras consist of two detectors in

time coincidence, one located on either side of the patient. The posi-

tron is an antielectron; and when it comes to rest in tissue or other

matter, it annihilates with a nearby electron to simultaneously produce

two 511-keV gamma rays that fly outward in opposite directions. By de-

tecting the two gamma rays in coincidence, one can measure their flight

direction rather than select only a small range of directions as a colli-

mator does. The result is a camera with unparalleled sensitivity and a

spatial resolution limited by the detector and to some extent by the

range of the positrons in tissue.

When the scintillation camera is used in this mode, the spatial reso-

lution is typically 6 to 10 mm FWHM; but the maximum data rate is

only 1000 counts per sec. This is basically limited by the time resolution

of the camera and the resulting rate of " accidental coincidences." By

using two matrices of Nal (Tl) crystals, Brownell and co-workers have

achieved counting rates of 50,000 per sec and a spatial resolution of

10 mm FWHM. 21

Liquid xenon wire chambers do not at first sight appear suitable for

positron coincidence imaging because the slow drift speed of the electrons

(3X10 5 cm/sec) limits the time resolution to typically 5 to 10 f1sec.

Liquid xenon is a very fast « 10- 9 sec) scintillator, however;22 and

this light can be used to provide a prompt timing signal while anode-

cathode arrays provide accurate position information. The result could

be a positron camera with a data rate of 5,000 to 10,000 counts per sec

)3
and a potential space resolution of 1 mm FWHM. ~

In summary. the high sensitivity of the positron coincidence camera

is offset in most schemes by rate limitations that can be more severe

than the sensitivity limitations of a collimated gamma camera.
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3.5. Image Contrast and Energy Resolution

Image contrast is as important as resolution and efficiency in de-

termining the value of an imaging procedure in nuclear medicine. Even

if the isotope is well localized, some of the gamma rays scatter in the

tissue of the patient; and these will seriously degrade image contrast

if they are not rejected by the imaging system. In scattering, the gam

ma rays lose varying amounts of energy, the energy lost being smaller

for smaller scattering angles; thus the ability to reduce the effects of

scattering depends critically on the energy resolution of the detector. 24

The liquid xenon multiwire proportional chamber has a pulse -height

spread of 20 to 30% FWHM, mostly due to variations in electric field

along the wires. This is about twice the energy spread of the NaI (TI)

scintillation camera.

It is possible to build a liquid xenon wire chamber with far better

energy resolution. Working in the ionization mode (rather than the

proportional avalanche mode) gives pulses that are far smaller; but

modern low-noise field-effect transistors can handle these signals and

introduce much less pulse -height spread than does electron amplifica

tion in the liquid itself. Other factors, such as electron statistics, are also

small. We hope ultimately to achieve 5% FWHM at 140 keY and 2%

FWHM at 511 keY. To explore these limitations, we constructed a

simple three -electrode ionization chamber containing a " Frisch grid"

to reduce the variation in pulse height due to the variation in gamma-

ray interaction points (see Fig. 7). A collimated beam of 279-keV gam-

rna rays was sent into this chamber, with a resulting energy resolution

of 10% FWHM-slightly better than NaI (TI) (see Fig. 8) but below our

expectations. Work in this area continues.
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4. CONCLUSION

We conclude on the optimistic note that the liquid xenon detector

technology is steadily expanding toward important applications in both

particle physics and nuclear medicine.
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FIG URE CAPTIONS

Fig. 1. Liquid xenon single -wire proportional chall1ber. Central wire

is typically 3.5 -f.l diall1eter tungsten.

Fig. 2. Pulse-height spectrull1 froll1 chall1ber of Fig. 1, showing 68

203
keY photopeak, 279-keV COll1pton edge, and 279-keV photopeak ( Hg

source). Proportional gain in the liquid was 10.

Fig. 3. Schell1atic of liquid xenon radioisotope call1era under develop-

ll1ent. The gall1ll1a rays produce recoil electrons in the liquid xenon,

and the resulting ionization is collected (and ll1ultiplied) on the 4-f.l dia-

ll1eter anode wires. Two-dill1ensional ill1aging is achieved by reading

the induced pulse off an array of cathode strips perpendicular to the

anode wires. Liquid xenon teD1perature is ll1aintained by a freon-11

bath and a liquid nitrogen heat exchanger.

Fig. 4. Photopeak efficiency as a function of gall1ll1a-ray energy for

2.5-cll1 layers of gaseous xenon (at 1 and 10 atll1) and liquid xenon.

Fig. 5. Cerall1ic electrode assell1bly of liquid xenon ll1ultiwire chall1ber.

Anode wires (5-f.l diall1. ) and cathode strips are spaced 2.8 ll1ll1 apart.

Wires are centrally supported by passing thelTI between two quartz

fibers.

Fig. 6. COll1parison of ill1ages of the letters ., XE" (produced by 279-

keY gall1ll1a rays) froll1 the liquid xenon D1ultiwire chall1ber (left) and

the scintillation call1era (right).

Fig. 7. Liquid xenon ionization chall1be r with Fris ch grid and colli-

ll1ated gall1ll1a-ray source built to investigate energy resolution.

Fig. 8. Pulse-height speetrull1 for 279-keV gaDuna rays seen In setup

of Fig. 7. FWHM IS 100/0, cOll1parable to NaI (TI).
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