27 June 1969, Volume 164, Number 3887

CURRENT PROBLEMS

IN RESEARCH

New Detectors for
High-Energy Physics

A total absorption technique is developed for the detection

of electromagnetic and strongly interacting particles.

A principal motivation of this work
is the belief that a major aspect of
elementary particle physics in the fu-
ture will be concerned with the appear-
ance and explanation of sharp reso-

nances and sharp spectral lines. Just

as the study of theé Balmer lines led
to an understanding of atomic struc-
ture, and the study of nuclear gamma
rays led to a clarification of nuclear
structure, so it may be anticipated that
spectroscopic investigations of high-
energy gamma radiation will provide
important clues to elementary particle
structure. With this expectation in
mind, the original idea of this research
was aimed at the development of a
new precise instrument for the detec-
tion of gamma radiation in the energy
range 50 to 20,000 million electron
volts.

In the course of this development,
it soon became apparent that there was
virtually no limit to the highest energy
detectable and no restriction on the
kind of radiation or particle which
could be detected so long as one used
the “total absorption principle.” As far
as I know, the first application of this
principle to high-energy physics was
made by Kantz and Hofstadter (), al-
though the total absorption method
had been introduced earlier for the de-
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tection of gamma rays in sodium iodide
(thallium) Nal(T1) scintillation crystals
by Mclntyre and Hofstadter (2) in the
energy range up to a few million elec-
tron volts,

Subsequent work on the total ab-
sorption spectrometry of gamma rays,
electrons, and positrons detected by
scintillation counters [for example,
Nal(T1)] and Cerenkov counters (for
example, PbF,) (3) was reported by
Hofstadter (4). Berezin, Hofstadter, and
Yearian (5) later investigated large
Nal(Tl) scintillation counters as poten-
tial detectors of pions and showed that
pions could be distinguished from elec-
trons (and gamma rays).

A renewed interest in total absorp-
tion Cerenkov counters and scintilla-
tion counters developed after the re-
cent application of these detectors to
electromagnetic radiations in the energy
range up to 14 Bev (6-8). Finally, the
use of total absorption scintillation,
Cerenkov, and conduction-type mate-
rials for the detection of strongly in-
teracting particles and radiations was
pointed out by Hofstadter (9, 10) in
1968.

An approximation to the total ab-
sorption method for the detection of
strongly interacting particles has been
developed by Grigorov, Murzin, Rapa-
port (I1), Murzin (I2), and Ramana
Murthy, Sreekantan, Subramanian, and
Verma (I3). The device used by Gri-
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gorov and others has been called a
“calorimeter.” Since the calorimeter is
essentially a sampling device in which
a large fraction of the energy of the
detected particles goes into nonsignal-
producing energy-absorbing materials,
I shall not discuss this type of detector
any further. Variations of this same
device (lead-lucite and lead-scintillator
combinations) have been developed for
detection of photons and electrons and
are called “sandwich” counters. Some
recent sandwich detectors are described
by Heusch (74).

Detector Principles,

Characteristics, and Performance

TASC detectors for “‘electromagnetic”
or Type A particles. For subsequent
use we will classify the various particle
types as indicated in Table 1. In this
section and the next I will consider
particles of type A. The detection of
type B particles will be discussed be-
low (15).

The total absorption technique can
be illustrated by a consideration of
very low energies, namely, the 1.17-
and 1.33-Mev gamma radiations from
Co%. Figure 1 shows a scintillation
pulse height spectrum observed in
1950 (2) in a Nal(Tl) crystal of vol-
ume 1 cm3. The two peaks to the right
are the total absorption peaks of the
1.17- and 1.33-Mev gamma rays of
Co%. The large peak on the left is a

Table 1. Types of high-energy particles.

Particles Ch:argcter- Type of
istics counter
. Type A
e, ety Produce Total ab-
electromag- sorption
netic shower
showers cascade
Type B
n @, p, P, vt 7, Involve Total ab-
K+ K-, K, d, o, strong sorption
and so forth (nuclear) nuclear
interaction cascade
Type C
v Uyt Weakly .
interacting
particles
1471
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Fig. 1 (top left). Scintillation spectrum
in a NaI(Tl) crystal (1 cm® volume) for
Co™ radiations (2).

Fig. 2 (top right). Cobalt-60 gamma rays
absorbed in a large crystal of NaI(TIl)
(13.5 by 7 inches). The data were ob-
tained by Hughes, Lakin, and Hofstadter
(33).

Fig. 3 (left). The Nal(Tl) crystal and

photomultipliers with which the data in
Fig. 2 were obtained.
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(double) Compton peak; the arrows be-
low show the expected position of each
component. When the crystal can be
made sufficiently large, the Compton-
scattered gamma rays are also absorbed
and the Compton pulses are transferred
to the total absorption peaks. Such a
case is shown in Fig. 2, where the
same Co® radiations are captured in
a large crystal of NaI(Tl), 13.5 inches
in diameter and 7 inches thick. One
can observe that the Compton area is
greatly reduced, and the two peaks
between 50 and 100 on the abscissa
have become “total absorption” peaks
whose combined area accounts for a
large fraction of all the counts. The
third peak near 160 corresponds to the
capture of both the 1.17- and 1.33-
Mev gamma rays at the same time:
the two Co% radiations are emitted
simultaneously. The full width at half
maximum (FWHM), which is a mea-
sure of the resolution, is approximately
6 percent for the cobalt energies. Fig-
ure 2 demonstrates that even a large
~crystal of the indicated size is insuf-
ficient to absorb all the radiation in
the total absorption region. It must be
remembered, however, that the gamma
ray source (Fig. 2) was uncollimated
so- that some of the Co® gamma rays
interacted peripherally and some of the
secondary Compton radiations were
able to escape. Figure 3 shows a photo-
graph of the crystal used to obtain the
data in Fig. 2.

In the absorption of low-energy
gamma rays the photoelectric process,
the Compton process, and the pair-pro-
duction processes are important. At
higher energies the detection of gamma
rays, electrons, and positrons depends
upon the “shower” phenomenon, which
in turn is derived from the bremsstrah-
lung and pair-production processes. A
rather complete description of the elec-
tromagnetic shower process is given by
Rossi (16). The only radiation or parti-
cles which interact significantly by
showering are gamma rays, electrons,
and positrons. Such radiation or par-
ticles may be called type A particles
(Table 1), and detectors which depend
on this process are called “total ab-
sorption shower cascade” (TASC)
counters; the shower process is
sketched in Fig. 4. Since the distance
(one radiation length) for reproduction
of the elemental shower act is about 1
inch in Nal(TI), it may be expected
that a detector whose length is 20
inches (20 radiation lengths) and whose
diameter is appropriately large (say,
10 radiation lengths) can absorb the
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Fig. 4. The shower process. The incident particle shown is an electron. A gamma
ray of high energy behaves in substantially the same way, except that the first
process occurring is pair production instead of bremsstrahlung, as shown in the
figure. The characteristic distance, labeled X in the figure, is approximately one
“radiation length”; in NaI(T1) this length is 1 inch.
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Fig. 5. Measuring apparatus of Crannell (I7) used to trace the absorption and depo-
sition of energy in a large metallic absorber.
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Fig. 6 (top). Radial distributions of ab-
sorbed energy of 900-Mev electrons in tin
).

Fig. 7 (center). Tabulation of the rela-
tive amounts of energy (in percentage of
the original energy) deposited in annular
rings in the absorber. This case refers to
tin at 900 Mev.

Fig. 8 (bottom). A TASC counter for
type A particles which has been used suc-
cessfully up to energies of 14 Bev.

whole shower. This is what is meant
by total absorption.

Spreading of the shower takes place,
of course, and interaction processes
occurring near the surface may result
in the escape of a gamma ray. In this
case the absorption is not total, but
the energy of the escaping, degraded
gamma ray may be sufficiently low
(say, 0.5 Mev for an incident energy
of 1000 Mev) so that a serious loss of
energy does not occur. In fact, even if
a number of such gamma quanta es-
cape, the statistics of the number of

~ escaping packages may be large enough

so that the fluctuations of escaping
energy assume a Gaussian pattern. This
approximate view of the escape phe-
nomenon was taken by Kantz and Hof-
stadter (/) and provided a rough theory
3, 4) of the measure of resolution of
energy of an incident particle or
gamma ray.

The amount of energy escaping from
an absorber was studied (7) for several
elements including copper, tin, and
lead. Tin was selected because its
atomic number is close to that of
iodide in NaI(Tl), and iodine is chiefly
responsible for the absorption processes
in sodium ijodide scintillation crystals.
Crannell (I7) has used an apparatus
of the type (I) shown in Fig. 5 to
study how the incident energy of 900-
Mev electrons is degraded and de-
posited throughout the interior of a
large stack of tin plates. A small scin-
tillation-type probe crystal can be
moved anywhere within the stack in
a radial or longitudinal position. In this
way the radial curves shown in Fig. 6
are obtained (I7). The energy is dis-
tributed through wider regions near the
tail end of the absorber, whereas at
the front of the absorber the curves
showing the shape of the deposited
energy resemble the incident beam.
From such curves, the quantities tabu-
lated in Fig. 7 can be calculated.

Figure 7 gives the relative amounts
(in percentage of total energy) of en-
ergy deposited in annular rings (one
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radiation length in radial width) at any
depth in the absorber. From such tab-
ulations it is possible to calculate the
relative amount of energy absorbed in
a tin absorber of arbitrary shape. If
proper allowance is made for the rela-
tive density and radiation lengths in tin
and Nal(Tl), one may understand and
predict the corresponding behavior of
type A particle absorption at 900 Mev
in Nal(Tl). The behavior at higher and
lower energies has been studied experi-
mentally (I, 18) and theoretically (19),
but the main features of the shower
phenomenon are not very different in
the Bev range from the results at 900
Mev. One very important point emerg-
ing from these studies (I, 4, 18, 19) is
that the depth of a TASC detector
which is required to absorb, say, 95
percent of the total energy within a
shower, increases only logarithmically
as the energy of the incident particle
is increased. Thus an increase of a fac-
tor of 10, say, from 10 Bev to 100
Bev, in the energy of an electron or
gamma ray requires only an addition
of about 6.0 inches in depth of new
Nal(Tl) crystal material. This modest
increase in detector size may be com-
pared with the very great increases in
the size of the magnetic spectrometer
required to go from detection schemes
at 1 Bev (20) to those at 8 Bev or 20
Bev (21). The anticipated sizes of mag-
netic spectrometers needed to study
particles of type A having energies of
100 to 1000 Bev are too enormous to
contemplate, whereas the sizes of
TASC counters needed in this energy
range will prove to be very modest.
Performance of TASC detectors.
We now turn to a description of the
present performance of TASC detec-
tors. An early unit (8) is shown sche-
matically in Fig. 8, and a photograph
of a recent experimental TASC detec-
tor is shown in Fig. 9 (22). Figure 10
shows the sharp spectral distribution
obtained with incident electrons select-

ed magnetically at 8 Bev/c, where ¢

is the speed of light. The behavior of
positrons and gamma rays is practically
identical with the pulse height distribu-
tion observed for electrons. Even bet-
ter performance is obtained at 14
Bev/c (Fig. 11). The trend of the data
is shown in Fig. 12 (23) where the
resolution figure (FWHM) is plotted
for two different mean diameters of
TASC detectors.

The possible reasons for the ob-
served width have been discussed by
Hofstadter, Hughes, Lakin, and Sick
(22). It is theoretically possible that
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greatly improved resolution can be ob-
tained with larger crystals in which the
escape of gamma rays can be mini-
mized (24). Surprisingly, the FWHM
at lower energies (50 Mev to 1'Bev) is
on the order of 5 percent. From such
data it appears that a reduction in the
FWHM may require larger diameters
at low energies or that a ‘“channel”
crystal at the front may be needed to
stop backwardly escaping radiation.

Fig. 9. A NaI(Tl) TASC detector of average diameter

== 11 inches and depth 28
inches. The incident beam passes through a small hole in the steel collimator to the
right and impinges on the NaI(T1) stack after passing through thin defining counters.

The depth of the TASC detector em-
ployed in these measurements is known
to be adequate (22) at all energies stud-
ied thus far. The attractive small val-
ues of FWHM at high energies
(~1 percent at 14 Bev/c) augur a
most promising future for TASC de- -
tectors at still higher energies of type
A particles.

The calibration of a TASC detector
(23) is shown in Fig. 13. The observed
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Fig. 10. The pulse height distribution (22) of a NaI(Tl) (20 inches in length and
9.37 inches in diameter) TASC detector for 8 Bev/c electrons.
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Fig. 11, The pulse height distribution (22) of a NalI(Tl) (20 inches in Iength and
9.37 inches in diameter) TASC detector for 14 Bev/c electrons. Note the artificial
pulser calibration and the suppressed zero.
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behavior is linear as is the case for all
TASC detectors for which experiments
have been carried out thus far (8, 22,
23).

The performance of TASC detectors
does not deteriorate until the beam is
allowed to approach the periphery of
the crystals. This behavior (23) (Fig.
14) indicates that adequately large solid
angles are assured for detection of type
A particles by TASC detectors.

The performance of a NaI(Tl) TASC
detector that directly faces a liquid-
hydrogen target in an actual experi-
mental arrangement at the Mark III
linear accelerator of the Stanford High
Energy Physics Laboratory is shown in
Figs. 15, 16, and 17 (25). These re-
sults are very impressive because of the
extremely high radiation backgrounds
present in the target areas of linear
electron accelerators. The backgrounds
are due basically to the high beam cur-
rents and the short duty periods of
such accelerators. Figure 15 shows the
spectrum of electrons and gamma rays
scattered at an angle of 110° from a
liquid-hydrogen target for an incident
beam of 1 X 10!¢ electrons per pulse
at an incident energy of 200 Mev. At
the right one observes an elastically
scattered peak of electrons. The con-
tinuum at the left consists mostly of
gamma rays. Figure 16 shows the elec-
tron spectrum without the gamma rays;
the gamma rays have been eliminated
by use of a gate obtained from a co-
incidence telescope of plastic scintilta-
tion counters placed in front of the
TASC detector. When the incident en-
ergy is increased to 400 Mev (Fig. 17),
a pion distribution is also observed, as
indicated (at position 27) by the large
peak to the left of the elastically scat-
tered electron peak near position 72.
This case provides an example in which

Fig. 12 (above left). The resolution figure (FWHM) plotted
as a function of energy. Results are shown for a Nal(Tl)
crystal 11.5 inches in diameter and 23 inches in length (@)
and for a Nal(Tl) crystal, 9.37 inches in diameter and 20

Fig. 13 (left). Pulse height of the peak plotted against electron
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pions may be distinguished from elec-
trons. These results were obtained (25)
when the TASC detector was enclosed
in a concrete shielding “cave” mounted
on a movable carriage. The weight of
the cave was about 60 tons, which is
more than adequate to shield against
the observed background. It is not
anticipated that larger or more massive
shields are needed at higher energies.
Moreover, with continuous-duty ma-
chines such as superconducting linear
accelerators, or with electron or proton
synchrotrons, it is likely that only very
thin shields, if any, will be required.
TANC detectors for “strongly inter-
acting” or Type B particles. The prob-
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lem of the detection and measurement
of strongly interacting type B particles
at very high energies represents a for-
midable challenge to present technical
skills. One possible approach is pro-
vided by the use of “total absorption
nuclear cascade” (TANC) detectors
(9). For such detectors it is immaterial
whether the particle is charged or un-
charged since the initial detection event
depends only on the strong interaction
process. In this process a struck nucleus
is broken up so that the particles re-
leased by it, both charged and un-
charged, are the actual particles de-
tected. The nuclear cascade process,
upon which this method depends, was

Fig. 14. Behavior of a Nal(Tl) TASC
detector as a function of the position of
entrance of the beam of incident particles.
The resolution is shown at left and peak
height to right. The outside radius of the
crystal was approximately 4.6 inches.

originally described by Serber (26).
Figure 18 provides a schematic dia-
gram of the detection process. In any
nuclear explosion mesons as well as
nucleons are released, and at very high
energies (1000 Bev) it has been esti-
mated that 85 percent of the energy
is released in the form of =° mesons
(12, p. 262). This is very favorable for
detection since the neutral pions decay
immediately into gamma rays which
are readily detectable by TASC coun-
ters. Thus if we use the total absorp-
tion method and if the detector is large
enough, a very large fraction of all the
energy of the incident particle can be
absorbed and measured. This principle
has been discussed at length, and other
advantages of TANC counters have
been described (9). When the detector
is appropriately large, the energy reso-
lution (FWHM) will be limited only
by residual escape of neutrons, fluctu-
ations in the energy absorbed in the
nuclei because of the binding energy
of the nucleons, and the number of

Fig. 15 (left). Results obtained on a multichannel analyzer
with a TASC counter 15 inches long exposed to the radiation
emitted by a liquid-hydrogen target struck by 200-Mev elec-
trons. The peak at the right corresponds to elastically scattered
electrons. The continuum at the left corresponds to gamma rays.
The number of electrons per pulse was 1 X 10* and the scat-
tering angle was 110°.

Fig. 16 (below). The data obtained here are similar to those
in Fig. 15 except that the gamma ray continuum, to the left in
Fig. 15, has been eliminated by a coincidence telescope.
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Fig. 17. The data are similar to those in Fig. 16 except that the incident energy has
been increased to 400 Mev. The peak at the left consists almost entirely of pions.
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Fig. 18. Schematic view of the detection process for a TANC detector. Some neutrons
and pions can escape from the detector. In the nuclear collisions some binding energy
is lost that may not be recovered in the crystal during the event. Positive pions may
also decay and some of their end products may be lost from the detection process.
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positively charged pions or kaons, and
so forth, which stop and decay in the
detector. The latter subsequently give
rise to neutrinos and the relatively
long-lived muons during their decay.

Pions and nucleons are often emitted
from struck nuclei at large angles with
respect to the direction of the incident
high-energy particle. Thus the proposed
TANC detector should have large lat-
eral dimensions. Furthermore, the
absorption length for high-energy,
strongly interacting type B particles is
of the order of 15 inches in Nal(Tl),
as contrasted with the corresponding
value of 1 inch for type A particles.
In order to absorb all the incident en-
ergy, the TANC detector must be
larger than a TASC detector. How
large should a TANC detector be to
yield good resolution? A preliminary
answer to this question is provided by
studies made of the deposition of en-
ergy of 8 Bev/c pions in absorbing
materials (27). These studies were
made by a method completely analo-
gous to that described by Kantz and
Hofstadter (I) and by Crannell (17).
The results obtained for a stack of tin
plates are shown in Fig. 19. The curves
indicate the amount of energy de-
posited at various radii at different
longitudinal depths in the absorber and
are analogous to those of Fig. 6. From
the curves of Fig. 19, one can prepare
a table for pions similar to that shown
in Fig. 7 for electrons. From such
measurements and calculations one can
obtain the “containment” of energy in
a given absorber struck by 8 Bev/c
pions.

Figure 20 shows the relative per-
centage of the energy of the incident
pion contained in a tin absorber of
very great longitudinal depth whose
cylindrical radius is given on the ab-
scissa; “very great” depth in this in-
stance means about 40 inches of tin
(28). The measured curve (energy de-
posited) shows that for a radius of 0.38
absorption length, approximately 52
percent of the energy is absorbed on
the average. The diameter of an equiv-
alent absorber of Nal(Tl) used in the
tests is approximately 11.2 inches.
When a correction (28) is made for the
56.0-inch length of the actual experi-
mental Nal(Tl) TANC assembly, the
relative absorbed energy is in the neigh-
borhood of 45 petcent. Experiments
have been carried out with this TANC
detector and 8.0 Bev/c incident pions.
The results are shown in Fig. 21.

Three “peaks” are evident in the fig-
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ure. The sharp peak at the right is a
calibration peak obtained with type A
particles—electrons in this case. The
very broad peak in the middle corre-
sponds to the nuclear interaction events
induced by the 8 Bev/c pions. The
peak at the left corresponds partly to
those pions (~ 2 percent in number)
which have engaged only in Bethe-
Bloch collision-loss processes in the
stack of crystals. Such pions give rise
to the well-known Landau straggling
distribution. A larger part of this peak
corresponds to a muon contamination
in the pion beam.

From the average pulse height in
the nuclear interaction peak, one may
note the approximate agreement be-
tween the average fraction of 49 per-
cent of the total energy absorbed ex-
perimentally in the nuclear interaction
peak and the calculated figure of 45
percent obtained from the measure-
ments in the tin absorber. It is also
most important to observe that there
are some pion interaction pulses lying
near channel 200 which have essen-
tially the whole energy of the incident
pions, Thus the TANC method of de-
tection of strongly interacting particles
would seem to be justified in principle.

The broad distribution of pulses in
the nuclear interaction peak shows also
that there is a large, variable amount
of energy escaping from the crystal.
It has been shown experimentally (27)
that the escaping energy goes out
mostly in the form of neutrons, though
there may be a small amount of en-
ergy escaping in charged particles.
Neutrons in the energy range from 10
to 50 Mev are the particles most likely
to escape.

The observed width (FWHM) of the
middle peak is about 65 percent. It is
difficult to compare this with even a
rough theory since the amount of es-
caping energy is itself on the order of
55 percent. The type of crude theory
used for escaping gamma rays in TASC
counters can probably be employed in
this case only when a larger fraction
of the incident energy is absorbed.
Nevertheless, it is to be expected that,

Fig. 19 (top right). Radial spread in the
development of nucleon-meson cascades in
tin produced by 8 Bev/c positive pions.

Fig. 20 (right). Containment curve of
energy deposited in tin by 8 Bev/c pions.
The solid curve is measured whereas the
star--and track data are obtained from
Monte Carlo calculations (32).
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as the radial dimensions of the TANC
counter are increased, the nuclear in-
teraction peak will move up toward
the calibration peak position and will
become much narrower.

Preliminary data (27) show that,
when the average radius of the crystals

is increased from 9.2 inches to 11.2
inches, the average pulse height of the
nuclear interaction pulses moves from
a value of 40 percent for the average
amount of energy absorbed to a cor-
responding figure of 45 percent. This
is very promising for the proposed
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TANC detection technique and is in
accord with the results in Fig. 20. Pre-
liminary data (27) further indicate
that, for pions in the energy range
from 4 Bev/c to 16 Bev/c, the ob-
served maximum of the nuclear inter-
action peak is directly proportional to
the energy of the incident pions. From

824140 Mev

8 Bev/c 7™

Counts

o

work in progress it is expected that
experimental measurements will be
made with Nal(T1) crystals 16 inches
in diameter and subsequently with
others 30 inches in diameter. In the
latter case it may be possible to achieve
resolution figures (FWHM) lying some-
where between 2 and 12 percent.

8 Bev/ce~

1 1
0 50 100 150 260
Pulse height (channel number)
2 4 6 8 10 12 Bev

100

Number of counts
(6]
O
|

/)

-40 O 100 200 300 400
Tzue Channel
zero

1480

Outlook for the Future

It has already been pointed out (9)
that total absorption detectors may be
made in various ways as (i) scintilla-
tion counters; (ii) Cerenkov counters;
and (iii) semiconductor or crystal con-
ductor-type counters. Also liquid or
glassy materials may be used if their
densities are high enough. Some results
of recent work with PbF, Cerenkov
detectors for type A particles are
shown in Fig. 22 (7). The PbF, de-
tector used here is small enough to be
held in one hand! Although the resolu-
tion achieved corresponds at the high-
est energy to a FWHM of 5 percent,
theory (7) indicates that this figure can
probably be reduced still further. If
PbF, material could be made into a
scintillation counter material, this
achievement could result in a fantastic
reduction in the size of equipment
need for work in high- and super-
high-energy physics. '

In all probability luminescent or
conduction processes are not the only
ones amenable to ‘total absorption
methods of detecting high-energy radi-
ation. It may be that heat-detecting
(infrared) or sound-detecting devices
may also be employed. In the latter
case it is possible that the most dense
materials, such as tungsten, could be
used as the absorbing substance, and
resonant acoustic vibrations of the ab-
sorbing block could be measured with
equipment tuned to the resonant fre-
quencies of the absorbing body. Piezo-
electric or ferroelectric materials, for
example, could be used to detect these
vibrations. A piezoelectric material
may itself be used as the absorber
material.

In any case, it is possible that as

~ physicists proceed with the detection

of higher and higher energies possessed
by single particles, the detection tech-
niques may become easier instead of
more difficult! This would indeed be a
major contribution of the total absorp-
tion technique.

One may also take advantage of the
energy-detecting ability of total absorp-

Fig. 21 (top left). Pulse height distribu-
tion of 8 Bev/c pions in a TANC NalI(Tl)
56 inches long and about 11.2 inches in
mean diameter.

Fig. 22 (left). Pulse height distributions of
2- to 12-Bev electrons in a small PbF
(5.25 by 5 inches) Cerenkov detector (7).
The crystal was viewed by a single photo-
multiplier.
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Fig. 23. Schematic diagram showing how magnetic means can be combined with
TASC or TANC detectors to obtain, simultaneously, energy data on positively and
negatively charged particles and gamma rays (29). The crystal detector system dia-
grammed here has the following specifications: 2-Bev maximum energy; 30 percent
momentum range accepted by spectrometer (AP/P); 0.01 solid angle acceptance range
of spectrometer (200 by 50 milliradians); 24 kilogauss; gap 2 inches; magnet weight 7

tons; magnet power 57 kilowatts.

tion counters by combining these
counters with simple magnetic means.
Figure 23 shows a proposed scheme
(29) for the construction of a relatively
small unit for the simultaneous detec-
tion of positively charged particles, neg-
atively charged particles, and gamma
rays. The optics of the magnetic spec-
trometer need only be primitive since
the energy determination is made by
the crystal means. The system pictured
has a wide dynamic range (30 percent),
large solid angle, and an energy resolu-
tion determined solely by crystal per-
formance.

One can think of many experiments
in elementary particle physics that can
be carried out with the total absorp-
tion techniques described in this paper.
As a example, a Nal(Tl) detector was
used in a recent experiment in which
K;° total cross sections were measured
in various elements (30). The neutral
kaons had energies in the range from
6 to 12 Bev/c. Such cross sections can
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be compared with neutron total cross
sections at 27 Bev/c measured by
the Brookhaven-Michigan collaboration
group (31). Differences have been ob-
served between the neutron and K °
cross sections, and such differences may
provide the basis of a new method for
the studying of nuclear radii.

Conclusion

Although the results reported in this
paper represent only the beginnings of
what may develop into a much more
sophisticated field of detectors, it is
possible at this time to compare the
TASC and TANC detectors with what
might be considered the “perfect”
detector. A perfect detector might have
the following characteristics: (i) 100
percent detection efficiency; (ii) high-
speed counting and timing ability; (iii)
good energy resolution; (iv) linearity of
response; (v) application to virtually all

types of particles and radiations; (vi)
large dynamic range; (vii) virtually no
limit to the highest energy detectable;
(viii) reasonably large solid angles of
acceptance; (ix) discrimination between
types of particles; (x) directional in-
formation; (xi) low background; and
(xii) picturization of the event.

Some of these characteristics have
been touched on in the text. Some have
been discussed by Hofstadter (9). In
any case it is clear that TASC and
TANC counters are endowed with
many of the desirable qualities listed
above. For example, with reference to
item (xii), the possibilities inherent in
the “luminescent chamber” may some-
day be applied to TASC and TANC
counters, With respect to item (x),
hodoscopes may easily be used in con-
junction with the counters. Combina-
tions of different materials may be used
to fabricate TASC or TANC counters
to make possible the realization of
item (ix). With all these possibilities
available, the picture looks bright for
further development of total absorption
techniques.
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Polywater

Vibrational spectra indicate unique stable

polymeric structure.

Ellis R. Lippincott, Robert R. Stromberg,
Warren H. Grant, Gerald L. Cessac

A form of water with properties
very different from those well. estab-
lished for water has been reported in
a series of papers by Deryagin and co-
workers (1). Water in this unusual
state has been called “anomalous water”
by this group to distinguish it from
ordinary water. It has bren prepared
in two ways. As described by Fedyakin
(2), secondary columns were observed
growing near both ends of a column of
water sealed in a glass capillary 2 to 4
pm in diameter. In subsequent work,
the anomalous water was prepared by
the condensation of water vapor in
glass and fused quartz capillaries at
relative pressures somewhat less than
unity (3). Some of the reported prop-
erties of this water are (i) low vapor
pressure; (ii) solidification at — 40°C
or lower temperatures to a glass-like
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fow in the department of chemistry at the Uni-
versity of Maryland, College Park.
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state with a substantially lower ex-
pansion than that of ordinary water
when it freezes; and (iii) a density
of 1.01 to 1.4 g/cm® and stability to
temperatures of the order of 500°C.

Some of the properties of this anom-
alous water reported by Deryagin and
co-workers have been corroborated by
Willis, Rennie, Smart, and Pethica (4).
This group also investigated the infra-
red spectra of the material in a barium
fluoride cell. They reported that they
were able to obtain only a poor spec-
trum, that they were required to use
a 5X scale expansion, and that they
obtained only absorption bands char-
acteristic of normal water.

Bellamy, Osborn, Lippincott, and
Bandy (5) also confirmed some of the
reported properties of anomalous water.
They reported spectroscopic data, in
the near infrared region, of distilled
samples which they believe consisted
of a mixture with normal water. In
addition, a Raman spectrum on this ma-
terial was recorded above 3000 cm—1.
Structures consistent with the spectra
were - discussed.

In all cases, the quantities of mate-
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(1966).

33. E. B. Hughes, W. L. Lakin, R, Hofstadter,
unpublished results.

34, I thank the following individuals for their
kind help in providing many of the results
reported in this paper: B. L. Beron, E. B.
Dally, E. B. Hughes, W. L. Lakin, L. Madan-
sky, J. J. Murray, L. O’Neill, and I. Sick.
In particular, I wish to thank Dr. E. B.
Hughes for numerous and profitable discus-
sions, I would also like to acknowledge the
support of a gift grant made available by the
General Motors Corporation. Work supported
in part by the U.S. Office of Naval Research
under contract Nonr 225(67).

rial prepared have been extremely mi-
nute because the capillaries used for
its preparation are of the order of 5
to 100 ym in diameter. This has been
a severe limitation in the investigation
of the properties of the material and
in the analyses of possible contaminants
which might account for the remark-
able properties. Most of the reported
investigations up to now have been
carried out in the capillary tubes used
for the preparation.

We now report the results of an
infrared and Raman spectroscopic

" study of this “anomalous” water both

in and out of the capillaries in which
it had been formed. From an interpre-
tation of these spectra we propose that
the material is a true high polymer,
consisting of H,O monomer units. The
properties, therefore, are no longer
anomalous but rather, those of a newly
found substance—polymeric water or
polywater.

The polywater used was prepared by
the condensation of water vapor in
freshly drawn, fused quartz and Pyrex
capillaries between 5 and 20 um in
diameter. The tubing used to form the
capillaries was cleaned by conventional
methods and dried. The capillaries were
suspended over distilled water in an
evacuated and sealed system. Approxi-
mately 18 hours or more were allowed
for the formation of polywater in the
tubes. Saturated salt solutions have
also been used for obtaining the water
vapor and for preparing samples. How-
ever, these were not used for the stud-
ies described below.

Infrared Spectra

Infrared spectra of polywater were
obtained for samples both in and out of
the tubes used for formation. For
samples within the fused quartz tubes,
the examination was limited to the
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