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COMPOSITION AND SPECTRA OF HIGH ENERGY COSMIC RAYS
A Proposal for an Orbiting Laboratory for the HEAO
ABSTRACT

The presently detectable galactic cosmic radiation extends in energy from
about 107 eV to 102° eV and in charge from Z =1 to about 100. The energy re-
gion from 10'° to 101% eV is a large but little studied segment of the cosmic ray
spectrum. An experiment to investigate charged cosmic ray primaries in this
ene:rgy range is proposed for the HEAQ satellites. An instrument based upon
our present balloon flight programs, has been designed to determine the intensi-
ties of protons, electrons, alpha particles, and heavier nuclei as a fungtion of
energy. With a satellite lifetime of one year, searches will be made for di-
rectional anisotropies and time variations of each component. These results
will be used to study the cosmic ray source compositions, acceleration processes,

propagation, and lifetime in the interstellar medium.

The experiment consists of three major sections: +(a) charge identification,
{b} trajectory definition and (c) energy measurement. The charge identification
system uses two organic scintillators, a plastic Cerenkov radiator, an inorganic
Csl scintillator, and a pulse ion chamber sysiem. This redundancy of charge-

sensitive detectors used in conjunction with the directional information provides



a measurement ofthe charge to within z + 1/2 through the iron region. Particle
direction is determined by wire grid spark chambers and by scintillator wedges
within the spectrometer itself. Energy is measuredby an ionization spectrometer
consisting of a tungsten-plastic scintillator sandwich-5 interaction mean free
paths thick. Throughout the energy range, the spectrometer determines energy
to within +15% which is considered adequate for meeting the scientific objectives.
The spectrometer will be calibrated at 5 x 101! eV at the National Accelerator
Laboratory. Electrons will be separated from protons by the rapid development
of the electromagnetic cascades in Csl scintillators at the top of the spectrom-
eter. The payload will weigh 6000 Ibs. with a geometric factor of 500 em? ster
for the speectrometer and 2500 em? ster for the charge detection system, The
data system will select events on a priority basis and generate 8 X 102 bits/sec.
The entire electronics system will have redundant units for fajlsafe operation.
Engineering design, data analysis plans, management aspects, possible second
generation developments, and a description of the relevant scientific background

are presented.

xii



COMPOSITION AND SPECTRA OF HIGH ENERGY COSMIC RAYS
A Proposal for an Orbitihg Laboratory for the HEAO

I. INTRODUCTION

A. SCIENTIFIC OBJECTIVES

High Energy Astrophysics is a new discipline which recognizes the inter~
relationship between studies in traditional optieal astronomy and the new fields
of radio, infra-red, x-ray and y-ray astronomy and cosmic radiation: It is
particularly appropriate that many of these fields should come together to par-

ticipate in the High Enexgy Astronomy Obsexrvatory satellite.

In order to suggest some of the exciting results which may come from this
satellite, the remarks of van de Hulst opening a talk before a colloquium in

Bombay in 1968 are particularly appropriate (Daniel et al., 1968).

"The astrophysicists are extremely clever in explaining things, in retro-
spect. They might have predicted stars - but of course they had seen them
before. But they have not predicted the solar corona, solar flares, cosmic
rays, magnetic fields, non-thermal radio emission, x-ray sources, quasars,
pulsars - and there are many more things which have not been predicted.
Actually, the word cosmic rays, at the time the name was given, was a curi-
ous double confession of ignorance ~ cosmic meaning that we did not know

from where they were coming and rays meaning that we did not know what
they were."

We now know what cosmic rays are, and we have begun to get a feeling for
the kind of astrophysical information they can provide us. Cosmie rays have

been observed with 10° times the energy of the most energetic particles which
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can be accelerated by man made machines. These cosmic rays carry informa-
tion about the most energetic processes which occur in nature. Their origin is

quite possibly connected with the recently discovered pulsars, the neutron star
remnants of supernova explosions or with the supernova explosions themselves;

but the acceleration mechanism is not yet understood.

The galaxy isfilled with~1eV/cm?® in cosmic rays and this is sufficient
energy to play an important role in the structure and stability of the galaxy
(Parker, 1965)., Of particular interest is whether cosmic rays are confined to
the galactic disk or whether they fill the elusive galactic halo. Some cosmic
rays may pervade the local super cluster of galaxies or even fill ail of inter-

galactic space.

A study of the details of the charge composition presents an exciting
possibility of looking at a sample of material directly from a thermo-
nuclear furnace. This aspect of the astrophysics of cosmic rays has become
viable only recently with advances in experimental techniques which. allow suf-
ficient charge resolution to uniquely identify the cosmic rays up to iron and
beyond. The modification of the charge spectrum in its interstellar travel is
now being understood well enough to allow the source composition of cosmic rays

to be derived.

The cosmic ray electrons are also of interest and are presently the subject

of intensive study. Their spectra should reflect interactions with the 3° black-body
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radiation (presumably left over from the primordial big bang), with the galactic

magnetic fields, and with the intense infrared radiation recently discovered.

As can be seen from this all too brief discussion, the study of cosmic rays
and the models for their origin, acceleration, and propagation is essential {o the

understanding of a wide range of cosmological phenomena.

During the past decade, the charge composition and energy spectra have
been the subject of extensive studies at low energies. Figure I-1 shows some
representative information available in the energy range 10 "t05 x101 ev.
The models relating cosmic ray studies to astrophysical questions have been
evolving from these low energy studies, However, the interpretations are con-
fused by our lack of knowledge af higher energies. Many of the questions raised
by these models can only be answered by an extension of detailed measurements
above 101% eV. An experiment to study the composition and spectra of the cos-

mic radiation between 10'° and 10!* eV is outlined in this proposal.

In this energy range the specira are characterized by intensities

dN/dE = k/EY (where y % 2.5)

which decrease rapidly with increasing energy.

This is illustrated in Figure I-2 where the spectrum of all charged, nuclear

particles is shown, At energies above 10'3 eV, data are obtained from extensive
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air shower measurements, Note the apparent steepening of the spectrum in the
range 1014 to 1015 eV, This might be due to a transition between regions of
galactic and extragalactic particles, or it could indicate a change in composi-
tion of the galactic primaries. Since particles of 10'7 &V or more will escape .
from the galaxy quite readily, the highest energy particles are probably of

extragalactic origin.

The energy region from 10'° to 10'% eV represents a little studied segment
of the cosmic ray spectrum, The data which do exist in this energy range are
shown in Figure I-3. The Russians (Grigorov et al., 1969) pioneered in this area
on their series of "'proton' satellites, utilizing an ionization Nealorimeter" for
energy measurement. Their experiment gives no directional information, how-
ever, and only identifies protons. Pinkau et al. (1969) have performec;l bailoon
experiments onthe energy spectra of protons and aipha particles with improved
techniques. Neither of these experiments provides information on the heavier
nuclei, The emulsion results of Kaplon and Ritson (1952) and Lal (1953) are also
shown, but there are large uncertainties in both the fluxes and energies in these
measurements. More recent emulsion results from the Brawley stack by Koshiba
et al. (1968) are available on the spectra of nuclei ‘with 7 > 6. As can be seen

from the figure, large discrepancies exist between different measurements,

As shown in detail in subsequent sections, astrophysical questions can best

be answered from a determination of both the charge and energy of each particle.
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I-7



This objective is obtainable using state of the art techniques and represents an

improvement and extension of the presently available measurements.

The primary objectives of the program are:

(1) to determine the energy distribution of the primary cosmic radiation
from 1010 to 101* eV;

(2) to determine the charge composition through iron and beyond; and

(3) to measure the electron spectrum for energies from 101% to 1013 eV,

In addition, without any increased experimental complexity, it will be pos-
sible to use the data for studying anisotropies in the arrival direction of the in-
cident electrons, protons, or heavier nuclei and for studying time variations at

energies above 101 eV,

B. EXPERIMENTAL TECHNIQUES

The objectives will be achieved by measuring (a) the charge, (b) the arrival
direction, and (c) the energy of each incident particle. The measurements of
these parameters over the entire range of energies and charges will all be made
with a single instrument. This has the advantage of reducing effects due fo
systematic errors in determining the shape of the energy spectrum and in obtfain-
ing the relative fluxes of the difﬁerent charge componenté. A schematic diagram

of the proposed instrument is shown in Figure i-4.

The steep spectra of cosmic ray primaries are characterized by low fluxes

at high energies, In Table I-1 the number of events expected from the proposed
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EXPECTED TOTAL NUMBER OF EVENTS WITH

Table I-1

ENERGIES GREATER THAN E (eV/NUC)

Particle
101° eV/ruei 101! 1012 10%%  |10%* [ 1015
Type
Protons 25%10% |6 x10°]|1.6x105| 4x10° 80 2
Alphas %107 16 x105|2 x10%| 5x102 20 | 0.4
L (3 27 <5) 2 x10° |5 x10%| 100 4
M (6 £ Z 29) 6 %105 |1.6x10%] 400 10 0.2
LH (1027 514) 2 x105 {7.5x103| 100 4
MH(155Z=19) 2 x104 600 14 0.4
VH (20 £ Z $29) 6 x10% |1.6x103 40 1.0
d et al.
ﬁgagé) 1.2x107 |2.5%x105|6 x10%| 150 4
Electrons Marar et al .
. 5 3
(1969) 5 %10 5 x10 50 0.6
Nucleons: 500 em?-ster
Geometrieal Factor
Electrons: 2000 cm?-ster

Satellite Lifetime 1 year

experiment are shown for various energies. The calculations were based on an

exposure factor determined by the indicated geometry factors and a satellite

lifetime of 1 year. The upper limits in energy are determined by statistical

accuracy rather than by any limitation of the techniques employed.
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Particle charge is measured by a combination of two plastic scintillators, a
Cerenkov detector, a pulse ion chamber system, and CsI (T1) layers, all of
which produce signals proportional to the square of the particle charge (Zz) at
relativistic velocities. Multiple measurements are used to eliminate background
and to reduce the problem of statistical fluctnations in the signal output. Each
detector is optimized for a certain charge range such that redundant measure-

ments can be obtained over the range Z = 1 to 100,

The trajectory of each particle is determined by wire spark chambers or
proportional counters and by wedge shaped scintillators in the ionization spec-
trometer. From calibrations, any variations of response with position and
direction will be known enabling the desired charge resolution and energy ac-
curacy to be attained. In addition, anisotropies in the arrival directions can be

studied.

Energy of the particles is measured with the ionization spectrometer, which
consists of alternating layers of dense material and plastic scintillators, Nucleons
enter the spectrometer where they initiate nuclear cascades in which charged
hadrons and neutral pions are produced. The neutral pions decay into gamma rays
and subsequently develop electromagnetic cascades. The hadrons continue until
they interact again, so that the process repeats itself until most of the energy is
contained in electromagnetic cascades. The light signals from the scintillators are

proportional to the total energy deposited through ionization loss in the scintillators

I1-11



and hence to the energy of the incident particle, High energy electrons initiate
electromagnetic casecades at their point of incidence on the spectrometer, and
their total energy is also determined from the energy deposited in the scintil-

lators,

The characteristic development of the cascades helps to distinguish between
electrons and nuelear particles. The top of the spectrometer consists of 5 layers
of CsI(T1), each one-radiation length thick; the pulse height from each layer ig
recorded. Since all the energy deposited in this totally active section of the
spectrometer is vigible, the purely electromagnetic showers will be readily

separated from those showers induced by protons masquerading as electrons.

The properties of the nuclear interactions at high energies can be studied
for those nucleons which interact in the CsI(T1) layers by observing the response
of the individual Iayers of CsI{T1) in conjunction with the response of the tungsten

spectrometer.

These methods have been briefly outlined here, and are discussed in detail
in the body of the proposal. If is shown that the proposed technigues are more
than adequate to attain the stated objectives. Alternative techniques are discussed

where appropriate with an attempt to show why the indicated choice was made.

C. STATE OF DEVELOPMENT
A start toward these objectives using balloon-borne instrumentation has
been made by several groups. The complete objectives can be met only by a

satellite experiment due to the following considerations:
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(1) the very low fluxes demand large area detectors and long exposure
times;
(2) the corrections for, andthebackground from, the overlying atmosphexe
are removed; and
(8) the energy measurement technique requires heavy payloads, which are
at the limit of present day balloon technology.
A heavy-payload, scientific satellite such as the High Energy Astronomy Observ-

atory (HEAQ) provides an excellent opportunity to perform this experiment.

To take advantage of this ideal opportunity, groups at Max Planck Institute,
Louisiana State University, Goddard Space Flight Center, Marshall Space Flight
Center a_nd The University of Arizona have agreed to collaborate in this effort.
Each group brings a unique capability to the collaboration. The Max Planck
Institute and Louisiana State University have considerable experience in experi-
mentation using ionization spectrometers and spark chambers. They have flown
an ingtrument on balloons and calibrated that instrument at the AGS at Brook-
haven. They have also done extensive Monte Carlo calculations investigating the
properties of ionization specirometers. L.S.U. is also operating a large
spectrometer at mountain altitudes. The Goddard group has considerable
experience in studying the composition of the heavy nuclei. They are currently

involved in flying a preliminary version of the proposed experiment on balloons,
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Figure |-5. Photograph of balloon engineering protofype.
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Marshall Space Flight Center is working on large area gas filled ion chambers
and proportional counters to be utilized in this experiment. The University of
Arizona group is active in the area of high energy nuclear physics. They are
presently involved in a mountain top experiment looking for fractionally charged

"guarks."

This proposal is based upon the work of these several groups. A photograph

~ of a balloon version of the experiment is shown in Figure I-5. It was built as an
engineering prototype of a satellite version (see Appendix 3). Most of the sub-
systen;ns have flown on balloons and have operated successfully. It will be cali-
brated at Brookhaven this summer and will be flown on 2 large balloon this fall.
Critical existing items such as spark chambers, charge detectors, and electronic
circuits are deseribed where appropriate in the text. Based upon flight experience

it should be possible to meet the rigid HEAO delivery schedules,

The project will be supervised by a council consisting of the six co-investigators.
The principal investigator will act as chairman of this council. This Super-
visory council will insure that the scientific objectives are met and will control
the division of effort among the various groups. The responsibility for delivering
the completed instrument will rest with the Goddard High Energy Cosmic Ray
Group. The experiment will be built in modular form and integrated at Goddard
Space Flight Center. The supervisory arrangements are discussed in more de-

tail in a separate management proposal.
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II. SCIENTIFIC BACKGROUND AND RELATED OBSERVATIONS

A. ENERGY SPECTRA

One of the most striking features of the cosmic radiation is the
enormous range of energies over which cosmic ray primaries have been de-
tected. Though medels of the production mechanisms and transport processes
of these particles have been devised, the observed energy spectra are by no
means fully understood. In order to develop and test theoretical descriptions of
the sources, acceleration mechanisms, and propagation, accurate knowledge of

the shape of the energy spectra is particularly important.

At low energies, considerable spectral data are available from satellite and
balloon experiments; these are shown in Figure II-1 (Fan et al., 1968; Hagge
et al., 1968; Ormes and Webber, 1968). However, because of the effects of solar
modulation, the interstellar energy spectra of cosmic rays have not been de-
termined unambiguously at low energies. As a result, these data are difficult
to use in interpreting models of cosmic ray production and interaciions in the

interstellar medium.

Above 1010 eV solar modulation should not be a problem in interpreting
results, The presently available data are shown in Figure II-2. Over this wide

range of energy, the differences in the techniques used to obtain data have made
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intercomparisons uncertain, Near 10'° eV, the earth's magnetic field is used
as a spectrometer. In the range 10*° to 10'* &V, the initial results have been
obtained from nuclear emulsion experiments. More recently ioniza;ion spec-
trometers have provided more extensive data. Above 10!t eV, extensive air

shower measurements are the only practical technique. Among these various

data, there are large discrepancies.

The heavy nuclei are an important constituent of the cosmic rays, but very
little direct information is available on these nuclei above 5 x 10'° eV, This is
due primarily to the technical difficulty of measuring the low fluxes of these
particles at high energies. The intensity is known to decrease rapidly with
increasing energy, so that much larger equipment and much longer exposures

are needed to extend the energy spectra.

Grigorov et al. (1969) on the "proton! series of satellifes and Pinkau et al.
(1969) with balloons have attempted to extend the measurements beyond 3 x 1010
eV using ionization spectrometers. The results of MPI-1SU are confined to
protons and He nuclei and are consistent with a constant exponent of 1.75 for
both components. For protons, the measurement extends from 30 to 500 GeV
and the Henuclei from 1;.') to 40 GeV/nucleon. Grigorov's measurements resolve
protons but do not identify any other charge components, His data extend up to
~10'% eV for protons and ~10'* eV for all particles. Grigorov's most recent

results for protons are consistent with MPI-1LSU's in the regions of overlap, but
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indicate an unexpected change in the slope of the proton spectrum at 10%*? eV,
His spectrum for all particles continues with nearly constant exponent. These
results have not been confirmed by any other direct measurement and are in
sharp disagreement with.the estimates of primary spectra and charge composi-
tion from extensive air sﬁower (EAS) experiments (Rogers et al., 1969; Bradt
et al., 1965; Brownlee et al., 1969; and Rappaport and Bradt, 1969). These EAS

measurements indicate that a change in slope does not oceur until about 10'° eV.

While EAS experiments are relatively insensitive to the detailed spectrum,
they are consistent with a flux of cosmic ray primaries containing a mixture of a
wide range of nuclei including protons. At energies above 10'% eV the EAS re-
sults are consistent with a charge composition similar to that below 10!° eV. The
Brawley stack results, (Koshiba et al., 1968), indicate that up to 10" eV/aucleon
the spectra of the nuclei with Z 2 6 is a power law with index 1.6 - 1.65, similar
to that of the protons. However, Aizu et al. (1964) have published preliminary
indications that at 10!? eV/nucleon the proportion of heavier miclei to protons
drops to 0.6 its value at the lower energies. Therefore, unambiguous measure-
menis are needed at these energies to determine the relative fluxes of all the
contributing charge components by consistent, direct charge-identification

techniques.

The structure of the energy spectrum may be related to the number of
sources which contribute to the local cosmic ray intensity, Thus the energies

at which any changes occur in the slope of the energy spectrum are of particular



gignificance, F. Jones (1970) has shown that cﬁanges in spectral index take

place very gradually with energy; a change of one power in the spectral index
occurs, not as a sharp bend in the spectrum, but gradually over two or more
decades in energy. Thus to be meaningful, measurements must be made over a
wide range of energies. This has the further implication that the energy accuracy
required to study the phenomena which result in changes of slope is rather
moderate. These considerations favor the use of an ionization specirom-

eter rather than a device such as a magnetic spectrometer. The use of this type
of instrument provides the optimum compromise between accuracy of energy

measurement and geometry factor consistent with the experimental objectives.

Changes in slope may be associated with changes in composition. For the
same total energy, particles of higher Z have lower rigidity and hence are more
easily contained by magnetic fields. If spectral steepening is related to the
escape mechanism, then the energy at which a sl?ectral bend occurs should de-
pend upon charge. On the other hand, in supernova theories of cosmic ray
origin, nuclear photo-disintegration may destroy heavy nuclei at high energies
causing a steepening in these spectra relative to the proton spectrum. K,insey
(1969) has studied the effects on the heavy nuclei of the mechanism in which
particles are accelerated by plasma wave instabilities in supernova explosions
(Colgate and White, 1963). The blue shifted photons in the outward moving shock
wave would photo dissociate cosmic rays of high Z above 10 12 eV/nucleon.

This prediction is in contrast to the findings of Grigorov et al. (1969) who claim
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that beyond 10!? eV, the heavy primaries become the dominant component of

cosmic rays.

The "Proton' experiments were somewhat similar to the one proposed

here. However, it is difficulf to interpret their results for mimerous reasons.

(1)

3)

(4)

)

(6)

The aperture of the apparatus was defined solely by scintillators and
ionization counters. In balloon investigations with similar apparatus
(Pinkau et al., 1969), a directi'onal detector such as a spark chamber
was found to be essential to define the solid angle properly.

The telemetry capabilities of the proton satellites were apparently
severely limited, so that counting losses occurred and large corrections
had to be made to the results of Proton I and Proton II.

The satellites tumbled in orbit, and the percentage of time that the
earth shadowed the entrance aperture was only approximately known.
The photomultipliers suffered a drift in sensitivity which was detected
by a systematic change in counting rate.

The ionization spectrometers were calibrated simply by scaling the
measured enexrgy lost by a singly charged, minimum ionizing particles
rather than by using a known energy particle beam.

Charge discrimination was limited to identifying protons as distinguished
from the rest of the particles. The all particle spectrum is too hetero-

geneous to supply the information needed for astrophysical investigations.



The work of Pinkau et al. (1969) represents an important first step in
overcoming these difficulties. Ormes et al, (1970) have described the efforis
of the Goddard Group to extend these measurements to resolve the higher charge

components,

The experiment proposed here will further these efforts with the instru-
ment described in Section IIl. With a nominal lifetime of one year, and a geo-
metrical factor of 500 cmzster, the proton spectrum can be measured to greater
than 10'* eV and the heavy nuclei can be measured to 10'* V. To extend the
measurements significantly beyond these limits, an enormous increase in pay-
load weight would be required because of the steep energy spectrum. The pro-
posed experiment will determine the spectra up to the range where extensive air
shower data are available. It will provide a check of Grigorov's resuits and add

detailed charge composition information.

B. CHARGE COMPOSITION _

The cosmic radiation has long been known to possess an over abundance
of heavy nuclei with respect to the solar or Muniversal" abundance of elements.
This has been posfulated to be due either to a preferential acceleration of these
nuclei or to the composition of the sources themselves. The latter is generally
agreed to point strongly to supernova explosions as the source of these
paxticles., Tl;ese sources are believed to be.the only ones energetically capable

of keeping the galaxy full of cosmic ravs. The recent discovery of pulsars, and



their identification as neutron star remnants of supernova explosions with mag-
netic fields as high 1012 - 10'3 gauss, lends credence to this hypothesis. How-

ever, the mechanism for the acceleration of cosmic rays is still not understood,

During the past decade eccentric satellites enabling long exposure outside
the magnetosphere and large balloons reaching to altitudes of a few gm/cm?
have been used to provide detailed charge composition information in the energy
range 30 Mev to 20 GeV. The most recent data are summarized in Figure II-3.
This data is now sufficiently detailed to begin to provide information about t-he
details of the thermonuclear processes which have produced the nuclei. The
experimental situation at low energies is outlined and the information to be

gained by its extension fo high energies is considered.

Heavy nuclei are customarily divided into sub-groups based on the charge.
These groups are the L nuclei (Li, Be, B), the M nuclei (C, N, 0,), the LH
nuclei (Z = 10 - 14), the MH nuclei (Z = 15 ~ 19) and the VH nuclei (Z = 20-30).

The VVH or super heavy group include all nuclei above charge 30,

There is a very large abundance of the L nuclei in the cosmic rays relative
to their universal abundances. It is believed that the 1. nuclei are absent in
sources and that they are produced by spallation reactions in interstellar
matter, Therefore, the L/M ratio of abundance is important because it gives a
measure of the average amount of matter traversed by the M nuclei. In the

assumption that the M nuclei pass through a slab, this matter is ~ 4.5 gm/cm?,
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Figure li-4 shows a summary of the latest L/M data from the Budapest
Conference (Garcia~-Munoz and Simpson, 1969; lLezniak, et al., 1969). Note that
these data do not extend beyond 10 GeV. If the average material traversed depends
upon energy then this should be reflected in a variation of the 1L/M ratio with
energy. At higher energies particles should be subject to less magnetic scatter-
ing and hence might be expected to find their way out of the storage volume more

rapidly.

In the I group, there are two radioactive nuclei, Be 10 and Be’. The effect
of these muclei on the relative L nuclei composition has been considered in detail
most recently by Shapiro and Silberberg (1969). Be ' decays to B'? with a half
life of 3 x 105 years, and current data "suggest T < 107 years for the bulk of the
cosmic ray nuclei.” At higher energies the lifetime of Be'® should increase
like particle energy due to the relativistic time dilation, so this should be re~-
flected in an increase in Be/B ratio. The interpretation of this ratio is compli-
cated by the presence of the radioactive nucleus Be’ which decays by electron
capture (Leznigk et al., 1969). H is assumed that this nucleus would survive in
the completely ionized state of a cosmic ray. However, recent measurements of
the isotopic abundance of Be find that while Be’ makes up only 0.3 = 0.1 of the
Be nuclei at low energies (Garcia-Munoz and Simpson, 1969). Webber and
Kish's results (1970) at higher energy show a predominance of Be’ over
Be® + Be'®. Roelof (1970) has suggested that these two results are con-

sistent; however, serious solar modulation corrections still must be applied to
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the data making interpretation difficult. If a significant fraction of the Be’ is
found to have decayed it may indicate that the cosmic rays have spent a signifi-
cant fraction of their lifetime in some region of high electron density, possibly
the cosmic ray sources themselves (Webber, 1969). This data can be compared
with the electron lifetime measurements to learn about the storage, diffusion, and

leakage of the cosmic rays from the galaxy.

A precise knowledge of the relative abundances of the M nuclei is of im-
portance as these abundance ratios should be little affected by sélar modulation
(C and O have the same A/Z, but Z 2 differs by factor of 1.8). ‘I_'he composition
at the sources can be related to the thermonuclear pfoqes ses which are produc-
ing the cosmic rays (von Rosenvinge, et al., 1969; Lezniak, et 2l., 1969). Some
recent experimental evidence on the ratio of C/O (Teegarden &t al., 1969, and
Balasubrahmanyan et al., 1970) shown. in Figure 1I-5 suggest variations of a fac-
tor of at least two over the low energy range. Clearly an extrapolation of this

trend to higher energies would be important.

The most recent experiments with good charge resolution have found that
the nitrogen abundance is less than 0.2 that of carbon or oxygen. This micleus
may be completely produced by spallation depending upon the exact fragmenta-
tion cross sections. At any rate its low abundance implies a low source abun-
dance. This tends to rule out an equilibrium CNO c¢ycle as controlling the

composition in cosmic ray sources as this cycle results in nitrogen being the
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most abundant., Thig is an example of the kind of information about thermonueclear

processes which can be gained from the study of the cosmic radiation.

In the LH region, the most striking feafure is the relative absence of the
nuclei of odd charges relative to those of even charges. These can he seen in
the data summary from near solar minimum shown in Table II-1. (Webber and
Ormes, 1967; Comstock, et al., 1966; O'Dell et al., 1969; and Meyer, 1969);
more recent data obtained with the QGO satellite shows the same tendency., This

is shown in Figure II-6 from Teegarden, et al., (1969).

Because of their low abundances, (0.1 of the LH group) the MH group has not
been thoroughly investigated. The large collection area and long collection time
of a satellite borne experiment would help remedy this situation. Data in this
charge group are difficult to interpret. If the nuclei are spallation prod-
ucts they are probably second generation products of nuclei which began as iron,
spallated down into the Z = 20-25 range, and then suffered a second reaction into
the range 15 to 19, If this is so then the relative intensities should show a pro-
nounced energy dependence. On the other hand, the abundance ratio MH/VH is
similar to the universal abundance and so these nuclei may represent source

composition,

The VH data are summarized in Figure II-7. These data are taken from
von Rosenvinge (1970) and represent fluxes at the top of the atmosphere, Note

that the data are based on only a few hundred events. The relative abundances
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Table II-1

RELATIVE ABUNDANCE OF ELEMENTS IN THE COSMIC RADIATION

IMP IV-0OGO 1 . Balloon
Gemini XTI
(Garcia-Muioz and (Webber and Ormes)
Element ) (O'Dell et al.) 1969
Simpson) 1969 1967
>
(50 - 300 MeV/nue) | (1 GeV/muc) (200~ 1000 MeV/nuc)
He 4.2 + 0.6 x 10°
Li 1.95 + 0.5 x 10
4 o 0 0
Be 6.0 £ 2.2 X 10 5,9 £2,9 x10 8.8 £24 x10
1
B’ 2.9 + 0.6 x10° | 3.0 =04 x10' 3.15 + 0.35 X 10
cb 100 = 6 1,05 + 0,07 x 10° 100
N’ 2.55 = 0.2 x 10 | 2.55 £ 0.3 x 10! 9.6 % 0.4 x10°
o? 100 + 6 100 + 10 9.3 =09 x10°
F° 1.7 = 0.2 x 10° <3.6 x10° < 8.75 x 10°
10 1 1 1
Ne 1,75 £ 0.3 x 10 2.35 £ 0.35 X 10 1.9 + 0.1 x 10
Na't 41 + 1.1 X 10 <3.6 x10° 6.0 + 1.0 x10°
12 1 1 1
Mg 2.3 & 0.1 X 10 26 & 0.4 x10 1,75 + 0,05 x 10
13
Al 3.4 =+ 0.4 x10° <6.2 x10° 5.6 +0.6 X10°
gitt 1.7 +0.3x101 |24 0.4 x10! 1.4 + 0.3 x 10!
pts 1.95 + 1.0 x 10° <15 x10°
gis 5.0 + 1.3 x 10° 4.0 = 0.45 x 10°
17 -
P-K 6.1 + 1.9 x10° | 1.05 * 0,27 x 101 1.7 + 0,35 x 10°
22 0 1 0
Ca-Cr 7.6 =+ 1.8 X 10 2.0 = 0.35 x 10 4.8 = 0.65 X 10
(Fe group)
. 1.2 +2.4 x10*% 1.3 = 0.15x 10"
Mn-Ni
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of Mn, Cx, and Fe are still not known due to the lack of adequate change

resolution,

This data can be analyzed in the same way as the L/M data by assuming
that all the nuclei but iron are not significantly present atthe source. In the slab ap-
proximation this VH data leads to a path length of 2.8 gm/ cm?, shorter than for
the L nuclei., This can be understood as a shorter mean lifetime of the VH
nuclei, due largely to the importance of interactions in the lifetime, The VH
and I: abundances can both be understood in terms of particles arriving at the
solar system through an exponential distribution of path lengths in the inter-
stellar matter. This means that on the average heavy nuclei are younger than

light nuclei. This will be important when possible anisotropies are considered.

Following the discovery of fossil tracks of nuclei heavier than iron in
meteorites by Fleigscher et al. {1967), the composition of these VVH nuclei have
been studied with emulsions and plastic detectors on balloons by Fowler et al.
(1967) and Blanford et al, (1969). The experimental evidence is still too tenta-
tive to allow firm conclusions to be reached concerning the origin and propaga-
tion of these nuclei. The emulsion and plastic detectors have been flown
on balloons requiring correction for fragmentation and ionization loss in the
over lying atmosphere. The geomagnetic cut off at Palestine, Texas and ab-
sorbers in the emulsions have been used to determine that the nuclei were

relativistic, Because the measured ionization loss is proportional to Z? /v2
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energy losses in the atmosphere (changes in v) produce some uncertainty in the
charge. In particular in the range Z = 30 to 33 the tail of the iron peak from the

slower nuclei may introduce laxrge errors,

The present models of supernova explosions indicate that the VVH nuclei
may be built up by rapid neutron capture (r process) nucleosynthesis in the
envelopes of these exploding stars (Burbidge et al., 1957). The results of
Fowler et al., (1969) indicate peaks in the VVH spectrum at around Z = 52 and
76 as might be expected from an r process origin. Also, the transbismuth ele-
ments that apparently exist in the flux must be the result of the r process. In
addition the existing data do not indicate a peak in the abundance spectrum at
7 = 82. If slow neutron capture process is responsible for the observed VVH

nuclei, a peak at Z = 82 should have been detected.,

Fowler et al. (1967) and Blanford et al. (1969) have presented evidence for
the existence of transuranic elements in cosmic rays, If confirmed, the presence
of transuranic elements would be of interest not only concerning the origin of
cosmic rays, but to nuclear theory as well (Myers et al., 1966; Meldner, 1967;

and Nilson et al., 1969).

Because the interaction mean free path is very short, the VVE composition
is strongly influenced by its passage through interstellar material. The compo-
sition that has been reported indicates that the VVH nuclei cannot have passed

through more than 1 gm/em? of material in a simple slab model (Fowler, 1970).
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Even though only few hundred VVH nuclei have been identified, the results

have already indicated the potential astrophysical importance of measurements

in this charge range. However, no information is available on the VVH energy

spectrum. In addition a simultaneous determination of the energy and charge is

extremely important for increasing the reliability of the charge measurement

(as discussed in a later section). It will also allow a measurement to be made

of the relativistic rise of energy loss in gas counters for the heavy nuclei so

that corrections to charge identification due to this effect can be evaluated.

Energy measurements will be significant in looking for possible departures

from the Z2 dependence of the ionization loss (Doggett et al., 1957 and

Semikoz, 1969).

Expected fluxes for VVH nuclei are given in Table I1-2,

Table -2

JUXES AND NUMBER OF VVH NUCLEI TO BE SEEN IN ONE YEAR

Flux Number Number Number Within
7 Assumed through with the Complete
> 5 QV Cutoff Charge - Energy Spectrometer
(m2 ster sec) -1 Module [Measurements Aperture
YFe Group" 4 4 % 108 105 4 x 10°
30< Z<35 4 x1073 4000 1000 400
Z > 35 4 x107t 400 100 40
Z > 45 1.2 x 107" 120 30 12
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C. ELECTRONS

Existing measurements of the cosmic ray electron spectrum cover the
energy range from about 1 MeV to several hundred GeV. These measurements
are shown in Figure 11-8. Below a few GeV, the measured ‘spectrum probably
differs from the true interstellar electron spectrum due to solar modulation.
Above ~10 GeV, the measured spectrum can be considered as representative

of the galactic conditions.

Recent observations of the radio background in the range 0.4 to 6.5 MHz by
Alexander et al, (1970) seeim to suggest that the interstellar infensity of electrons
of a few hundred MeV is larger by at least an order of magnitude than the inten-
sity observed near the earth. They suggest that these observations imply eithexr
a large solar modulation of electrons at these energies or the existence of ¢

gradient in the electron intensity in the region near the solar system.

The experimental data available above 10 GeV are shown in Figure II-9. A
glance at this figure indicates the existence of serious discrepancies in the
measurements. At the highest energies (around 300 GeV) statistical limitations
may result in uncertainty of a factor of ~2 in the intensity. Af emergies around
10 GeV, where the errors are not dominated by statistics, the agreement is still
not very good. For example, the intensities from the two similar emulsion ex~
periments of Anand et al. (1968) and Marar et al. (1969) disagree by an order

of magnitude. The early results seem to suggest that electrons have a spectral
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index v ~ 2.5 similar to protons, but with the present experimental situation one

is not able to come to unambiguous conclusions (Earl, 1970).

The experimental difficulties are, in part, due to:

(1) corrections for atmospheric secondaries,
(2) proton interactions simulating electrons, and

(3) the errors in energy measurement.

In the case of a satellite, the correction due to the atmosphere does not
arise, whereas the present balloon flight results may have some contribution
from this effect. The proton interactions simulating electrons are particularly
serious when the spectrometer does not have enough material to stop the elec-
tron cascades completely, The proton intensity is about 100 times the electron
intensity and so it is necessary to design the experiment to have good discrimina-

tion between electrons and protons.

The seriousness of the problem is indicated in Figure II-10 which is from
the balloon flight results of Silverberg et al. (1970). The Goddard instrument
was calibrated with 18 GeV electrons at the Stanford Linear Accelerator Center
(SLAC) and also flown in a balloon from Alamogorde, New Mexico, on 28 April
1969. The two histograms are distributions of a goadness of fit parameter,
This parameter is obtained by comparing the data with expected electron cas-

cades curves obtained in the calibration. The upper curve is a pure eleciron
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beam from the SLAC data and the lower curve is from balloon data. The same
criteria for selecting data were applied in both cases. Other experimenters
have used similar techniques (Earl, 1970, and Fanselow et al., 1970). It can be
seen that, while the accelerator data distribution is peaked, the balloon flight
data has a broad distribution with a flat pedestal. The pedestal is presumably
due to the background protons. Unless the correction is evaluated accurately
the resulting intensities of electrons could be in error. In the later section, de-
tails of the design features which help in achieving good discrimination for elec-

trons against protons are described.

In order to eliminate systematic errors in measuring energy it is essential
to calibrate the instrument with high energy accelerator electrons. This is be-
cause it is difficult to determine the minimum energy electron which participates
in the shower development any other way. This manifests itself in a variation in
measured response with incident angle and is not y;at completely understood.
(It may be responsible for some of the dispersion in the goodness of fit distribu—
tion 'from the flight data.) It is also desirable to expose the instrument to proton
beams of various energies to correctly estimate the background pa;otons contribut-

ing to the electron intensity. This can be done at a variety of energies in order

to closely approximate the cosmic ray situation.

The study of the cosmic electron spectrum has a number of inferesting

astrophysical implications. The main reason for this is that at energies of a
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few tens of GeV and above, depending on the galactic magnetic field and photon
dénsity in interstellar space, the lifetime of the electrons against synchrotron
and Compton radiation losses is of the order of a few million years, comparable
to the lifetime of the cosmic rays as obtained from the study of the nuclear frag-
mentation of C, N, O nuclei into Li, Be and B. For a power law injection spec-
trum of the electrons at their sources with spectral index v, the observed spec-
trum should also be a power law with the same index v up to an energy at which
the radiation lifetime equals the cosmic ray lifetime. Above this energy the
electron spectrum should steepen to v + 1/2 and af higher energies to v + 1.
For known photon fields in interstellar space therefore, a detailed measurement
of the cosmic electron spectrum up to a few hundred GeV would provide an in-
dependent determination of the cosmic ray lifetime. Such a determination would
be of great importance for the origin and propagation of cosmic rays and would

add to the information from the I/M ratio and the radioactive nuclei.

The interpretation of the high energy electron spectrum and the determina-
tion of the cosmie ray lifetime is seriously complicated by the present uncertain-
ties in the experimental situation. On the one hand the intersteliar photon in-
tensities are poorly known, the main uncertainty resulting from the possible
existence of a diffuse galactic photon flux in the submillimeter region (Shivanandan,
et al., 1968) and on the other hand, the existing electron measurements
are exiremely uncertain. The high-energy electron measurements would

therefore be of great significance not only for the determination of the cosmic
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ray lifetime but also in the study of the interstellar photon densities. lLarge
photon densities may be significant to more general problems such as the dy-
namies of the inferstellar medium and the intergalactic matter. These electrons,
via the inverse Compton interaction with background photons, may be responsible

for the diffuse x-ray background. (Brecher and Morrison, 1969, O'Connell and

Verma, 1969),

The electron measurements, which are an integral part of the proposed
experiment, would contribute to the understanding of these areas of high-energy
astrophysics. They will relate directly to the x-ray and -y -ray studies also

proposed by other experimenters for the HEAQ satellite.

D. ANISOTROPY

The measurement of the sidereal anisotropy of the cosmic rays, which is
intimately connected to the streaming of the cosmic ray gas in interstellar space,
is of decisive importance for understanding the origin and propagation of the
cosmic radiation. It can be shown that for a net streaming velocity U, the

sidereal anisotropy is given by
U
& == (2
y 2+

where V is the particle velocity and 7y the exponent of the differential spectrum.
The measurements have to be done at a sufficiently high energy so that the radius
of gyration of the particles is larger than the size of the solar cavity; otherwise,

the disordered interplanetary magnetic fields will tend to diminish any existing
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interstellar anisotropy. Most recently, Elliot et al. (1970) gave an upper limit

on the sidereal anisotropy of~2 x 107%, This measurement is based on the
underground muon intensity and is sensitive to the energy range of 10** to 10*2
eV. Even though these energies are not sufficiently large to completely eliminate
the effects of the interplanetary fields, such a low anisotropy is suggestive of an
extremely low streaming velocity of the cosmic rays in the galaxy, This leads

to an apparent discrepancy with estimates of the cosmic ra;r lifetime as derived
from the observed 1/M ratio, because for such a low streaming velocity it be-

comes dynamically impossible for the cosmic rays to escape from the galaxy.

Ramaty et al, (1970) have recently investigated this problem in terms of a
statistical model, which distributes cosmic rays randomly in space and time.
They have shown that, even if fluctuations are taken into account, the high degree
of cosmic ray isotropy can be best understood in terms of a long trapping time
in the galactic disk. This implies that the lifetimes’ of the various nuclei are
determined principally by nuclear interactions and not by escape and that these
lifetimes decrease with increasing nuclear mass. The apparent discrepancy
between isotropy and lifetime can then be readily understood, since the existing
anisotropy measurements refer to the total cosmic ray flux which consists
mainly of protons, while the lifetime estimates are based principally on the
amount of matter traversed in interstellar space by nuclei in the M group. The
implication of this is that even though the proton anisotropy may be quite low,

the anisotropy of the heavier nuclei is probably larger and increases with
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increasing nuclear mass. Because of this, the heavier nuclei should exhibit
larger anisotropies which could in principle be detectable, However, even for

iron the anisotropy may not be much larger than 10~

In addition, to the anisotropy associated with the outward streaming of the
cosmic rays discussed ahove, the high energy electrons should exhibit an
anisotropy which resulis from the preferential loss of transverse momentum
due to synchrotron radiation (Earl and Lenchek, 1970). The expected electron
anisotropy, however, depends on the randomizing effects of scattering of elec-
trons by hydromagnetic waves in the interstellar medium which are presumably
set up by the much larger flux of cosmic ray protons (Wentzel, 1969), The
measurement of the electron anisotropy, therefore, would provide information
on the completely unexplored area of wave particle interactions in the interstellar

medium,

Previous measurements of anisotropy have all been made with sea level
detectors which have wide opening angles. Extensive corrections for atmospherie
effects are required in order fo obtain reliable isotropy limits from these ground
hased observations. I would be most satiséying to check these results with a
direct measurement above the atmosphere. In addition, if the scale sizes of the
anisotropies are smaller than the angular‘apermre of the detectors, the effects
being investigated would not appear. The directional resolution of the proposed

experiment would be adequate to overcome these problems, Also, the possibility
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of the low flux, high Z components having appreciable anisctropies compared to
the more dominant proton component could not be studied in the previous experi-

ments,

The extended lifetime of a satellite experiment which can accumulate reason-
able statistics on measurements of the energies, charges, and directions of
various components of the cosmic radiation, provides a unique possgibility for
~ making direct observations of the cosmic ray anisotropy. While no theoretical
predictions of positive results have been made, little additional experimental
effort is required to study this question, Direct reliable measurements can be
made without the need for involved and indirect corrections necessary for the

sea level data.

Statistical accuracy will be the dominant factor with which fo contend. In
this experiment, the measurement cannot be done at sufficiently high energies
that interplanetary effects are completely negligible. For the VH nuclei an
anisotropy of 1073 could be detected correspond to a mean energy of about 10°
eV. For protons and He nuclei this limit can be reached at 10'? and 3 x 101%eV
respectively. Isotropy limits of 1% can be extended by another factor of 40 in
energy. This will probably be the first direct study of this exciting problem.
Once the techniques for this study are well established, the second generation

development of the experiment (detailed later in the proposal) with geometry

factors ~ 100 times the present experiment will be able to extend these resulis
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to significant energy regions. Thus this attempt opens out a new area of re-
search hitherto not accegsible to direct study, with great possibilities in the

future.

E. TIME VARIATIONS

Cosmic rays in their propagation in the interplanetary medium are subject
to various types of modulation (both short and long term) which can reveal im~
portant information regarding the electromagnetic conditions in the solar system

and propagation of cosmic rays. The studies will deal with

(1) Forbush decreases and recurrence phenomena which produce 27-day
variations and

(2) diurnal and semidiurnal anisotropies.

All of these modulation effects become smaller in amplitude in the many
GeV region, but underground muon intensity studies indicate that they are

detectable up to energies ~100 GeV (Peacock et al., 1968).

The cosmic ray experiment proposed here has a counting rate of ~3.6 x 104
counts/hour; a factor of two more than the IGY neutron monitors which have
been extensively used for the study of these phenomena. In addition, these
telescopes have several advantages which neutron monitors and underground

muon telescopes do not have,
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(1) Energy measurements are direct, and so energy dependence of the
phenomena can be directly obtained;

(2) no corrections are required for atmospheric pressure and temperature
changes; and

(3) the direction of each particle is measured directly so that features
such as diurnal anisotropies can be studied in order to relate the

temporal and spatial variations.

TForbush Decreases - 27 Day Variation. Thambyahpillai and Dutt (1985)

have extended the study of Forbush decreases and 27 day variation to a few
hundred GeV by studying the underground muon intensity. For the energies
represented by the high latitude neutron monitors the spectral dependence fox
both Forbush decreases and 27 day variations are the same. But resulis of
limited statistics at high energies seem to show that the two phenomena

have a different spectral dependence. The difference in the spectral behavior
could be related to the differences in the energy dependence of the propagation

of the particles in the interplanetary medium,

Diurnal and Semi-Diurnal Anisotropies. Cosmic rays in the energy range

1 - 200 GeV exhibit diurnal anisotropy with an amplitude ~.4% and a time of
maximum around 1800 hours (McCracken and Rao, 1965), At times (particularly
during Forbush decreases) the amplitude rises to 1 - 2% and persists over a

number of days at this high value. The energy dependence is quite weak and the
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effect has been detected with underground meson telescopes (Peacock et al.
1968; Cini-Castagnoli et al., 1968). The diurnal anisotropy can be understood
as due to the partial co-rotation of particles with the sun with an azimuthal
velocity of about 300 km/sec at the orbit of the earth (Parker, 1964; Axford,
1965). The underground measurements are limited by the atmospheric pressure
and temperature effects for which important corrections must be made. Satel-
lite measurements do not need these corrections and hence could provide a more
sensitive and clear measurement of the energy dependence of the amplitude of

this effect,

The semi-diurnal anisotropy has an amplitude of 0.1% and has been shown
conclusively to exist by Ables et al. (1965). Here again the difficulty for ground
based measurements of this effect has been the large atmospheric corrections
to be applied. Ables et al. (1965), Patel et al. (1968), and Lietti and Quenby
(1968) have simwn that this effect, unlike the diurnal variation, has a positive

spectral exponent in the many GeV region,

Both Subramanian and Sarabbai (1967) and Lietti and Quenby, (1968) have
suggested that the second harmonic component c;f the daily variations is due to
the particle density gradient in the plane perpendicular to the plane of the
ecliptic. Assuming an Archimedes Spiral configuration for the interplanetary
field, particles arriving along the sun's polar field lines suffer less modulation

than those arriving in the ecliptic plane, thus giving rise to a cosmic ray
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density gradient. The intensity increases away from the plane of the ecliptic.
Therefore, viewing in a direction perpendicular to the interplanetary field, the detector
samples particles arriving from heliolatitudes comparable to the gyroradius ofthe
particle under consideration. Thus higher energies are related to higher
heliolatitudes. Consequently, the study of this anisotropy as a function of energy
could give information on the interplanetary magnetic field at the higher solar

latitudes.

The HEAQ satellite scans the whole sky once in about six months and hence the study
of some of these modulation phenomena could be made to the extent permitted by
the statistics of the measurements, Also in order to arrive at the true sidereal
anisotropy these solar contributions and their variations have to be understood
and eliminated. Thus in the course of the life of the satellite a large amount of
useful information on the interplanetary medium could be collected and profit-

ably studied in conjunction with similar ground based studies.

F. COMPLEMENTARY RESULTS WITH EXTENSIVE AIR SHOWER STUDIES
The flux of particles at energies above 10 15 &V is so low that direct measure-

ment of the charge composition and energy spectra is impossible at the present

time. For example, an ingtrument of the type proposed here will be lucky to

intercept 1 event with an energy above 1015 eV in a one-year exposure-time,

So until effective techniques are developed to provide space-worthy detectors

with much larger geometrical factors, studies of these rare particles will be
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possible only with extensive air showers (EAS). High enérgy cosmic ray particles
initiate these showers which are then developed in the atmosphere. Detectors
which cover very large areas at sea level or on mountain tops sample the EAS

to obtain estimates of the energy spectrum of the primary cosmic radiation. The
results rely on extrapolations of charge composition, nuclear interaction
characteristics and cascade development from meager data from nuclear

emulsion studies at about 1012 eV.

The direct study proposed here will extend {0 energies of the order of 10 14
eV at an expected counting rate of approximately 50 particles in a one-year ex-
posure. Measurements of the interactions of these particles in the spectrometer
will provide information concerning features of nuclear interactions at high
energy. The lateral distribution and number of particles in a nuclear cascade
at a depth of approximately 6 nuclear mean paths of matter, will be derived from
the response of the directional detectors and ion chambers at the exit point of

the showers.

The compact cascade showers developed in this instrument can be related
to mountain top measurements of EAS through models in which the differences
in both the decay probability of unstable particies and the multible scattering of
charged particles in the medium are suitably taken into account. The compari-
son will help to test the applicability of the shower models to predict and

interpret the structure of nuclear cascades. Data from the measurements
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proposed in this experiment can be compared with the parameters used in the
Monte Carlo air shower simulations (Bradt and Rappaport, 1969). These inter-

related data will improve the interpretation of the measurement data.

G. NUCLEAR PHYSICS

1, Using the Cosmic Ray Beam

Early cosmic ray studies were the source of many exciting developments in
high energy physics. This is not surprising since the cosmic radiation was the
first available source of high energy particles. Today the highest energy particles
available are still the cosmic rays. As L.H.Smith (1967)has pointed out, an invit-

ing possibility exists to someday use this beam todonuclear physics experiments.

However there are several difficulties involved.

(1} The cosmic ray beam is isotropic and ﬁot; controlled as in ground based
accelerators, This produces unknown background problems and makes
beam definition difficulf.

(2) The cosmic ray fluxes are exceedingly low and in order to get mean-
ingful statistics at particle energies above those at currently planned
accelerators requires long observing times and large apparatus.

(8} To do the more interesting nuclear physics, complex, highly accurate
apparatus is required to operate stably without repair in the severe

space environment for long periods of time.

Consideration was given to using one end of the spectrometer for a nuclear
physics experiment. One of the alternatives is described in Appendix 1. How-
ever it is felt that the potential results from such an experiment do not justify

compromising the cosmic ray experiment. The addition of a nuclear physics
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experiment would introduce greater complexity into the experimental apparatus
and it would reduce the counting rates of the cosmic ray experiment by at least
a factor of two. A brwief outline of the reasoning follows.

P-P Interactions: The interactions of most immediate interest to ele-

mentary particle theorists would be proton-proton interactions. Of the
many quantities which might be measured, the only two having a direct
bearing on present-day theories which can be measured in a fairly simple
apparatus are the total inelastic interaction cross section, o, ... (p-D),
and the elastic differential scattering cross section, do/dt, in the forward
diffraction region (t is the four-momentum {ransfer squared). Itegra-

tion of the latter would give o

elastic

(p-p), which, when added t0 0}, ;. ¢;c.
would provide the total ci‘oss section, o, .., (0-p). The behavior of all

of these quantities at high energy is of considerable theoretical interest.
They are expected to vary, at most, slowly with energy, so we may be
guided by the cross sections at accelerator beam energies, where o

inelastic

(p-p) ~ 30 mb. and o, (p-p) ~ 9 mb. Experimental considerations

lastic
(see Appendix 1) limit the target layer thickness to the order of magni-
tude of 2 gm~em™? of hydrogen. With a total cross section of 39‘mb, a
high energy proton has a probability of .05 of having a p-p interaction.
Assuming an effective geometric factor of 265 em? ster, Table I1-3 gives
the estimated number of p~p interaction events which would be observed

in one year at a variety of different energies. Table II-4 lists accelera-

tor beam energies which will become available in the near fuif:ure.
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Table TI-3

HEAO SATELILITE EXPERIMENT-1974

Energy lower limit (eV) No. of p-p Interaction: Events
1011 1.6 x 10°
10*2 4 % 103
1013 80
Table TI-4

ACCELERATOR BEAMS

Accelerator Date Ready Max. Beam
Energy (eV)
Serpukov (U.S.8.R.) Now 0.7 x 1011
National Accelerator Laboratory 1972 2 % 10t
(Batavia, IIl.) T.ow beam current operation |5 x 101!
CERN Proton Storage Rings B 1972 1.7 x 1012%
(Geneva, Switzerland)

*Laborutory proton beam and cosmic ray proton energy which is equivalent to the 56 GeV center
of mass system energy provided by the colliding beams.

At energies below 2 x 1012 eV the HEAO experiment cannot hope fo com-
pete with accelerator experiments. Since p-p cross sections vary slowly with
energy, cosmic ray interactions can give new information only above 1013 V.
The poor statisties with which these interactions can be measured will seriously

limit the usefulness of this type of study.
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P-Nucleus Interactions: While proton-nucleus interactions are more

complicated and less easy to inferpret theoretically, there is some
theoretical and practical interest in knowing, for example, how the total
inelastic cross sections vary with energy. Since the CERN storage rings
will produce only p-p collisions, the highest accelerator energies for the
study of p-nucleus interactions will be 2 x 1011 eV in 1972 and 4 X 10! &V

several years later with the NAL accelerator.

Since one can readily provide targets for one end of the spectrometer
with on the order of a nuclear interaction mean free path of thickness of
such ﬁuclei as carbon, iromn, and le ad, the number of p-nucleus interac-
tions could be made a factor of 10 greater than the corresponding numbers
listed in Table II-3 for p-p interactions; 4 x 10* events with E> 10" eV
and 800 events with E > 10'3 eV would appear statistically interesting.
However, our past experience attempting to make such measurements
with a spectrometer in close proximity to the nuclear target material
indicates that it is almost impossible to be sure of what is being measured.
There are two sources of confusion. First some interactions occuring in
the target layer have only a single charged secondary leaving the target
and secondly, some primaries, whose first nuclear interaction is in the
spectrometer, produce backward secondaries which are interpreted as

though the interaction had occurred in the target material.
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Selection biases can be reduced by using target materials which scintillate
in order to more reliably locate interactions. Another method would be to use
different target thickness and use a subtraction technique to reduce the biases.
In the present experiment, the top section of the ionization spectrometer is a
tqtajly active CsI module arranged in layers of uniform thickness, However, it
is not considered a reasonable alternative to add other target materials to this
module. The complexity thereby introduced must be measured against the fact
that one expects, at most, changes of 10 or 20% in cross section per decade of
energy so that biases must be small and very insensitive to primary energy.
Our opinion is that the potential results would not justify compromising the
cosmmic ray composition and spéctra experiment by reducing its counting rates
a factor of 2 or more and by introducing greater complexity into the experi- '

mental apparatus.

In spite of the above stated conclusion, it is possible that a very definitive
nuclear interaction experiment using the cosmic ray beam may be proposed. If
the scientific rewards from such an experiment warrant it, it may bhe necesgary

to reexamine this conclusion,

Assuming that a very fundamental and unique nuclear physics experiment is
forthcoming then one may consider using the ionization specirometer to provide
the energy measurement for both the cosmic ray and nuclear physics experiments.

It is of course, necessary for the two experiments to be compatible to each other,
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and to the spacecraft in terms of mechanical constraints, information handling
limitations etec. Though such a possibility is not foreseen, the coexperimenters ot

the high energy cosmic ray experiment are willing to consider any particular case

on its merit.

2., Nuclear Physics Using the Spectrometer

A second important aspect of nuclear physics is related to this experiment
through the principles of operation of the ionization spectrometer, The inter-
action cross sections, and other parameters such as the inelasticities and
the multiplicities, all must be known in order to understand the way in which
the spectrometer responds. By the same token, the spectrometer can be used
1o provide some information about these parameters both through the calibration

program and from the flight data.

The nuclear physics which relates to the operation of the ionization spec-

trometer is discussed in this section.

a. Interaction Cross Sections
When the energy of the incident particle is known, the spectrometer can
'

be used to obtain information about the nuclear interaction process. The amount
of information which can be extracted from the cascade development is limited
by the simplieity of coﬁstruction necessitated by the requirements of space
flight. However, the spectrometer is suitable for making measurements on the
p-nucleus inelastic cross section. The measurements can be made by examining
the distribution of depths at which the first interaction of the primary particle

OCcCurTs.
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It has been shown (Schmidt, 1969; Pollvogt, 1970; and W. V. Jones et, al.,
1969) that it is impossible to carry out reliable measurements of the inelastic
interaction cross section as a function of energy with a single slab of target

material,

This is velated to the fact that it is very difficult to define what is an inter-
action and where it has occured. However, Schmidt (1969) has used an arrange-
ment similar to that proposed here to measure the interaction cross section in
iron. He shows that sufficiently far from the boundaries of a stack of modules
similar to the one proposed here, the slope of the exponential distribution of

beginning points of cascades gives the mean free path of nuclear interaction.

This technique will be used during the accelerator calibration exposures of the
proposed spectrometer fo measure the inelastic interaction cross section of
protons in tungsten. Establishing the inelastic cross section is. an important
factor in determining how well the energy response at accelerator energies can

be extrapolated to the highest cosmic ray energies,

Extensive work with the ionization spectrometer in cosmic ray experiments,
1arge13;' at mountain altitudes, indicates that the nuciear interaction and electro-
magnetic cascade processes do not change their character in the 10 1% t0 10" ev
energy region. This conclusion is supported by results from nuclear emulsion
stacks and extensive air shower experiments. The total inelastic nuclear inter-

action cross section remains roughly constant. If there is any change with



energy, most indications are that it rises only slightly as the energy increases,
possibly due to coherent effects in complex nuclei. Any increase in the total
inelastic cross section can help an ionization spectrometer of a given depth to
work better, partially offsetting the need for more material at higher energy to

absorb the same fraction of electromagnetic cascade energy.

It will be possible also to utilize the data from the proposed satellite experi~
ment itself to confirm that the total inelastic nuclear interaction cross section
behaves as expected. As inthe case of the accelerator calibration this can be
done by examining the distribution of depths at which the first interactions of
the incident particles occur, Of course, there must be a means of energy
measurement in order to select particles of a certain energy. Therefore, be-
tween the largest depth of sampling for interactions and the lower edge of the
spectrometer there must be a sufficient amount of absorber to measure the
energy. If at all sampling depths one ﬁses for energy measurements an equal
length of absorber, then the energy measurements will be done in the same way
for each sampling depth. Thus for the purpose of ¢ross section measurement
the total depth of the spectrometer should be:

boundary layer + number of samplings of interactions + sufficient

material to measure energy.

The boundary layer should be 1/2 interaction length (A) (Schmidt, 1969).
There could then be about four samplings, each approximately 1/2 interaction

length apart. In the proposed experiment there remains 2.5 h of material which
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should be suificient for energy measurement. It has been shown in previous
work (Schmidt et al., 1969) that a spectrometer with a depth of roughly
2.5\ (inelastic) of iron can be used to measure the energy of high energy
particles. Figure II-11 shows the results of calibration measurements
with 28 GeV/ec protons for the small spectrometer just mentioned. The solid
histogram.is the pulse height spectrum for events interacting in the top layer
of the spectrometer. Since any changes in cross section with energy are ex-
pected to be slow, this accuracy (~35%) should be sufficient, and furthermore,

it is attainable in 2.5A of the total 5A depth of the proposed spectrometer,

b. Multiplicity, Inelasticity, and Nuclear Disintegration Energy

Besides the inelastic cross section, the parameters which have the largest
effects on the nuclear-electromagnetic cascade development are the multiplicity,
inelasticity, and nucle::ar disintegration energy, Therefore, it is important to
establish the mean values and fluctuations of these parameters. In order to
accurately extrapolate the accelerator energy calibration of the ionization
spectrometer to cosmic ray energies, one must know the dependence on primary
energy of each of these parameters for interactions occuring in heavy absorbers

(such as in the ionization spectrometer absorber).

The tungsten spectrometer in conjunction with the CsI{T1) sections can be
used to obtain valuable information about these nuclear interaction parameters,

both from the accelerator calibration exposures and from the flight data. For
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the most part, only the mean values of these parameters will be determined.

Their distributions can be measured only at the accelerator energies.

Information about the multiplicity and the nucleay disintegration energy
can be obtained from interactions occuring in the CsI (T'1) section of the appa-
ratus. The Csl (T1) section is comprised of five separate layers, each 1 radi-
ation length in thickness. Csi (T1) is sensitive to the disintegration energy,
which appears in the form of nuclear evaporation fragments. Neufrons carry
about one third of the disintegration energy. The charged fragments are mostly

heavily ionizing particles with very shoxt path lengths in CsI (T1). Therefore,

one will be able to identify the layer of CsI (T1) in which the interaction occurs,
The output signal from that Iayer will be 2 measure of the nuclear disintegration
enexgy for the inferaction. Therefore, the dependence of the energy of nuclear
disintegration on primary energy can be well established at accelerator energies.
Information at higher primary energies can be obtained from the cosmic ray inter-

actions in the CsI (T1) section during the flight of the experiment in balloons and

the HEAQ satellite.

The output signal from the CsI (T1) layer immediately below the one in
which an interaction occurs will provide information abouf the multiplicity of
charged particles produced in the interaction. The variation of the multiplicity
with energy can be obtained reliably at the accelerator energies. Any changes

at high energies, such as the decreasing dependence on energy suggested by
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Malhotra (1963) should be detectable from the specira of cosmic ray particles

encountered during the flight.

it is difficulf to make any unambiguous measurements of the inelasticity of
the interactions with the apparatus planned., However an estimate of the amount
of energy appearing in neuiral mesons can be obtained from the energy in the
electromagnetic component from the first interaction. Current experimental
results strongly favor charge independence and so one can esfimate the mean
elasticity as a funetion of primary energy. Tungsten is a favorable material
for this measurement because the radiation length is small compared to the
interaction length. The electiromagnetic cascade from the first inferaction would
tend to build up a maximum, where their energies can be reliably measured,
before cascades from later interactions have been produced. Uncertainties in
the location of the first interaction do not have a large effect on inelasticity
measurements by this method, unless the inelasticity is significantly dependent

on the multiplicity of the interaction.

c. Effect of the Speculative X-Process and Quarks on Energy

Measurements with the Ionization Spectrometer

It has been suggested by Keuffel et al. (1969) and others that an "X-process"
may exist at muon energies above 10*? &V in which a fraction of the energy is
given directly to muons, This could occur directly or through the channel of a

very short-lived particle which rapidly decays into muons before there is an
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appreciable chance of its suffering a nuclear interaction. Such muons would
deposit very little of their energy in an ionization spectrometer resulting in an
underestimation of the energy of the primary particle. The results from other
experiments do not confirm the results of the Utah group. One may regard the
Utah analysis as giving an upper limit on the magnitude of the hypothetical
X-process. According to their analysis, approximately 2% of the muons with

012 oV muons

energy above 1012 eV come from the X-process. The result with 1
corresponds to a primary energy of about 10*® eV. Since these muons correspond
to 1012 ev primaries, on the average less than 2% of the secondary energy is
invigible to the spectrometer from this process. This would have a negligible
effect upon determining energy spectra up to 10¥3 eV, since the anomalous

events would be thrown into lower energy bins where there are already much
larger numbers of normal events., This argument can be extended to primaries

at least up to 10" eV, since the center of mass energy in nucleon-nucleon col-
lisions is only a factor of 15 greater, No case is known at lower energies where

a process with a high energy threshold (usually due to high secondary particle
masgs) completely takes over and suppresses reactions with lower thresholds.

Also the trend of the Utah resulis indicates the relative number of secondaries

from the X-process may be decreasing at the highest muon energies observed.

The collection area of this experiment is Such that only a few cosmic ray
particles with energies appreciably above 101* eV could be expected to enter the

apparatus during a year of satellite operation, so it is a moot question whether
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the energies of these few events would be faithfully estimated. Therefore, it can
be concluded that over the useful range of the proposed spectrometer for meas-
uring cosmic ray particle intensities, 101 - 10!* eV, its performance would not

be significantly affected by the possible existence of an "X-process."

There is also a possibility that at high energy an incoming proton might
diffraction dissociate into its hypothetical three constituent quarks, Fach of
these quarks would have a quark-nucleon inelastic cross section which is about
one third of the corresponding proton-nucleon cross section. If the quark mass

were much greater than that of the nucleon, only a small fraction of the quark's

kinetic energy would be lost in each collision. If this were to happen, the nuclear
mean free path for producing pions and other secondaries would become longer

and smaller fraction of the energy would be deposited in the spectrometer. It
seems very unlikely that such a phenomena will significantly affect the spectrom-
eter in the 10!° - 10%* eV region because: (1) the existence of quarks is generally
regarded as not established in spite of numevous searches and (2) the negative
results of many quark search experiments make it unlikely, if they exist, that

they are copiously produced in the 101° - 1014 eV region.
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III. EXPERIMENTAL APPROACH

A. GENERAL DESCRIPTION

The apparatus described here has been developed over the last few years
on balloon_ borne models by the GSFC and the LSU-MPI groups. The proposed
satellite version is shown schematically in Figure IIl-1. The center section is
the ionization spectrometer, charge detection modules are at either end, and
spark chambers are shown as the directional detectors in this diagram. The
tungsten modules shown in the middle section of the two-ended detector assembly
comprise about 2/3 of the total weight. In order to make optimal use of this pay-
load and the spinning nature of the satellite (the ends are alternately occulted by

the earth), the two ends are identical so that the telescope operates continuously.

The ionization spectrometer congistis of the 12 tungsten modules and the
CsI(T1) layers on eithexr end. The fotal spectrometer is 5.5 nuclear mean free

paths (M) (135 radiation lengths X,)-

A tungsten module is shown in Figure 11I-2. It is 0,42 interaction mean
free paths (10.4 X,) thick. Pilot Y scintillator, 1/4~inch thick, is placed every
3.8 radiation lengths to sample the cascade particles, These scintillators

are "'double-wedge!'" shaped to provide directional information.

The top section of the ionization spectrometer is a totally active module

consisting of 5 radiation lengths of CsI(T1) arranged in optically independent,
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1-radiation length thick slabs. Signals from these modules are used fo aid in
distinguishing between incident electrons and protons. Nuclear interactions
which take place in this section can be examined in significant detail. The
charge-defining modules are situated at the two extreme ends of the detector.
The main geometry of the telescope is defined by the plastic scintillators 5-1 -
and S-2. The Cerenkov response is proportional to Z% of the incident particle
and provides a very linear signal over the whole charge range. The Cerenkov
velocity threghold is used to reject low energy background particles. The dif-
fusion chamber contains a 3-mm thick layer of CsI(T1), the light signal from
which is collected efficiently by diffuse reflections in the light chamber. The
outer element is a pulse ion chamber which responds to the very heavy nuclei.
The directional detector shown in Figure II-1 is a wire spark chamber com-~

posed of 8 x-y grids.,

The considerations which influenced the design of the ionization spectrometer
are discussed in detail in the next section. The proposed calibrations of the
instrument are also described. In Section C the design and functions of the
charge module are presented. The CsI(T1) module of the ionization spectrom-
eter is discussed in Section D. The trajectory defining system is examined in

Section E.

nI-4



B. ENERGY MEASUREMENTS — IONIZATION SPECTROMETER

The direct measurement of primary energies becomes increasingly more
difficult in the ultra-relativistic range. Many of the physical processes vary like
the logarithm of the energy and so exceedingly broad band devices are needed
to measure this slow variation with energy. The most straight-forward tech-
nique is the ionization spectrometer originally proposed by Grigorov ét al.
(1958), This method is essentially a '"three dimensional" version of the tech-
niques developed for studying extensive air showers, Briefly, nuclear inferact-
ing particles are incident on an appreciable mass of condensed matter., Through
a series of nuclear interactions the primary particle loses- its energy to secondary
particles which are mostly pions. These interact further contributing to the
development of the nuclear cascade. The neutral pions all decay rapidly into
gammas whose energy is dissipated in electromagnetic cascades. If the spec-
trometer is sufficiently thick, most of the initial kinetic energy of the primary
particle is thus converted to ionization, and by sampling this ionization at fre-

guent intervals it is possible to determine the total primary energy.

This method of measuring energy is not unigue and other methods such as
the transition radiation detectors have exciting possibilities for the future.
Within the framework of this experiment the ionization spectrometer has been
ch;)sen as the best currently available technique for the whole energy range
101% to 102 eV. The considerations which have gone into its design are dis-

cussed in the subsequent paragraphs.
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1. Design Optimization
The material composition, the physical size, and the geometrical con-
figuration of the ionization spectrometer are determined by the following con-

siderations:

(1) The total available payload weight;
(2) The accuracy with which energy of the cosmic ray primaries is to be
measured; and

(3) The geometrical factor sufficient to investigate the expected cosmic

ray flux.,

The proposed ionization spectrometer has been designed to opfimize energy
resolution and geometrical factor under the constraints imposed by the maxi-

mum weight and space available to the projected experiment.

For a detector of uniform cross sectional area, a, and length, L, the geo-

metrical factor, GF, is given by

GF n a2/12  (for 12> a),

This can be expressed in terms of the weight, W, to which the detecior is con-
strained and the properties of the detector material: the length T of the detector

in gm-cm”~? and the mean density, o, in gm-cni™® ., Since a = W/T and L= T/p,

~ W0
>

GF
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Since the weight is independently constrained, the geometrical factor is optimized
by choosing the material with the largest o?/T*. First let us consider how T

depends upon the choice of material,

For any particular detector material, the desired energy resolution fixes
the minimum acceptable T. The energy resolution is determined by the percentage
fluctuations in the signal output from the active layers of the ionization spectrom-
eters. Fluctuations of two types can occur: in the fraction of energy going into
nuclear disintegrations and in the energy escaping through the bottom. The per-
centage fluctuations aresmaller, the larger the number of nuclear interactions

lengths along the path of the incident particle.

Both the column density (gm/cm?) per interaction length and the number
of interaction lengths necessary to achieve a particular energ'y. resolution vary
with detector material. The GF is maximized when T is minimized. The value
of A increases slowly with atomic number, favoring absorbers of low atomic
number., On the other hand, because the inelasticity increases in heavier ma-
terials, the number of interaction lengths necessary to achieve a particular
energy resolution decreases with increasing atomic number (W. V. Jones, 1970).
These two effects tend to cancel and as a result, the column density necessary
to achieve a given energy resolution is only weakly dependent on the detector
material. For example, it increases by less than 25% in going from iron to

tungsten.
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In a detector composed of an absorber-scintillator sandwich, the energy
resolution depends not only on the total amount of absorber material, but also
on the spacing of the scintillator layers (Gillespie et al. 1970). Since much of
the primary incident energy is partitioned into electromagnetic cascades, the
sampling of the ionization energy must occur frequently enough that the electro-
magnetic cascades do not build up and die out between the detection layers. In
Figure II1-3 a and b the percentage fluctuations in the total number of particles
detected is shown as a function of the thickness of the absorber material for
both iron and tungsten, for four different primary energies, These figures are
from Monte Carlo calculations by W. V. Jones (1970} in which the iron and tung-~
sten are sampled every 2 and 4 radiation lengths, respectively. In the thick-
nesses reqguired for the same energy resolution, about 6 A of iron and 5 of
tungsten, these correspond to 30 sampiings in iron and 32 tungsten. The scinfil-
lator layers tend fo dilute the density of the total detector, so the number of
samplings should be no more than is necessary to achieve an energy resolution
consistent with the performance of the rest of the instrument. Samplings each
4 X, in 51 of tungsten gives ~20% energy resolution for 100 GeV protons. The
resolution is better by about a factor of two for a-particles and should improve

even more for heavier nuclei.

The geometrical factors, calculated for three different absorber materials
for the alloited weight and for fixed energy resolution, are shown in Table III-1.

The best choice for optimizing the geometrical factor is tungstern because of its
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Table IIT-1
COMPARISON OF GEOMETRICAL FACTORS FOR DIFFERENT MATERIALS

. Relative
A o :
Absorber Material | N@ - - eff __ | Geometrical
gm-cm 2 | gm-cm gm-cm
Factor
Tungsten 5 189 19.3 13.0 i.0
Iron 6 127 7.9 7.4 0.82
Glass 7 100 2.5 2.5 0.13

9Approximate number of nuclear interaction lengths needed to achieve less than 20% fluctuations
for 100 GeV incident protons.

BThe effective density of spectrometer plus sampling layers assuming one sample every 4 radiation
lengths.

extremely high density. However the dilution of the scintillators reduces the

gain considerably. Tungsten has an additional advantage over iron (copper is
slightly better than iron) because of its large ratio A/X, . This aids greatly in
separating electrons from protons and is advantageous for studying the inelasticity

(Section II G).

Under the severe payload constraints of space flight, the weight in the spec-
trometer should be utilized as effectively as possible. A variety of scintillator
arrangements have been suggested to use all the detector surface on the perimeter
of the space craft. It has been found, however, that for a payload in the 6000 ib.
class, so much of the weight is tied up in support structure, gondola, charge de-

tectors, etc., that the most efficient geometry is two ended.

Several alternative geometries for the spectrometer are considered in Ap-

pendix 2. These considerations show that a "thin square® configuration, in
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which all four sides are used is a close competitor in optimizing the geometric

factor. However, the geometry for thé energy measurement is complicated, and
geometric effects would be introduced for which it would be difficult to compen-
sate, While the directional measurements from the spectrometer (Section I11-D)
might have to be sacrificed, this alternative represents an attractive possibility

for future experiments.

2. Calibration
The measurement of the energy of a primary particle using an ioniza-
tion spectrometer is simple in principle. In a sufficiently deep spectrometer
nearly all of the primary particle's energy is ultimately converted into ioniza-
tion energy losses which can b(;, measured, However, in practice there are a

number of complications which must be taken into.account. These are:

(1) Spectrometers have limited physical dimensions. Therefore, one must
correct for energy leakage out of the sides and bottom of the instrument.

(2) Not all energy losses within the spectrometer are measured. In par-
ticular, the energies involved in nuclear digsintegrations are essentially
unmeasured in the sandwich-type device proposed here and only
partially measured in a totally active (TANC) device. The energies of
neutrons from such disintegrations are not measured with either type

of device,
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(3) In a sandwich-type detector the ionization is sampled by a material
which is different from the primary absorber. A transition effect
(Pinkau, 1965) is thus introduced because of the differing critical
energies of the sampling medium and the primary absorber. Because
of these considerations, s everal corrections must be made o the
measured energy deposition in the spectrometer. These corrections

are in general energy dependent,

These corrections are obtained by calibrating the instrument usiné”: knows
particles (protons and electrons) with known energies. The response of the
instrument is then obtained as a function of incident energy. This has been done
up to primary energies of around 30 GeV for a shallow iron spectrometer (W.

V. Jones et al., 1969),

For high energy cosmic ray experiments, one needs to know the spectrometer
response and the appropriate corrections at higher energies than those available
at accelerators. Hence, one must somehow extrapolate the accelerator calibra-
tion results to higher energies. The extrapolation is most appropriately made
by employing a Monte Carlo model of the nuclear-slectromagnetic cascadre in
the spectrometer. This model is based upon all the available data on high enexrgy
interactions from emulsions and from mountain top experiments. The model is
first applied to fhe particular spectrometer whose response has been determined

at an accelerator., The parameters are adjusted until the calculated spectrometer
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response agrees with the response observed with accelerator beam particles,
This adjusted model is then used to calculate spectrometer properties at higher

gnergies.,

This Monte Carlo method has already been used extensively by W. V. Jones
at the Max-Planck Institut and Louisiana State University in order to extend the
accelerator calibration of an iron-absorber spectrometer to the higher energies
observed in the cosmic rays. Figure Il-4 shows a comparison of his three-
dimensional calculations and the accelerator measurements with 10 GeV/c
protons. This figure shows the frequency distribution (histograms in intervals
of one particle) for the number of particles present in the 2.5 mean free path
thick spectrometer. Each module contained two scintillators spaced 4 X o
apart in the iron absorber. The agreement of the calculations with the measure-
ments is quite satisfactory. Similar agreement was obtained for 20.5- and 28-

GeV/e¢ primary protons. Some further indication of the reliability of Jones!

Monte Carlo model i shown in Figure III-5, where the calculations for 8 GeV/c
protons in 3.5 A Nal az‘-e compared with measurements by Hofstadter (1969) for

8 GeV/c pions, In the caleulations it was assumed that 1/3 of the nuclear dis-
integration energy was measured in the totally active Nal absorber. The calcu-
lations also agree with the burst size and lateral spread of the cascade particles
measured in the Kiel air shower experiment at a depth of 10X in a concrete ab-

sorber (Trumper, 1970).
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Although the Monte Carlo calculations appear fo be in good agreement with
the measurements at low energies, one cannot be sure the agreement will still
be good at very high energies or in other absorbers very different from iron
and Nal, F is always possible for example that the Monte Carlo model used
could have compensating errors which lead to apparent agreement with measure-
ments. Thus it is highly desirable to perform extensive calibration studies of

the proposed spectrometer at accelerator energies.

The Monte Carlo calculations suggest that systematic changes in resolution
above energies of 100 GeV are small and predictable. It is fortunate that i:he
National Accelerator Laboratory to be constructed at Batavia, Illinois, will be
available well before the HEAQ launch data for calibrating the experiment. It
will provide a beam of 500 eV in a low current mode (most appropriate for the
expected calibration) which will be used to verify the high energy Monte Carlo
extrapolations. In the proposed ‘calibration the parameters which most strongly
affect the cascade development can be studied in detail, The following investi-

gations are planned.

(1) The energy dependence of the spectrometer response will be determined.

(2) The inelasticity and the interaction cross-section will be measured at
different energies using different absorber materials, e.g. Cu, ¥e, W,
and CsI (and TIC1 if possible).

(3) The lateral and longitudinal cascade development will be studied.
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3. Other Devices
The ionization spectrometer is by no means the only device which may
be used to measure energy. Other possibilities have been considered and are
compared with the ionization spectrometer, The energy resolution and its
relationship to the experimental objectives are considered for TANC counters,

superconducting-magnet spectrometers, and transition radiation detectors.

TANC counters: '"Total Absorption Nuclear Cascade" (TANC) counters

are usually meant to denote a special clags of ionization spectrometers in which
energy dissipation anywhere within the detector contributes to the output signal.
A spectrometer which is constructed entirely of scintillating material is the
most proven technique, but the output signal might also be a sonic vibration or

Cerenkov light.

In the optimization of the spectrometer design discussed above it was shown
that the achievement of maximum density is of paramount importance. The re-
quirement that most of the primary energy be dissipated within the spectrometer
fixes its thickness in the neighborhood of 800 to 1000 gm-cm 2. For the region
of the periodic table above and including iron, this thickness is almost independent

of atomic numbher, A.

In Table III-2 the geometric factors associated with various spectrometer

materials are compared assuming constant total weight and constant length, T,

in gm-cm™2. I can be seen from the table that the only close contender to the
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Table III-2
COMPARISON OF DENSITIES AND RELATIVE GEOMETRY FACTORS

OF SPECTROMETER MATERIAILS

Relative

Material Average Density
Geometry Factor

This Proposal

W - 945 gm-cm 2

36 Plastic Scintillators - 24 gm-em” 2 11.0 1.00

Csl - 85 gm-cm 2, half on each end

Scintillator
Nal 3.67 A1
Csl 4.51 17
Ticl 7.0 A1

Cerenkov Radistors

Lead Glass ~ 970 gm-cm™?2

4.5 A7
Csl - 85 gm~cm™2, half on each end J
PbE, - 970 gm-cm™? }

7.66 48
Csl - 85 gm-cm™ 2, half on each end

tungsten-scintillator sandwich design among the scintillators is the recentiy
announced T1Cl (Rosette et al., 1970). As can be seen from Figure II-6, o A of
T1C1 should have significantly better energy resolution than the proposed spec-
trometer. If the T1C1 could be grown in large pieces at reasonable (“2.5 X 10°
cm3 would be needed) it might be considered as a substitute for the proposed

spectrometer design. This high density scintillator would provide a significant
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improvement in energy resolution over the proposed tungsten-scintillator sand-
wich spectrometer at the same thickness, however its reduced density would

reduce the geometric factor.

Superconducting Magnet Spectrometers: A magnetic spectrometer offers

certain unique advantages, such as allowing one to distinguish e" frome and

p from p, which are not possible using the ionization spectrometer. Since a
magnet-spectrometer system also measures momentum, one must gonsider
whether it could completely replace the ionization spectrometer approach. In
order to make quantitative comparisons with a superconducting magnet and sup-
porting cryogenic system having roughly the same mass as the proposed spec-
trometer, the magnet in the proposal by Alvarez et al. (1969), which they estimate
to weigh 10,000 1bs. with its cryogenic support system, has been scaled down a
factor of two in radial dimensions, but left the same in coil thickness. This reduces
the weight by roughly a factor of 4, but allows the central field and superconductor
current density to remain essentially unchanged. The outside coil diameter

would be 1 meter. The average [Bdl is reduced a factor of 2 to about 15 kilo-
guass-meters, The geometric factor would be of the order of 1 m?*-ster. If we
assume the rest of the detector system of their proposal to also be scaled down a
factor of 2 in linear dimensions to an outside diameter of 1.8 and a length of 1.3

m, then the energy resolution which may be achieved are given in Table ITI-3.
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Table I1I-3

COMPARION OF IONIZATION SPECTROMETER AND SUPERCONDUCTING
MAGNET SPECTROMETER RESOLUTIONS

. Useful
Device Energy Resolution
Energy Range

Ionization Specirometer

1010-101* ev £k 25% over enti
(This Proposal) E ~ =90 entire range

Superconducting @) 10"%-10'' Ev if &E < 25% and detector
Magnet Spectrometer E
(see text) resolution = +,1mm

®) 10'%-1013 oV if -@EE < 25% and detector

resolution = +£.001lmm

Table TI1-3 indicates that a superconducting magnet spectrometer in the
2000-3000 1bs. weight class would fall short by a factor of 10® to cover the
useful energy range of the ionization spectrometer if the detector position
measuring resolution is + 0.1 mm. A resolution of #0.1 mm is already some-
what better than that generally achieved with large area wire spark chambers.
It is evident that a ms:gnet spectrometer system cannot begin to approach the
energy range of the ionization spectrometer until a number of serious tech-
nological problems are solved: (a) detectors with square meters of area must
be developed with spatial resolutions "\'ﬂzl micron whose output can be telemetered
back to Earth; (b) the [Bdl obtainable with a given weight magnet system must
be improved; and (c) a cryogenic system capable of working reliably for long

pericds in space must be developed, At the present time the useful range of
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magnetic spectrometer is in the range 101 to 10! eV, and extending beyond
1012 eV will be difficult within the next 2 or 3 years. While studying anti-
particle to particle ratios over this range would be most interesting, the
compromises to other objectives of this proposal are prohibitive. There are
interesting possibilities however for future space station experiments in which

a super conducting magnet operates in conjunction with an ionization spectrometer.

Trangition radiation detector. There has heen much discussion and investi-

gation of the possibility of utilizing fransition radiation (Yuan 1968), photons
emitted when a charged particle crosses a discontinuity in dielectrics, to measure
v = E/Mc? of a high energy particle. ‘This possibility stems from the fact that
the energy spectrum of photons emitted has a shape similar to a bremmstralung
spectrum, but with an upper photon energy limit which is proportional to y. For
v = 103, the upper photon energy limit is ~ 50 keV. In order to obiain response
proportional to - for 10 10 4010 eV protons the transition radiation photon de-
tector must totally abs orh photons over a 10* dynamic range from 0.5 keV to

5 MeV. Since the photons are emitted close to the line of travel of the charged
particle, the photon detector must discriminate against the ionization energy loss
of the charged particle which is also passing through it. Yuan (1970) has operated
a transition radiation device using electrons at v = 10 in an accelerator beam,
and he finds that even at this v with a large number of transition surfaces, the

number of detected photons one can expect is small,
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There are two major problems which must be overcome before this detector

could be considered as an alternative to the ionization spectrometer.

(1) A practical means of producing large numbers of photons over the
range y = 10 - 105 must be found.

(2) A way of efficiently detecting the photons produced with good signal to
noise ratio over a 104 dynamic range in the presence of the incident

charged particle must be found.

These would seem to be potentially achievable only at the highest »’s and so at

this time cannot be considered as an alternative to the ionization spectrometer.

C. CESIUM-IODIDE SECTION

Recent disagreements between different experimenters on the intensity and
shape of the primary electron energy spectrum were discussed in an earlier
section. They point cut the need for very careful experimentation with emphasis
on good diserimination of electrons from the copious background protons. The
disagreements in intensity estimates by different groups (e.g. see Anand et al.,
1969, or Marar et al., 1969) could also involve errors in energy estimation.
Detectors with event rejection from "anti-coincidence' counters may be reject-
ing good electrons when one of the copiously produced low energy x-rays finds

its way into an "anti" where it can produce a Compton electron.
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The arrangement of the Csl electron cascade section was shown in Fig-
ure III-1. The top scintillator is thin, 1 gm/cmg, so that it can be used as a
charge measuring detector before the particles start loging their identity due to

either electromagnetic cascading or nuclear collision.

The remainder consists of five scintillators, each 1 radiation length thick and
viewed through opposite edges by two photomultiplier tubes. FEach of these layers
is pulse height analyzed so that there are five pulse heights corresponding to the
passage of a particle through this section. The scintillators have large light
outputs (e.g., singly charged relativistic particles lose ~11 MeV) and so the
resclution is limited only by Landau fluctuations and geometric effects.

The geometric effects can be corrected by the use of proper calibration in con~

junction with the trajectory of the particle.

The first tungsten modules (both ends) instead of having the signals from
their three samples added, will have each scintillator pulse height analyzed
separately., This will give further differential information on the longitudinal

cascade development near shower maximum,

The average eleciromagnetic cascades and the location of the scintillators

which sample the energy deposited are shown in Figure III-7.

The incident electrons develop electromagnetic cascades, in the CsI (TI)

scintillators. When they enter the tungsten part of the spectrometer, the
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development of the cascade continues through shower maximum until the cascade
is completely absorbed, The tungsten is 125 radiation lengths deep and hence is
able to completely stop a1l pure electromagnetic cascades. This will be exceed-
ingly .i.mportant in distinguishing electrons from cascades genetically related to
nucleons. These events, for the same total energy deposited in the spectrometer,
will have ionization losses distributed throughout the spectrometer. The electron
measurements made to date from balloons have been done using substantially
fewer radiation lengths. This reliance on the early part of the development of
electron. cascades has made the measurements subject to masquerading events

from the copious proton background,

A copious '"background" of protons is present. Some of these masquerade as
electrons by producing one or more neutral pions in an interaction near the top
of the spectrometer. The instrument is designed to make this imitative phe-
nomenon as small as possible. The separation is more difficult the nearer the
top of the spectrometer a particle interacts, From accelerator studies of shower
fluctuations (Silverberg et al., 1970) it is known that electron-induced showers
develop rapidly and have apparent origins within 2.5 radiation lengtbs of the top
of the detector 98% of the time. For this reason, a tofally active Csi section has
been used as the initial section of the ionization spectrometer in order to ''see"

as many of the interacting protons as possible.
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Proton interactions can be distinguished from purely electromagnetic cas-
cades by the presence of heavily ionizing tracks. The number of heavy prongs
is referred to ag N, in emulsion literature. These heavy prongs include the
knock-on protons and the evaporation particles (black tracks). The energy of
disintegration of the target nucleus goes into these heavily ionizing prongs local-
izing the energy of nuclear disintegration. The works of Jain et al. (1965) and
Murzin (1969) have shown that Nh % 8 and is essentially congtant from about
~30 GeV to ~3000 GeV. The spectrum of these particles is peaked at lower
energies and so the nuclear disintegration energy of ~1 GeV is localized at the
point of interaction. The pions take away the inelastic part of the energy and
propagate the nuclear cascade.- On the other hand a primary electron and its
associated shower particles will produce a signal corresponding to at most a
few hundred MeV during their passage through one radiation length. This dif-
ference between the nuclear and electromagnetic interaction is used to provide

discrimination against protons simulating electrons.

As a quantitative measure of the effectiveness of this method ‘an estimate
of the contamination follows. The probability of interaction by a proton in a
CsI block 1 radiation length thick is ~0.05. A proton in an interaction changes
an average about 1/6 of its energy into the photon mode (Fowler and Kidd,
1967). So the protons competing with electrons. have an energy ~6 times that

of the electrons. The fraction of the protons which can simulate an electron
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is
I, E)

_ -2.5 xof)\
I (PEy)

[1-e 1 1-D)
where D is detection efficiency, I, and I, are the integral energy spectrum or
protons and electrons. Ex6E, and X, and » are respectively the radiation

lengths and proton mean free paths.

I is rather difficult to get an exact value for D. However, D approaches
unity for larger values of the nuclear disintegration energy. The spectrum of the
heavily ionizing particles (Powell et al., 1959) has a most probable value of
about ~10 MeV and has a negative exponent at higher values. Murzin and
Sarcheva (1969) estimate an average value of 165 MeV for the heavily ioniz-
ing tracks. In the case of CsI which is reasonably linear in its response to
low energy particles, one can expect all the energy released in evaporation
tracks, and low energy N tracks to be detected close to the point of inferaction.
In one radiation unit of CsI protons of energy ~80 MeV will stop. The spectrum
of N, tracks is biased in favor of lower energy particles. The electrons of 100
GeV in one radiation length develop on an average 10 particles or deposits about
100 MeV. From the estimates of Grigorov et al. (1959), one can assume that in
a nuclear disintegration about 1 GeV is deposited in heavily ionizing tracks, If
all events in the literature with N, > 3 are assumed to be due to collisions with
the complex nuclei, then the presence of a nuclear disintegration will be de-

tected with a probability of at Ieast 0.7, This is undoubtedly a conservative
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estimate because the Csl is also sensitive to all the low energy nuclear frag-
ments with high efficiency. This is considerably better than what can be
achieved with an electron cascade unit in which the cascade develops in an

opaque, high-7Z material such as tungsten or lead.

This method of separation will be useful over a geometric factor of about
1000 cm?-ster because the later part of the shower is not important in the
energy determination., Over the more restricted geometry of the complete
spectrometer more complete separation of the proton background can be ob-

tained,

The highest anticipated electron energy is 10* GeV and this shower will
stop in about 50 radiation lengths. Cascades initiated by protons, for
which the same total energy is deposited in the spectrometer, will have
ionization lossés distributed throughout., The lack of any signal from the re-
m.aining spectrometer, in conjunction with the directional information, will allow

unambiguous electron proion separation.

The CslI section has other functions in the experiment. In the case of
particles which have not suffered a nuclear collision it provides redundant
dE/dx measurements which can help in achieving greater accuracy of charge
identification, When an interaction does take place, its location can be identified
and used for evaluating the accuracy of energy determination. The eifects of

interactions in nearby material on charge composition studies can be measured.
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About 20% of the proton interactions (and a proportionally larger fraction of
the interactions due to heavier primary particles) will take place in this section
of the spectrometer. The nuclear physics which can be done with this section

might be quite interesting and has been discussed.

The distribution of the interactions for any particular particle gives the
mean free path in CsI, a compound whose nuclei have almost similar Z and A.
It will also be possible to study the nuclear disintegration energy (energy going
into heavy prongs) with the total energy of the particle. Any energy de-

pendence in the disintegration of the nucleus could be studied.

D. CHARGE DETECTION
An important aspect of this experiment is the charge composition data. It
has been pointed out that very little information is available above 20 GeV to

compare with the extensive low energy data.

The difficult but realistic goal set for the design of this charge module was

7 + 0.5 for Z = 26 increasing to + 1 at Z = 40 and £ 2.5 at Z = 80.
The ability to realize this goal is determined by three main factors:

(1) the intrinsic statistical fluctuations in energy loss in the detector and
the subsequent conversion of that energy to light;

(2) photo-electron statistics;
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(3) and all the geometrical effects which produce variations in the light

produced and collected.

Since the aim is to determine charge within +1/2 a charge for nuclei up to

and including Fe (Z = 26) signal resolution of +4% is required.

In Figure II-8 a summary of the intrinsic resolutions for a thin detector
is presented. The dashed line represents the separation between charges and the
points represent full widths at half maximum (FWHM) calculated from the Landau
distributions for a single detector. Note that at 8.4 GeV the FWHM exceeds the
Separation for Z> 22, At high energies the problems extend well down fo Z = 16.
This is further worsened by the skewness of the distribution becoming more ex-
treme at higher energies, This is shown in Table II1-4 where the probability of
a Z of 25 simulating the ionization of other charges is given. (:;E‘or reference
purposes, the energy lost by an Fe of these energies is about 1.3 GeV in a 1/4"
plastic scintillator.) This table illustrates that while the FWHM does not get worse
at higher energies the distribution becomes more skewed making possible an

error of 1, 2 or even more charges.

This problem is resolved by two considerations. First, the fluctuations which
produce the Landau distribution are caused by the production of very high energy
knock-on electrons. These knock-on electrons-have sufficient range to leave the
detector, reducing: the skewness of the distribution. Secondly, an equilibrium tends

to be set up so that as many knock-ons enter the element from above as leave
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Figure 111-8. Landau half widths as a function of particle charge for various energies.
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Table I11-4

SOME STATISTICS ON LANDAU DISTRIBUTIONS FOR RELATIVISTIC IRON NUCLEI

Energy E
y=_—_ |E, (MeV)* | P(<24.5) | P(<25.5) | P(25.5 - 26.5) | P(26.5 - 27.5) | P(>27.5) | f_  **
(GeV /nuc) mc2
5.7 7.1 50 ‘ .03 .13 .02 0 0 0.8%
8.44 10 107 .01 .26 .10 .01 0 3.5%
28,7 31,4 10° .12 52 .31 14 07 10.4%
93 100 104 12 BT .87 .29 .15 15.5%

*E, is the maximum energy which can be transferred to a single knock-on electron.
**f ¢ 15 the fraction of energy into electrons with range greater than the detector thickness.



through the bottom, tending to smooth out fluctuations. In order to completely
eliminate this problem, multiple charge measurements are made in all regions
of the charge spectrum. If, as is shown in the last column in the table, the ef-
fect of energy loss from the crystal should reduce the response at high energies,

it will be possible to measﬁre the energy depeundence of the effect,

The magnitude of these various effects will be the subject of a Monte Carlo
study in the near future. At any rate, because one wishes to operate at the limit
of the intrinsic resolutions, the variations in pulse height due to systematic ef-

fects must be reduced to a few percent.

A schematic layout of the charge determination section is shown In Figure
III-9. There are five elements for charge determination, all of which have
theoretical responses proportional to charge squared at relativistic velocities.
The plastic scintillators marked S1 and 82 define the particle acceptance cone

of the telescope. These scintillators are viewed edge on through adiabatic light

guides. The Cerenkov radiator marked C aids in the rejection of low energy
particle background from interactions in the spectrometer. They correspond to
particles which produce gray tracks in interactions in nuclear emulsions. The
top Csl layer is designed to be thin to insure another charge measurement before
the particle interacts. The remaining 5 CsI layers can be used for charge
measurements until the particle interacts (total thickness is 0.25 A). The fifth

charge measurement is made in the parallel plate ion chambers at the top. They
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Figure [11-9. Schematic diagram, char‘ge detection section




will have a threshold at Z ~ 20 and extend up into the VVH region of the charge

spectrum.

Each element is considered separately in the following paragraphs.

1. The Plastic Scintillators, S1 and 52

These scintillators define the acceptance geometry .of the telescope and
provide fast coincidence puls;es for making decisions on accepting and rejecting
events. Earlier measurements (Webber and Ormes, 1967) on Nel02 indicated
that a substantial nonlinearity was present in these scintillators so that the re-
sponse was proportional 1£o 7 rather than Z2. This had the effect of reducing the
separation of iron from its adjacent charges from 8% to 4%. However, more
recent experience has shown that the nonlinearities are not nearly so serious
with the Pilot B material., Further balloon tests will be done to compare Pilot
Y, ﬁoted for its good transmission properties, and Pilot M, a solvent bondable

scintillator. It is desirable to use Pilot M for the high g loads and vibration

specifications that the rocket will place on the instrument. The adiabatic Lucite
light pipes can be solvent bonded to Pilot M making a joint almost as strong as

the material itself. The response is quite uniform over the large area of these

detectors. Figure I1I-10 shows the variations in response for a 50 cm X 50 cm

scintiliator.
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position for plastic scintillator.
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2. Cerenkov Radiator

The inclusion of a Cerenkov radiator in the charge module has two main
advantages, Along with CslI counter, it is expected to remain linear (aZ 2) in its
response to charged particles at high Z. However, the Cerepkov radiator will not
respond to slow, heavily io;nizing particles which might simulate a high Z event.
Also, a Cerenkov counter offers the possibility of sensing whether a particle has
passed downward or upward through it. This directional response will help in

eliminating events whose primary enters the side of the spectrometer and gives

rise to a secondary traveling through the charge module.

A gas Cerenkov radiator has a high threshold and is useful in separating
electrons from profons. Hox;vever its use was excluded from consideration for
two reasons. The detector would have to operate at several atmospheres pres-
sure in order to respond uniformly to protons and nuclei with energies as low as
10 GeV/nucleon. The size would have to be large, 5 to 10 feet in each dimension,
in order to generate a sufficient number of photons. This would necessiate a
strong pressure vessel, the walls of which would break up many of the heavy
nuclei, particularly the very heavies. The effective geometry factor would be

small, resulting in considerable loss of data.

For indices of refraction above those of gases, there are no materials which
are transparent and stable at room temperature and low pressure suitable for

Cerenkov radiators until one reaches n = 1.33. Here liquids such as water exist
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and at n = 1.5 solids such as Plexiglas are available. With indices of re-

fraction in this range, the intrinsic response to protons from 10'° to 10'* eV
varies only by about 1%. If n = 1.5, particles with 8 < 0.67 produce no signal,

which would eliminate response to evaporation protons with T < 320 MeV.

The main technical problems with a Cerenkov counter using a Plexiglas
radiator, such as is illustrated in Figure III-11, is that the number of optical
photons emitted is small and their directions of emission are related to the
direction of the incident particle. The thickness of the radiator must not greatly
exceed 1 gm/cm? in order to avoid the too frequent breakup of heavy nuclei. At
the thickness of this counter, 1.36 gm/cm? , a primary relativistic cosmic ray
with charge Z traversing the counter at an angle & with respect to the normal
to the counter will emit approximately 335 Z2? sec & photons in the spectral range
visible to photomultiplier tubes (Ritson, 1961). Typical bialkali photocathode
efficiencies are now 25%, so 84 ¢ Z? sec ¢ photoelectrons would be produced,
where ¢ is the light collection efficiency. Experiments indicate (Coryden-
Petersen et al., 1969) that sufficient collection efficiency can be achieved to

resolve each Z.

The Cerenkov radiation is emitted in a conical wave front whose direc-
tion makes an angle, arc cos (1/mn), with respect to the particle direction.
Part of the radiation is totally internally reflected at the surfaces of the radiator

and is ''piped" to the edges, and most of the remainder immediately escapes at
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Figure I11-11. Balloon Cerenkov detector with adiabatic light guides.
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the first radiator boundary encountered. The light which immediately escapes
serves as an excellent indicator of the particle traversal direction, whereas the

internally reflected light is more efficiently delivered to the photomultiplier tubes.

The fraction immediately escaping can be greatly increased by applying a satin
finish, rather than a highly polished finish, to the plane surfaces of the radiator.
The escaping photons can be collected either from a white—walled light diffusion
chamber or by inserting thin sheets of Plexiglas containing a wavelength-shiftin_

fluor. A portion of the wavelength-shifted light would suffer total internal re-

flection inthe sheetand wouldbe efficiently conducted to the photomultiplier tubes.,

Developmental work utilizing various combinations of internally reflected and

escaping light will be carried out to arrive at an optimum Cerenkov counter de-
sign which will give good photoelectron statistics as well as the direction of
traversal. Two separate measurements of the Cerenkov output will be made,
one of the tofally internally reflected light as vi‘ewed through photomultipliers

and the second of the escaping light viewed in a white light box.

A preliminary version has been flown on balloons (Ormes et al,, 1969) in
which the totally internally reflected light was collected. Angular variations
greater than expected have been found and are not understood. Nevertheless
the compensations can he measured directly and applied to obtain useful charge

information,
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3. Pulse Ion Chambers

An additional charge measurement will be made in the range Z = 20 to
7 > 100, with a set of four large area pulse ionization chambers which will
cover the entire aperture of the instrument, The chambers will be made of
parallel foil electrodes stretched across insulating frames. Each chamber will
have a 2-cm gap filled with Xenon at 1 atmosphere pressure. The total amount

of material presented to the cosmic ray flux will be less than 0.15 gm/cm?.

Each of the four ionization chambers will make an independent dE/dx
measurement of the incident particle. The chambers will be operated in coin-
cidence with the main charge module and the ionization spectrometer which will
resuli in a number of significant advantages:

(2) The main charge module and the ionization chambers will supplement
each other in the charge range Z = 20 to Z = 35, This will aid In resolving
individual charges in this‘range and in particular will help to separate the

charges above Z = 26 from the relatively abundant iron.

(b) The knowledge of the irajectory and energy of the VVH nuclei will
eliminate the effect of most of the -ion chamber pulse-height variations for a
given charge. The major remaining coniributions to pulse-height variations
are due to Landau fluctuations. Landau probability distributions have been
calculated for a number of selected charges. Based on these distributions,

analysis of the four independent pulse heights gives an average resolution of
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dimensgion to the charge measurement. Because of its large density and its
similarity to the electron cascade section it has been placed at the bottom of the

charge detection section.

This Csl is viewed by four photomultiplier tubes looking into a white Light
chamber from the four corners. The chamber walls are painted with diffusively

reflecting white paint (TiO,).

5., Pulse Height Compensations
The opening angle of the charge module is about 75°, and so there are-
large path length variations in the pulse outputs. These have to be compensated
by the knowledge of the trajectory as defined by the direction devices. (The
direction measurements are discussed in the following section.) This technique
is quite powerful and is presently being employed successfully for balloon

flight data.

As an example of the geometric compensations, Figure Ii-12 shows the
pulse height variations of carbon with zenith angle. As can be seen from this
figure, sec @ is a good representation (within é%) for the two plastic scintil-

lators S1 and S2.

In the case of Csl the agreement is not good beyond 40°, This discrepancy
can be understood in the following manner., The CsI scintillator is placed in a

box painted white with photomultipliers at the four corners. The tubes face the
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Figure I11-12. Pulse height variations with zenith angle for different detectors.
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white surfaces opposite the CsI and are arranged so that they do not view the
scintillation direction, Light which comes from a spot near the tubes is coliected
more efficiently than light from the center. In fact when the detector is divided
into nine squares, the center square is found to produce about 15% less signal
than the average from tilé other areas., This affects the response as a function

of zenith angle because extreme trajectories cannot pass through the central
region. The enhancement at large zenith angles is due to trajectories which
come nearer to photomultipliers and thus produce larger light pulses. The less
extreme trajectories are distributed much more equally across the area of the

detector.

Figure II1-13 shows charge histograms for the experiment being flown cur-
rently at NASA (Ormes, et al., 1970). FigureII-14 shows histograms from the
work of the Dani:vah Institute group (Corydon~Petersen, et al., 1969) using
Cerenkov counters in conjunction with spark chambers., The resolution exempli-
fied by these raw data histograms is comparable with that-obtained by Teegarden
et al., (1969), Figure II-6, with much smaller detectors. This demonstrates
the power of the directional compensation technique for obtaining good resolution

using large geometrical factor equipment.
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E. TRAJECTORY DEFINING SYSTEM

For prel:ise enexgy and charge determination it is necessary to know the
trajectory of the incident particle through the charge identification unit and the
spectrometer. One of the difficulties with the determination of the energy
spectrum in Grigorov's experiments on the "proton" satellites was the lack of
the précise knowledge of the geometric factor of the telescope. The energy
deposited in the spectrometer does depend on the incident direction, and there
is appreciable probability for part of a cascade shower to escape through the
sides of the spectromet.er. For absolute infensity measurements, it is necessary
to know if the particle penetrates the whole spectrometer, or leaks out through
the side. In order to measure the energy of each particle accurately, f.he exit
point from the spectrometer should he determined to within +1/4 mean free

path. This implies an angular resolution of +.5° required from the spark

chambers,

Also, for achieving good charge resolution with large area detectors, it is
necessary to apply corrections to the pulse heights based on the trajectory 'of
the particle. These corrections have to be known to better than a few percent
if unique charge identification in the region of Z ~ 26 is to be achieved. Also,
background events from spacecraft structures may enter the equipment and
simulate a complex nucleus. Especially for low abundance nuclei such as

fluorine, it is necessary fo eliminate these types of background,
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The study of directional anisotropies (in the energy range < 105 GeV) have
been performed with instruments with very wide opening angles such as neutron
monitors and meson telescopes. These instmments in general have a tendency
to smooth out anisotropies located in angular regions smaller than the opening
angle of the instrument (Somogyi, 1968). Also, most of these ground based
meagurements do not have any uséfal information regarding tlrfe primaries that
generate them. Even if, for example, heavy primaries are considerably more
anisotropic than the proton component, this would not be detected from existing

measurements.

In this experiment, the trajectory of the incident particles will be defined
to within £.5° for protons and approximately 1° for heavy particles {spark
chamber version)s With supplementary information from the spacecrafi attitude
data and the long exposures that are possible with satellites, a detailed search
for anisotropies of different charged components and different energies could be
made. This objective is unattainable from ground based experiments or
balioon-borne experiments. The HEAO spacecraft scans the sky once in 6 months.
Thus a reasonably complete coverage of the celestial sphere (not obtainable
with any ground based monitor relying on the rotation of the earth for scanning

the sky) can be achieved.

It is planned to get accurate trajeciory wiformation from the use of either

of two alternate systems:

II-560



(1) digitized multiwire spark chambers; or

(2) multiwive proportional counters.
There will be a backup systera making use of wedge-scintillators inside the
spectécmeter {o get an estimate of the direction of exergy flow in case of 2
failure of the main trajectory measurement. All three of these technigues have
heen developed for possible use in high energy experiments and are described

in detail in this section.

The proposed spark chamber system was originally designed for y -ray
astronomy by Fichtel and his collaborators at GSFC. Tt has been flown success-
fully in balloon flights and considerabls experience in interpreting data dealing

with cosmic ray charge composition has been obtained.

A track produced by 2 carbon nucleus 18 shown in Figure I1-15 together
with the least squares best fit fo the direction defined by the set cores.
Figure IM-16 shows the observed zenith angle distribution of carbon nuclei ob~
tained during a 24 hour balloon flight at an atmospheric depth of 10 gm/cm® in
April 1969, The solid curve is the theoretical distribution expected from an
isotropic flux at the top of the atmosphere, The good agreement illustrates the
excellent angular resolution which can be obtained ovér s wide range of incident
angles w;lth digitized wire spark chambers. Also, as a vesult of these flights,
several new ideas to make the spark chambers more suitable for the objectives

of the experiment have been generated. These design improvemenis are
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described in the instrumentation section. The problems and possible solutions
associated with the application of the spark chamber to a satellite instrument

with a lifetime of ~2 yeaxs are also discussed.

The alternative trajectory definition system is being pursued because of
cent improvements in the performance of wire grid proportional counters
(Charpak, 1968). The proportional counters appear to have attractive advantuges
in the long lifetime of the counter gas and in the accurate trajectory determina-
tion for high Z particles. Although they have not yet been tested in balloon
flights, the proportional counters will be developed and tested in parallel with

the spark chamber system.

1. Spark Chambers:

In this section, the systems currently being flown on ballocons by the
GSTFC and MPI groups are described. The description is fo]_loﬁ:ed by a discussion '
of the problems which have come to light in the extension of the system for pro-
longed use in a satellite and for charge spectrum sfudies. The various solutions
and improvements which are under development for the problems are also

pointed cut in'detail.

Spark Chambers in use at the Present Moment: The digitized wire spark
chambers have been developed for space flight application by Ross et al.
(19693, The spark chambers (50 cm x 50 cm) based on the above developmental

work have been successfully flown in balloon flights by the ¥ -ray Astronomy
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and High Energy Cosmic Ray groups of the Goddard Space Flight Center. The
y~ray Astronomy group is planming a one year survey of the sky for y-ray
sources in an e};periment in SAS-B satellite. As the whole spark chamber sys-—
tem has been conceived for ultimate use in a satellite, many of the mechanical
design problems, materials selection problems, etc. have already been anti-
cipated. Also Pinkau's group at the Max-Planck-Institut in Munich has been
working with digitized spark chambers as well as with optical ones. Optical
spark chambers were flown on balloons in connection with the LSU-MPI ionization
spectrometer experiment and in connection with an MPI experiment for the de-
tection of solar neutrons (Heidbreder et al. 1970), Digitized spark chambers
have been developed for a gamma ray experiment to be flown on COS-B satel-
lite. These are wire spark chambers of size 30 cm % 30 cm having core read-
out. Presently (May 1970) a group from MPI is in Palestine, Texas, for balloon

flights of an experiment incorporating these chambers.

Principles of Operation: The spark chamber system is modular in concept;

each module consists of.two wire planes mutually orthogonal (along x, y direc-
tions) with 200 wires in each plane spanning 50 cms. When the spark chamber
is triggered a high voltage pulse (~3 KV) is applied between the two grids. The
low resistance path aiong the trajectory of the traversing particle causes an
electrical break-down and a spark develops hetween the wires in the two planes.
Each wire is connected to a ferrite core, which is set hy the current associated

with the spark., Thus for each event there is an x and y coordinate from each
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module. The readout system (Ehrmann et al,, 1967) interrogates the cores and
passes on the coordinates to the digital data handling system. The system is
designed to have good multiple track efficiency, so complex events can be re-

corded quite well.

Spark Chamber Modules: Each module at present has an effective area of

50 cm X 50 cm and is constructed by strefching 0,18 mm-diameter Be-Cu wires
over a frame of glass-bonded mica. It is proposed to extend this construction to
have an effective area of 64 cm X 64 cm by having 256 wires per plane instead
of the present 200 wires per plane. The spacing between the wire grids is 4.0
mm and the distance between wires in the same plane ~2.5 mm. The ferrite
cores and some of the associated electronics for core intexrogration are located

on shelves attached to the sides of the module,

In the satellite experiment, it is planned to use 8 modules. With efficiencies
of 989 for minimum ionizing particles, the probability of a particle missing
three planes is negligible. The trajectory of all particles can be obtained with

high efficiency (+1 mm).

Container: The spark chamber modules and its electronics are kept inside
a gas container, designed such that cosmic rays passing through encounter a
minimum amount of matter (less than 1 gm/cm?). The flats are of thin aluminum
sheets (1/20"). The gas used is 90% Ne, 10% He, and traces of Argon and Ethanol.

A number of pressure relief valves and other safety devices and gauges are used
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for determining changes of pressure and temperatures and monitoring purposes.
The present design, enclosing the entire electronics associated with the spark
chamber inside a metal shield, has proved useful in preventing noise from high
voltage pulses interferring with the pulse height analysis. Careful shielding,
grounding and routing of signal cables have enabled operation with 1 millivolt

pulses at the PM tube preamplifiers,

High Voltage Pulsers: The modules are driven by Edgerion, Germhauser,

and Greer (E.G. & G) Krytrons (k N-2). The krytrons are triggered by an
avalanche transistor-circuit. Each module has its own discharge capacitor to
minimize problems of energy robbing between modules. Krytrons have lifetimes
Ilimited both by the number of triggers and by the steady erosion by a keep-alive
current (~ 100 A). It is believed that krytrons, as presently developed, are
not suitable for long lifetimes associated with a satellite experiment, In the
next section, problems posed by the requirements of the satellite experiment

and some approaches to their solution are discussed.

Problems of Reliable Spark Chamber Operations for Periods of Years:

At present, the lifetime of a spark chamber is limited by
(1) the purity of the gas mixture;
(2) high voltage pulsers - krytrons, spark gaps; and

(3) random failure of readout electironics,
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Of these three, the last item is taken care of by good design, and redundant sys-
tems of high reliability. This already exists and is expected to be quite satis-

factory.

The problems due to the gas mixture are of a different nature and have to be
faced in any prolonged use of the spark chamber. The spgrk chamber modules
have been designed to keep the outgassing from the different components inside
the spark chamber from developing into a serious threat, The ¥-ray astronomy
group at Goddard has kept a chamber filled for four months and at the end of this
time they could not find any deterioration in the operational behavior of the
chamber. Any problems connected with outgassing from the chamber componenis
will be tackled by providing a gas replenishment system which refills the cham-
ber afresh on command. This need not be done (on the basis of Goddard experi-
ence) more than a few times during the life of the satellite, The associated
moniforing of the contents of the gas chamber with a sensitive mass-
spectrometer is also under development, The problems of the destruction of
the guenching agent (ethanol) by the radiation belf do not appear to be serious
for the HEAO orbit, When the gas mixture deteriorates, it usually results in
Iowered efficiency. By applying a higher voltage, one can regain a higher

efficiency of operation,
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Krytrons, at present, have a useful life at 7 x 10° counts or ~1 month at
a keep-alive current of 100 . A. Currents less than 100 . A cause a delay larger
than 40 nsec and hence are not too suitable. The solution of providing banks of
krytrons to be switched by command is possible for extending the life of the spark
chamber, though not necessarily an 6ptimum or elegant one. E.G. & G. have
recently developed a spark gap with a lifetime of 107 counts. The problem of
keep-alive current lifetime, which is so severe for krytrons does not exist for
spark gaps. Also the deterioration of spark gaps is of such a nature that even
after 10 counts, if sufficient energy could be made available fo the source
triggering‘the spark gaps, the lifetime could be extended. Development is under
way for achieving a lifetime of 10® counts for the spark gaps by suitable energy
sources for H-V trigger circuit. Tor a two year lifetime the number of triggers
for the spark chamber would be~3 x 10° triggers., Therefore, by provision of
banks of spark gaps iriggered on command, it should be possible to have a use-

ful lifetime of ~two years for the spark chamber system,

Improvements for Complex-Nuclei Detection: In an experiment to detect

_particles with Z =1 to 30 or more, the knock-on electrons produced by the
heavier nuclei can cause a problem in the identification of the trajectory of the
complex nucle::L (Ormes et al,, 1970)., The probability of producing a knock-on
increases as Zg; and with an efficiency of ~98% for detection of singly charged
particles, the problem becomes a serious one. The detectors are large and for

good charge resolution, it is necessary to apply corrections for differences in

II1-59



detector response as a function of position. A knowledge of the trajectory of

each incident high Z nucleus, therefore, is essential.

I Figure II-17, the efficiency of the spark chamber as a function of delay
between application of high voltage pulse and the passage of the particle is given.
Tt is seen that the efficiency for detecting singly charged particles falls to 10%
after 3 usecs. For the high Z, however, the efficiency still remains close to
100% as recombination has not removed the ions completely and sufficient
numbers remain for the spark to take place. So, by adjusting the delay based
on the information of the charge detecting sensors; it is possible to get an un-
ambiguous trajectory for high Z particles alone. This system will be tried ina

future balloon flight,

Evidence that this concept may work could be derived from a balloon flight
win optical spark chambers carried out by the MPI group. In one of their
balloon flights with an ionization spectrometer and optical spark chambers
(Schmidt etal,, 1969) the gas mixture in a 4 gap spark chamber became bad
during flight. This caused single minimum-ionizing particles to remain un-
detected while alpha-particles and nuclei with higher Z were still detected

reliably.

Another result of these balloon flights was. that although the multiple spark
efficiency of this chamber was very good (up to seven sparks per gap at 99%

efficiency) the primary tracks of high Z particles in a sufficient number of gaps
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could be reliably found among the secondaries. This was done using 10 gaps,
and in a sample only 3 gaps were used. It worked suifficiently well so that tracks
could be followed into an emulsion stack and all of them were found there (Goza
et al., 1970), Therefore, in the six gap wire spark chamber proposed here, it
appears possible that the primary track can be found among the secondariés.
Which approach to the problem is more efficient will be determined from balloon

flights prior to final construction of the apparatus,

2. Multiwire Proportional Counters:

General: The feasibility of multiwire proportional counters for the trajectory
measurements is being investigated o replace the sparl; chambexrs. Proportional
counters of several geometries have been built at Marshall Space Flight Center.
Those of the type developed by Charpak'’s group (1969) at CERN seem the most

suitable, since they are able to record multiple trajectories efficiently.

The main advantages of the proportional counters over the wire spark
chambers are their expected lifetime and reliability and their capability of dis-
criminating against § rays produced by heavy particles which will be discussed
below. The disadvantages of position sensitive proportional counters for the
application is that the position resolution igs strongly coupled with the power

consumption of the counter system,

The accuracy required for the trajectory measurements with a resolution

of .5° in this experiment can be achieved at a power consumption comparable to
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that of the spark chambers by arranging the location of the position detectors
in the charge modules as shown in Figure [1I-18, Currently, counters are being

developed which are suitable for this geometry.

Two of the x-y planes are located on top of the ionization chamber system
and two X~y planes below the first plastic scintillator (spaced 25 cm apart). The

counters will utilize 256 wires per x-y plane.

The individual counters will have a thickness of 1 ¢m and be filled with a
Xenon CO, mix?:ure at 1l atm. Each x-y plane consists of two insulating frames
with an area of approximately 74 X 74 em. Across the top and bottom of each
frame, wire mesh will be stretched which serves as the cathodes, while two
independent planes of parallel wires located in the center plane of each frame
serve as anodes, The top counter system shares its gas volume with the
ionization chambers. The lower two x-y planes have their own gas system for

redundancy.

Mode of Operation: A minimum ionizing Z = 1 particle produces about 300

ion pairs in 1 cm of Xenon at 1 atmosphere., With a gas amplification of 5 X 10?2

about 2 x 10~ *

coulombs per pulse are collected sufficient to enable the use of
relatively simple preamplifiers with noise figures around 104 electrons for 20 pf

input capacitance.
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Figure III-19 shows the positional resolution obtained with .such a counter
by the MSFC group. These data were taken with an Fe 55 X-ray beam .3 mm
wide, normally incident on the chamber and driven perpendicular fo the wires
in .6 mm steps. The counter had a thickness of 1 cm.and a wire spacing of

5 mm,

At a gas gain of 5 x 10 %, space charge limitations will cause the signal {o
depart from 7,2 dependence at some charge above Z = 4, depending upon the
length of anode over which the discharge is spread. This, of course, is of no
consequence for the trajectory measurement since for that one needs only a

signal above a certain discriminator level but not the absolute pulse height.

A desirable characteristic of the proportional counter assembly is the pos-
sibility of discriminating against 8 rays produced around the path of heavily ion~
izing particles. With two discriminators following the amplifiers, it appears
to be possible to virtually eliminate the effects of § rays, Compton electrons,
and shower-produced particles on the position resolutioh for high Z particles.

If one discriminator were set for minimum ionizing Z = 1 particles and the other
set for Z X 3, the trajectory measurement made by the upper discriminator
would not be degraded by the above effects, since the energy deposit by § rays

on adjacent wires would seldom exceed 45 KeV. Two series of flip-flops would
store the position information, as compared to the ferrite cores for the spark

chambers, and the flip-flops would be read by the scanning electronics.
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Lifetime and Reliability; The lifetime of a proportional system is expected

to exceed the lifetime of a spark chamber. In the proportional counter there is
far less wear of the counter gas and no high voltage pulsing system. Assuming
that the counters can be shut down during the passage through the South Atlantic
Anomaly, a sealed gas system may yield a lifetime of 2 years with no refill, A
gas supply system for refilling the counters (see spark chambher section) would

then be a backup system only.

The addition of 2 10% CO, to the Xenon filling will make the counter gas
relatively insensitive to contamination. It should also be noted that electro-
negative gas contamination initially degrades the energy and time resolution of
the counters, but these are not very critical in this application. Theréfore, the
life of the proportional counters for this application may be extended by raising
the supply voliage on command, whenthe gas becomes contaminated to the extent

that the pulse height decreases,

Limitations due to quenching gas dissociation and other effects associated
hY
with the total number of counts generally occur for Xenon-CO 2 counting above

12

10 counts/ em >, This limit should not be reached if the connter is shut down

during passages through the South Atlantic Anomaly.

Redundancy of the Proportional Counter System: Two counter systems

(top and hottom) are propbsed that operate from separate gas supplies. Each
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wire plane within one system will have its own HV supply, and each wire will

have a separate amplifier and discriminator.

With all subsystems operating, the position resolution of +,25 mean free
path length for the exit point of a proton will be achieved. With the inner two
systems failing a resolution of +.5 mean free path will be achieved; with the
outer systems failing .75 mean free path; and with eithex the top or bottom
system failing an accuracy of 1,5 mean free paths will be possible. In all
failure modes the position information can be obtained by evaluation of the

scintiltator wedge position data.

Present Status of the Proportional Counter Development: Detailed studies

of the behavior of proportional counters are being made with regard to the

following areas:

(1) study of counter construction materials with regard to outgassing;

(2) effects of gas contamination from outgassing and dissociation of the
quenching gas;

(3) space charge effects for very high Z particles;

(4) low power amplification and readout systems; and

(5) Monte Caxlo calculations of the anticipated response including & ray

effects.
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A balloon flight of a charge module consisting of a multiwire proportional
system for position measurement, 4 ion chambers, and a Cerenkov counter is
planned for the fall of 1970, The response of high Z particles and the 8 -ray

discrimination techuique will be examined in detail on the balloon flight.

3. ‘Wedges:

In a satellite experiment it is always worthwhile fo have redundant de-
vices for measuring all significant parameters. The direction of each incoming
particle is extremely important to both the energy measurement and also to the
charge determination. The direction of an incident charged particle can be
determined by the scintillators in the spectrometer. If the scintillators are .
wedge shaped, then the light ocutput depends on the thickness of the wedge at
the particles point of incidence and hence on the distance of the particle trajectory

from one edge of the scintillator. In the case of particle cascades the number

of particles must be known for normalization, hence a double wedge of constant

total thicknesg must be used. Pinkau et al, (1969) have shown that it is possible
to measure the direction as well as the total energy content of electron induced

cascades with a system of double wedges between absorber material,

In Figure II-20 the method of measurement is demonstrated. Photo-
multiplier tubes look into the end faces of a double Wed;ge scintillator and yield
signals A and B upon traversal of a charged particle at distance y. Then if S is
the signal per unit path length of a charged particle, the signals A and B can

be expressed as:
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and

where a and b are the dimensions of the scintillator., Now the guantity,

is a measure of y independent of 8. In the case of k particles at the distance

A =Syb/a,

B=S(a-y)b/a,

Q=A/(A+B) =y/a,

y; (i=1,2,. k) the equations are:

and

Hence:

where

k
A:S(b/a)Zyi,
i=1

B=S(b/a) )—(a-y,).

i=1
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y is the center of gravity of the shower, So, as long as the shower axis (direc-
tion of momenium of primary) coincides with the center of gravity of charged
particles at any given depth of cascade development the position of the shower

axis can be determined,

Pinkau et al. (1970) used scintillator wedges of size 22 x 116 mm. The
error in the determination of the shower axis at 2 to 3 radiation lengths absorber
depth was Ay = + 9 mm for 2.3 GeV primary electrons and Ay = x 6 mm. for 5.3
GeV electrons. In the proposed spectrometer the scintillators of one module,
viewed by one PM tube, have a total thickness comparable to that used by Pinkau
et al., but the lateral dimensions are about four times as large. Thus, the ex-
pected error in the present case would be = 36 mm and + 24 mm at the energies
stated. Assume 40 mm in the worst case; then from top to bottom of the spec-
trometer, 74 cm deep, the angular resolution would be a few degrees. The
orientation of the wedge-shaped scintillators will be arranged so that alternate
modules provide x and y coordinate information, i.e., therewill befive x measure-
ments and five ¥y measurements for cascades penetrating the inner 10 modules
of the spectrometer. In the case of failure of the spark chamber this would

represent an adequate replacement.
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IV. INSTRUMENTATION

A. ELECTRONICS AND DATA HANDLING SYSTEM

This experiment is designed to measure the properties of cosmic rays over
a large range in charge and energy. This requires a very large dynamic range
electronics system and will produce over 1000 bits/event. With this large bit
rate one would quickly saturate the spacecraft telemetry system. However, the
steeply falling nature of the energy spectra under observation solves this dilemma.
Each event will be assigned a priority, with the priority increasing with the
charge and also with the energy of the particle, A buffer storage capable of
handling several events will be the interface between this experiment and the
spacecraft data handling system. Events will be fed to the telemetry on a
priority basis, and the lowest priority event awaiting readout will always be
subject to being replaced by an event of higher priority should one ocecur.
Priority will be reorderable by command should a failure or other anomaly occur
which might affect the system. In this way very plentiful events will be randomly

sampled while rare events will all be saved.

So that it can operate as a reconfigurable instrument, a broad range of

command capabilities will be necessary to meet any pogsible contingencies.

To achieve increased reliability redundancy has been provided in all crucial

areas with no real penalty in weight and with minimized power penalty, The
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provision of suitable rate data will enable the complete reconstruction of the

incident energy and charge spectrum without any bias due to the priority system.

The digcussion of the electronics will he divided into seven subsections:

(a) A major element will be the coincidence trigger system which gelects
events, classifies them, and assigns them priorities.,

(b) The analog section, which will require a dynamic range of 105, consists
of the P, M. tubes, preamplifiers, and the gating system.

(¢) The pulse height analyzer section will digitize the analog pulses.

(d) The directional readout interrogates the memory of the spark chamber
or proportional counter {0 determine which wires have been activated.

(¢) The digital data handling system will format the data and act as the
control interface to the spacecraft readout systems.

(f) The experiment will be monitored by occasional readout cycles devoted
to housekeeping, rate, and calibration data.

() A command implementation section will receive and decode commands

from the spacecraft and reconfigure the experiment accordingly,

TFor the purposes ot discussion, the modules will be identified in the order
that they are seen 5y the incident particles. For example, W1 is used to mean
the output from the first tungsten module the‘ incident'particle sees. Two elec-
tronics systems will be employed, one associated with each end. This optimal

use of the spinning spacecraft leads naturally to the redundancy of two complete



electronics systems. The two systems and their basic subsystem are shown in

Figure IV-1. The interrelationships of the various subsystems are shown in

more detail in Figure IV-2.

Each of the electronic subsystems will be considered separately.

Coincidence; Figure IV-3 sh(;ws the basic trigger requirements for
selecting events. All particles will be required to pass through the plastic
scintillators S; and §,, forming a master coincidence. Events will be classified
as belonging to one of the following "modes" of triggering:

(1) E Mode: Electrons, which cannot be separated from protons in the
charge module, will be required to give a pulse indicating that at least a 10 GeV
electron shower is present in the first tungsten module W, . This module is 10
radiation lengths thick with three separate samples taken at 6.7, 9.9 and 13.3
radiation lengths. These three thresholds are indicated by the arrows in Figure
III-7 and are designed to be 90% efficient for detecting 10 GeV ;;rotons based
upon Monte Carlo studies of the cascade fluctuations. If any of the three pulse
heights falls below the level indicated, the event will be rejected. The CsI layers
are not used in the coincidenrce requirements because of their slow rise times.
This requirement is relatively insensitive to proton interactions (Silverberg
et al., 1970). The protons which masquerade as electrons will be further tagged
by the response of the remainder of the spectrometer and will be eliminated in

the data analysis stage.
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(2) P Mode. Protons and helium nuclei will be identified by the criteria
shown in Figure IV-4., A pulse will be required from the tungsten spectrometer

which indicates an energy deposit greater than a threshold energy E, in the

t
spectrometer. In addition, a substantial energy deposit will be required in the

n® (6 < n < 12) module where n is command adjustable.

(3) Z Mode., The heavy nuclei will be identified by their large pulses
in the two plastic scintillators and the Cerenkov detector as shown in.Figure
IV-5. These heavy nuclei are rare enough that all particles passing through this
geometry can be accepted, and 8o no minimum energy deposit is required from
the spectrometer. A low Z mode operates between pulse heights of 7 and 20 times
those of minimum ionizing, singly charged particles, These correspond to
vertically inc;ident Li and Be nuclei. However, from balloon flight experience,
it is found that significant numbers of large angle alpha particles can also satisfy
these requirements and so the low Z geometry is "stopped down™ by the additional
requirement of a moderate pulse height in W,. Furthermore, it has been found
that a significant background of events occur in which S1 and 82 give pulse
height values inconsistent by more than a factor of 4, These events constitute
an. unwanted background and are eliminated by the simple requirement shown.
IS, and 8, are 20 X minimum and the Cerenkov is 6 X minimum then the

event is acceptable as a high 7 particle.
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A complement to the high Z mode is a VH mode of larger geometric factor

which requires only a coincidence between the scintillators, S and S,

(4) Calibrate Mode. Every 64th event, all the threshold requirements
are relaxed and the first available cosmic ray event passing through 8, and 5,
is analyzed. This gives a random sampling of the background and is most use-

ful as a data analysis aid,

These modes givel a total counting rate of 10 - 20 counis/sec. The coinci-
dence requirements will be command modifiable by the addition or subtraction
of various requirements so that in the event of a malfunction or unexpected
tr.igger rate, the situation can be rectified. For example, in Figure IV-4 com-
mands are explicitly shown which could modify the energy threshold requirements

from the tungsten modules or change the friggering geometry.

(5) Priority Scheme. The rarity of events can be related directly to the

mode of triggering and to the response of the spectrometer. T'he priority assign-
ment will have sixteen levels and will be defined by the matrix shown in Table IV-1.
It is similar to a sc};eme developed for use on IMP-I (Cancro, 1969). This will
result in 8 khits/sec of data, an optimum and desirable bit rate, However, in
case'the spacecraft constraints dictate a lower data rate the priority scheme

will adapted to make a more suitable selection of events.

The gradation is fastest in energy because of the steep spectra. This
priority matrix can be reordered to emphasize certain features by reassigning

by command the priority of a given trigger mode.
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Table IV-1
EVENT PRIORITY ASSIGNMENT

Trigger Low High

Particle Mode P ¢ 7 7z E VH
Energy

: Priority 0 2 3 4 5 6
10 GeV 1 1 3 4 5 8 7
102 GeV 2 2 5 5 8 7 9
10° GeV 4 4 6 7 8 9 10
10 Gev 8 8 10 11 12 18 14

The priority selection of events is shown schematically in Figure IV-6. The

priority comparator operates in the following manner, There are four events

in buifer storage, all with a priority rating. The highest priority event is being

read out by the spacecraft. Another event occurs and is assigned a priority.

its priority is lower than that of the stored events, then it is analyzed. I its

priority is higher than any of the events in.the buffer, the current event is read

into the buffer containing that event with the lowest priority. Any of the four

buffer channels which fails can be eliminated by command, This acts as a hedge

against some unexpected background in some mode swamping the counting rate

of all others. This system builds upon a technique developed first for a Pioneer

experiment (Cancro, 1969a).

Analog section: Each of the detectors will be viewed by 2 or more photo-

multipliers giving a redundant tube for every detect

or in the event of failure.

RCA ruggedized venetian blind type tubes with bialkali cathodes will be used in
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most cases. Table IV-2 gives a summary of the photomulitiplier tubes, the pulse
height analyzers and their uses. The signals from the two photomultipliers on
each module will be added. In the event of failure a loss of gain will occur and
more geometric corrections will be necessary fo the pulse heights, but the de-

tector will not be lost completely.

The 10° dynamic range required of the experiment presents the only major
problem for the electronics. The ideal solution involves a logarithmic amplifier
;co be the first element seen by the pulse from the photomultiplier fubes. This
alternative is shown in Figure IV-7, Such an amplifier suitable for space ilight

use does not exist.

Development work on the logarithmic systems will be conducted in the next
year. The dynamic range of the subsequent electronics is determined by the

desired accuracy,

In a logarithmic system
Channel No, out = k log (pulse height)

_ number of channels
" decades of pulse height ’

the fractional width of each channel w is given by

Iogw=%;—-.

In this case, 5 decades are required and they can be fed into a 10 bit scaler
(1024 channels) giving a channel width of 1.15%, an accuracy which easily ex~

ceeds that which is obtained from the ionization spectrometer and is perfectly
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Table IV-2
SUMMARY OF ANALOG COMPONENTS

Number of | Number of Modules Number of Channels | Number of Number of
Detector PM Tubes x er Module PM Tubes | PHA Channels
per Module Number of Ends P
S, 2 1 x2=2 1 4-51 2
S, 2 1 x2=2 1 4-3" 2
cC 8 1 x2=2 2 16-5M 4
CsI Charge 4 1 x2=2 1 8-5" 2
o1 Zlectron 2 5 x2=10 1 20-21" 10
Cascade
W, 1 x2=2 3 12-2" 6
W Spectrometer 4 10 x1=10 2 40-2" 20
Ion Chambers 4 xX2=8 1 8
Remarks 104 54
S L Adiabatic light pulses 28-5"
Totals
S, - Adiabatic light pulses 4-3"
C ~ Two parts, one for charge, one for direction 72-2m

CsI Charge - Light Diffusion Chamber

CsI Electron Cascade -

W Spectrometer - Ratio of two outputs from wedge shaped scintillators gives particle direction in -

Spectrometer,

W, - First and Last W modules
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adequate for the charge detection section. Thus the 10° dynamic range is con-

verted_ into a 10° dynamic range, 2 much more manageable dynamic range.

There are several approaches to attaining such a logarithmic element. One
attractive possibility is to use the PM tube itself, By adding all the dynode pre-
amplifier outputs and by limiting the output voltages to a constant value, a step-
wise linear system would be attained which would closely approximate a logarithmic

response.

¥ this extended dynamic range cannot be attained in a single preamplifier,
a system. utilizing two photomultiplier outputs as shown in Figure IV-8 could be
used. In this case each preamp has a range of 10%. The reduced dynamic range

causes a significant increase in complexity.

In the event that logarithmic preamplifiers are not developed a fall back
design exists. This is outlined in Figure IV-9 and makes use of four separate
photomultiplier outputs. This alternative involves considerably more complex

circuitry.

Pulse Height Analyzers: The pulse height ana.lyzérs, gates, and gain

selection circuits are all standardized in mociular form and are qualified for

space flight use (Cancro, 1969b). The pulse height analyzer is shown in Figure
IV-10. These systems utilize gain switching and have been flown on IMP satellites.
The alternative method of having each pulse height analyzer look at more than

one stored pulse (using long teﬁn pulse storage) has been considered. This

has the disadvantage that very high digitizing frequencies must be employed to
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keep the dead time low, This would be incompatible with the low power require-

ments of the scaling circuits and the digital output buffers.

Positional Wire Readout:

The spark chambers have been adapted from those developed by the ¥y -ray
astronomy group at Goddard and discussed previocusly. The readout and elec-
tronic systems have been discussed in various publications (Ehrmann, et al.,
1967} and have been found adequate for this purpose. In the balloon tests so far
conducted the core readout efficiency was less than 100% but in a manner which
has not prohibited track identification. This situation has since been remedied

by improved sensitivity.

The readout of the spark chamber involves the direct digitization and digital
storage of the input information. Each of the grid wires threads a magnetic core,
which in turn, receives and contains its datum of information when the high volt-
age is pulsed to the chamber plates, The cores are normally in the quiescent or
nreget! state between operations. Spark current in a wire "sets' a core, and the
treadout” act of determining which cores have been set by the events resets the

cores.

The core readout circuits can be described as follows. The total spark
chamber system contains 16 decks of 256 wires each. This provides 8 %, ¥
pairs of coordinates and makes up a system containing (256 X 8 X 2) = 4096
wires. Each 256 core tray is made up of a matrix of 8 sense lines, 8 current

pulsers and 4 grounding circuits. The cores are sensed in a gerial order so
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that the position of the set core is given by the 8 bit core number. A ninth bit

differentiates between x and y, and 10, 11, and 12th bits give the deck number,

The readout is accomplished by the following sequence of evenis. After an
event occurs the first 8 cores of the first tray of the x array are read into a
shift register. The shift register is then advanced until either a set core is
found or until all eight bits have been examined. If a set core is found, its
address (which resides in a register) is recorded, and shifting continues. After
the eight sensing circuits have been examined the next current pulser interro~
gates the next eight cores and shifting co_ntinues. This process is continued
across the tray until all 256 cores have been interrogated. This process clears

all the set cores for the next event.

Several alternative readout schemes have been considered. The most
obvious alternative implies the transmission of 16 x 256 = 4096 bits of informa-
tion per event, The scheme used is far more efficient because it relies on the
fact that a typical event being detected in the chamber will set 30 or 40 cores.
Since each core requires 12 bits of data to be localized, the transmission of the
location of only those set cores requires approximately 40 x 12 = 480 bits, a

saving of almost a factor of 10.

A further reduction in the amount of data transmitted can be effected (since
the chamber is scanned across eachtray and many sparks spread to more than

one wire) by simply adding two bits to the address of a set core, If adjacent
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cores are set the number of adjacent cores is transmitted. This reduces the
data transmitted by more than 33% based on an analysis of balloon flight re-

sults,

The spark chamber will be read out into the output buffer simultaneously
with the pulse height analyzer data. Two limitations to the recycling time
exist. First is the speed at which cores can be scanned, and the second is the
high voltage capacitor recharge time. Work is presently being done on both

these factors to reduce ibe dead time,

The alternative trajectory definition system using wire grid proportional
counters will have a readout system which is basical'ly similar to that of the
spark chamber. In the s'park chamber system the temporary st;:yrage element
used is a magnetic core, in the proportional counter system it is a semi-
conductor bistable device, The number of wireg in both systems is similar but
the proportional counter system will have twice the number of storage elements,
corresponding to the two dis criminators which sense whether a singly charged
or multiply charged particle passed near each wire, The upper level (multiply
charged particle) storage should have fewer stored bits than the lower level
(singly charged particle) storage. (It would reduce the data readout requirements

if only the high levels storage is read out.)
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Consequently the readout considerations mentioned above apply equally well

to the proportional counter system.

Digital data system: The digital data handling system will program the
outputs of the pulse height analyzers into a suitable format and control the
scanning of the spark chamber for set cores. It will order events in the experi-
ment spacecraft buffer for transfer to the spacecraft data-handiing systems. It
will insert event identification numbers into the readout pattern, edit out un-
necessary data (e.g. PHA outputs of zero), number the'analyzer outputs, ete. For
handling data of this type, unique integrated circuits have been developed at
GSFC (White and Lokerson, 1970). Two of these ""bugs" wiil have direct appli-
cability to this experiment. In Figure IV-11, an accumulator with buffer storage
is shown which would act as the memory device. The experiment will contain
208 (4 sets of 52) of these units to handle the pulse height data and a comparable
number for the positional data. A second "bug'* shown in Figure IV-12 will be
used for all the rate data. It contains a 24 bit counter with a logarithmic com-

pressor to a 12 bit output word.

Calibration, Rate, and Housekeeping: Occasionally the data system will

switch the experiment into a calibrate mode of operation in which calibration
data, rate, and housekeeping data will be read out in place of the normal output.
Light sources (scintillators doped with o particle sources) on or near the face

of each photomultiplier tube will be used to calibrate the detector. Coincidence
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requirements will be relaxed and each detector will be pulse height analyzed. The
pulse height distributions from each photomultiplier will be transmitted. This
will allow the detectors to be monitored from the ground for gain drifts, and

other failures. In addition, the housekeeping cycles will read out the necessary
voltages, temperatures, pressures, etc. to monitor the operation of the instru-
ment. Of critical importance will be the monitoring of the gases of the positional
detectors and the ion chambers. A small mass spectrometer will be placed in
each gas to monitor its composition. Rates of all thresholds, partiél coincidences,
rejected events, and over-ridden events will be scaled in ordex to moritor per-

formance and to correct fluxes.

Commands: Based upon information learned from the above performance
monitors, commands will be sent from the ground which will reconfigure the
experiment in light of the ground information. Commands will be required to
do the following:

(1) Switch to redundant circuits in the event of failure.

(2) Reconfigure the coincidénce requirements by removing or adding dif-

ferent detectors and/or threshold levels fo given coincidence modes.

(3) Reassigning priorities,

(4) Changing threshold energies by switching in different threshold

circuits.,

(5) Changing or purging gases in spark chamber and the proportional

counter,
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(6) Switching info a calibrate mode of operation.

(7) Turning power off and on various subsystems and/or the whole
experiment,

(8) Switching to calibrate mode and commanding housekeeping data to be
{ransmitted to ground \fc'>r diagnostic purposes.

(9) Changing the high voltage of the directional detector and/or switching

in new spark gaps.

These functions are estimated to require at least 16 ~ 5 bit command words

and 128 discrete on-off commands.

Ground Support Equipnient: The ground support electronics and checkout

equipment for this experiment would be exceedingly complicated if it were to
consist of specialized equipment. It will be handled far more easily and flexibly
by a small digital computer. In addition, this approach is the most economical.
The main problem is one of memory capacity to handle the large amount of data
generated per event, Ground support equipment for balloon flight instruments
have been designed with a basic concept similar to the above consideration and

found to be very useful for decisions regarding the performance of the equipment.

Testing and Redundancy: The electronics systems fo be used are standard

gpace flight qu_alified units., They will be tested individually and again as an

integrated unit in order to insure proper operation.
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The experiment is multiply redundant. The experiment has separate elec-

fronics on different ends. Two photomultipliers view each detector. Four event

output buffers are used, etc. As can be easily seen, a multiplicity of failures

can occur and the experimental objectives can still be met.

The spacecrait electrical requirements are as follows:

L,

2e

3.

4‘

5.

Power: 50 watts continuous

Voltage: The 28 - 33 volts raw power from the spacecraft will be con-
verted and distributed within the experiment.

Telemetry: The experiment will trigger at the rate of 10 - 20 events /
sec and will produce 1000 - 1200 bits/event. This will be converted to

a bit rate of 8 kbts/sec or less of continuous data (see priority scheme).
Commands: 16 - 5 bit command words and 128 discrete on-off commands
will be minimal for operating this sytem. Redundant eircuitry will be
selected, on-off switches for shutting down all or part of the experiment,
gas changes will be initiated and the laboratory will be reconfigured by
ground command.

Time mformation: Spacecraft time should be available for identification

of event times to the nearest millisecond.

B. MECHANICAL SYSTEM

The structural and mechanical components of the High Energy Cosmic Ray

experiment consist of housings for the various modules, a number of high density
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moderating plates interspersed between plastic scintillators, a support structure,
a pressure vessel, a gas purging system, and miscellaneous electronic equipment
packaging, The stack-up of sensor modules in this double-ended experiment is
as follows:
1. Pulse Ion Charber
2. S-1 Scintillator
3. Spark Chamber
4, Cerenkov Counter
5., 8-2 Scintillator
6. Cesium Jodide Diffusion Chamber
7. Five Cesium Iodide Modules
8. Twelve Tungsten Modules
9. Five Cesium Iodide Modules
10. Cesium Iodide Diffusion Chamber
11, S-2 Scintillator
12, Cerenkov Counter
13, Spark Chamber
14, S-1 Scinfillator
15. Pulse Ion Chamber
The geometrical relationships of these elements are shown in Figures IV-13

and IV-14,
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Figure [V-13. High energy cosmic ray experiment, side view.
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Tungsten Modules:

The tungsten modules are made up of four (4) tungsten plates with a plastic
scintillator sheet between each pair. These plates are bolied fo two side plates
of aluminum, which provide the structural frame for each medule and the con-
nection into the primary support structure. On each of the two remaining sides
-of the module, an aluminum light transmission chamber is attached. Each of
these is equipped with two photomultiplier tubes housed in aluminum cans which
view the edges of the plastic scintillator sheets. Each outer tungsten plate is
.289 inches thick and each inner one is .578 inches., The plastic scintillator
sheets are made so that each consists of two wedges with alunimum foil between.
Light from one wedge will therefore only travel to the phototubes on its side of the
module, thus providing position information regarding a particular cosmic ray
particle. See Section I B for more detailed explanation of the operation of the

tungsten modules.

Cesium lodide Modules:

The cesium iodide module consists of a square aluminum frame which
supports a block of cesium iodide, and two light transmission chambers with a
photomultiplier tube on each. The cesium iodide is 18 inches square and 2
centimeters thick. Because the module is only .787 inches thick and the photo-
multiplier tube assembly is over 2.0 inches in-diameter, the positions of the

photomultiplier tubes on the light transmission chambers are staggered from
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one module to the next. This allows each tube assembly to overhang its light

chamber without interference.

Cesium Iodide Diffusion Chamber:

The diffusion chamber is an aluminum sheet metal box approximately

4 inches high and 35 inches square. On the inside it contains a 3 mm thick
sheet of cesium iodide, 50 cm square. I has four photomultiplier tubes viewing
into the box, near the four corners, The inner surfaces of the bog are painted

white for maximum light reflection.

5-2 Scintillator:

This unit is an aluminum housing for a sheet of plastic seintillator with
plastic light pipes. The scintillator is .250 inches thick and 19 inches square.
A series of lucite light pipes are adhesive-bonded to two of the edges of the sheet,
Each bundle of light pipes leads to a photomultiplier tube in an aluniinum can.
The overall width_ of this unit is 22.75 inches and length is 48.25 inches. The
housing is .875 inches high at the center with a cover box at each end for the

light pipes.

Cerenkov Counter:

The Cerenkov counter is in an aluminum chamber which houses a 500
inch thick Cerenkov scintillator. The scintillator is 21.2 inches square and

has light pipes extending outward from all four edges. Each bundle of Iight
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pipes terminates at one of four photomultiplier tubes. In addition, the inside of
the chamber is painted white, similar o the diffusion chamber, so that light may
be reflected into four additional photomultiplier tubes which are 10cateci near the
four corners of the scintillator, viewing into the box. The main chamber is 62
inches long, 49 inches wide, and 4 inches high, Four boxes, 2-1/4 inches high,
are mounted on top of the main chamber fo provide for the_light pipes and their

photomultiplier tubes. Each tube is mounted in a can.

Spark Chamber;

The spark chamber structure is primarily a gas tight, low pressure
vessel which provides a proper gas environment for the high voltage wire grids.
T contains a set of eight wire grid frames and the associated electronic com-
ponents. The gas is a mixture of neon and argon with a small percentage of
alechol. The chamber is a short cylinder 6 incheslhigh and 48 inches in diameter.
In order to minimize the interactions of the incident cosmiec ray. particles, the
upper and lower surfaces are made as thin as possible. The "windows'" as they
are called have been made of .020 aluminum on units successfully flown on
ballcons. Similar windows may be used on the proposed spark chambers. How-
ever, because of requirements for gas replenishment in flight, with attendant
pressure variations, other window materials and thickness will be investigated.
Also while present balloon fiight spark chambers have had flat windows (since
they did not have to replenish the gas) it is intended to investigate the possibilities

of curved windows which could tolerate greater pressure loads. The seals used
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on existing spark chambers have been "O" rings. Since the required diameters
of the main seals are large, (about 30 inches), it may be found that acceptable
leak rates for long duration space flight cannot be obtained reliably with "'O" ring
seals. In this event the main joints w::dl be designed with metal to metal seals
similar to those successfully flown on Explorer 17 and Explorer 32. On these
spacecrait a copper shear gasket joint 30 inches in diameter was used. The
total helium leak rate of these spacecraft, which included nineteen other similar
sealed ports, was less than 1 X 10°° std. ce/sec. This leak rate would be per-
missable for _the spark chambers for this mission. A spark grid is shown in its

chamber in Figure IV-15.

5-1 Scintillator:

This unit is similar to the S-2 scintillator assembly except that it is
slightly longer and wider. This provides a larger scintillator, which is neces-

sary from the standpoint of the entry cone angle. The total length is 62.75

inches and the width ig 27.1 inchea.

Pulse Ion Chlamﬁer:

The- pulse ion chamber is somewhat similar to the spark chamber in that
it is a gas tight low— pressure vessel, This unit however contains a different gas
(Xenon) which does not degrade and therefore does not have to be replenished.

It contains a serieg of iligh voltage plates suitably ﬁomted in the chamber, It
also must have thin "windows" top and bottom to minimize the interactions of

cosmic ray particles,
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Gas Replenishment System:

Tests with existing spark chambers that have been flown on balloons have
shown that the aleohol constituent in the spark chamber gas is gradually decom-
posed by the sparking action, Over a shoxt duration flight this poses no problem.
On a spacecraft flight however where the experiment is intended to operate for
a year or more it will be necessary to replenish the gas in the chamber after
several months of operation. To provide this capability a pressurized gas sys-
tem is included in the design of the experiment. A schematic di;gram of the
system is shown in Figure IV-16. It consists of two spherical supply tanks and
the required plumbing lines, fittings, valves, regulators and miscellaneous
components needed to change the gas in the spark chambers by command from
the ground. Sufficient gas is contained in the tanks for at least four flushings.
Two tanks are included in the system with cross-feed capability, so that either

spark chamber can be filled from either tank, thus providing redundancy in the

event of one tank failure,

In this experiment the spark chamber is just one sensing element in the
complete stack. Since the total height is limited by spacecraft size, the spark
chamber must be relatively flat. This results in flat or nearly flat windows.
These flat windows of thin material are unable to withstand the pressure dif-
ferential that would exist across them if the inside was pressurized to 1
atmosphere while the outside was at vacuum, or if the chamber were evacuated

while 1 atmosphere of pressure.existed on the outside of the spark chamber.
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The first condit.ion would exist during normal operation if the experiment was
not housed in a pressure vessel. The second condition would exist with the
present design during spark chamber gas elimination if the chamber was com-
pletely vented to space. In order to effect a change of gas when needed in the
spark chamber, the present design makes use of a slow bleed or flow restriction
in the vent line. This will enable a nearly constant pressure to be maintained in
the chamber while it is being slowly purged. It requires a pressure regulator on
the incoming line to maintain the pressure of the inlet gas at 1 atmosphere. A
flow restrictor somewhat similar to this was used successfully on Explorer 32.
In that case the requirement was for a restrictor that would produce a bleed
rate slow enough so that spacecraft pressure would decrease at approximately

1 atmosphere in 48 hours when the valve was opened. This is considered to be

a more siringent requirement than that needed for the spark chamber,

The gas pressurizing system is installed inside the main pressure vessel
to minimize through fittings and increase reliability. Fill valves are located
externally so that the system can be filled and checked out after the experiment
is installed in the spacecraft., It is expected that the final filling of the system
would take place on the launch gantry. The entire gas pressurizing system is
intended o be based on existing components such as valves, regulators and

tanks that have been previously qualified on other space flights.



Pressure Vessel:

The entire experiment is housed in a pressure vessel tﬁat provides an
environment of 1 atmosphere of nitrogen. This gas environment serves two
main functions, it prevents arcing and corona problems with high voltage leads
and it eliminates a large pressure differential across the spark chamber and
ion chamber windows. The pressure vessel is a cylinder with two domed ends.
It has a diameter of 64 inches and a length of 96 inches. This length fits within
the spacecraft dimension across the flats, The domes are secured by bolied
flanges with "O" ring seals. Thickness of the domes is critical for the same
reason as the spark chamber window, to minimize interactions of cosmie rays.,
If made of aluminum the domes would be in the order of 0,100 inches thick,
Studies will be performed to determine if a lower value of mass per unit area
~ can be achieved with titanium. A micrometeorite bumper will be incorporated

if penetration probabilities warxrant this,

Internal Struecture:

A truss structure inside the pressure vessel supports tne experiment,
Four ‘columnn members at the corners of the tungsten modules provide direct
support for these units and indirectly for the other components. The truss
members carry loads through to heavy rings at the wall of the pressure cylinder.
These rings provide attach-points into the spacecraft structure. Secondary
structural members are used to support the ends of the photomultiplier tubes
and other items which are cantilevered and in need of additional support. This

structure is shown in Figures IV~17 and IV-18.
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12. Handling Dolly:

To position the experiment for assembly and checkout, a handling dolly
similar to.one presently in use at Goddard for the IMP I spacecraft will be de-
signed. This will provide rotation of the experiment about two axes and enable

access to any portion.

Weight estimates of the various components are summarized in table IV-3.

Table IV-3
WEIGHT AND MOMENTS OF INERTIA
e e | | e
a. Pulse Ion Chamber 60 Ibs, 2 120.0 1bs.
b. 8-1 Scintillators 30 2 60.0
c. Spark Chambers 160 2 320.0
d. Cerenkov Counters 50 2 100.0
e. 5-2 Scintillators 30 2 60.0
f. Diffusion Chambers 40 2 80.0
g. Cesium Jlodide Modules 46 10 460,0
h. Tungsten Modules 318 i2 3816.0
i. Pressure Vessel, incl. Struct. 900 1 " 900.0
j. Gas press. syst, 38 1 38.0
k. Electronics. set 80 1 80,0
6034 Ibs.

Moments of Inertia are estimated-to be as follows:

I_ =460 slug ft.2 : (launch axis)
I =290 shig f.” {instrument axis)
I =460 slug ft.2 (spin axis)
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Figure [V-17. Support structure, side view.
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Figure IV-18. Suppert structure, top view.
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It should be noted that this proposal bas been written towards a design
weight of 6000 Ibs, If more weight were available to this experiment it would be
put into the spectrometer section, and the geometric factor increases like the
square of the weight allotted in this design. This gain is rapid and is accom-
plished by merely changing the dimensions of the spectrometer. No additional

changes would be required to take advantage of any increased allotment.

The spacecraft mechanical requirements are as follows:

Weight: 6,000 ibs.

Size & Shape: Cylinder; 100 inches long, 64 inches in diameter.
Field of View: 2 ends + 60°.

No pointing required.

Agpect information to + 2°,

Accessibility: Normal for servicing.

Thermal + 20°,

e B U T o L

Meteorite: Experiment will bg enclosed in a gas-tight container

which also provides meteorite protection.

9, South Atlantic Anomaly: Experiment will have automatic shuidown
capability.

10. No other experiments should be within field of view.

11. Mechanical structure not in field of view.

12. Local spacecraft structure will have to be mated to the experiment
support system which will carry the weight from the spectrometer
through the gas container wall.

18. It is expected to be located near the center of rotation of the space-

craft due to the large payload weight.
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V. CONGCLUSIONS

A, SUMMARY REMARKS

Breakthroughs in information on.cosmic rays have been, in the past, associated
with major technical developments. The development of constant level plastic
balloons, saw the discovery of heavy elements and the fact that the relative
abundance of the elements in the universe and cosmic rays seem to be somewhat
related. The differences between the two abundances such as the over-abundance
of 1i, Be, B in cosmic rays were of great astrophysical consequence and led to
many new experiments. The dawn of the spﬁce age, with its eccentric satellites
and sophisticated detector developments, ushered in a decade of activity in which
the low energy cosmic rays have been studied extensively. As a result, models
of interstellar propagation with path length distributions, multiple sources, ete.
have greatly enhanced our understanding of_cosmie ray phenomena. It is note-
worthy that, as soon as very large are'a detectors were flown, very heavy nuclei

and possible transuranic elements were discovered. The correlations of exciting

discoveries with new technical developments have been verysignificant indeed!

The HEAO is a major new opportunity with a capability of placing heavy and
complex payloads in a near earth orbit., This proposal has outlined some of the

studies that one could profitably carry out with this mission. If the past is any



guide to the future at all, this new step in cosmic ray experimentation will result
in unexpected discoveries of great value. It is difficult to conceive of any step

in science as an isolated act. One experiment leads to another — a better and
more sophisticated attempt fo answer questions raised. Some of the possible
future developments for extending and expanding upon the measurements proposed

here are outlined in the following section.

\B. FOLLOW-ON EXPERIMENTS
The merits of a proposed experiment are not determined solely by the sig-
nificance of its scientific objectives and its technical feasibility. The proposed
research is also related to the capabilities and resources it develops for the
experiments which might logically follow it, Second generation experiments which
evolve from the work proposed here might be distinguished by greater sophisti-

cation, resolution, or energy range; or by any combination of these factors.

An immediate second generation backup of a similar design could be flown
to repeat and perhaps improve upon some of the details of the measurements,
especially in the event of a greatly reduced lifetime of the first spacecraft. It
would preferably follow the first spacecraft by sufficient time (~2 years) that
improvements learned from the first flight could be incorporated before the
design had to be frozen. Affer a somewhat greater time delay, the information
obtained from the presently proposed experiment should permit significant ad-

vances in experimental technique and design.



Advances in sophistication: This proposal is based upon a considerable body
of experience with simila;r techniques in cosmic rays at mountain and bailloon
altitudes and in accelerator beams up to 30 GeV and upon state-oi-the-art appa-
ratus design.. However, even with further balloon altitude and accelerator studies,'
the best techniques of dealing, for example, with very energetic heavy nuclei may
not become clear until the results have been obtained from the presently proposed
experiment. The ionization energy loss of these highly relativistic, high Z
particles cannot be simulated exactly in the laboratory, and balloon flights may
be too limited in payload weight and exposure time to provide enough data and
experience. Because of the necessity of such extrapolations from our present
experience, it is reasonable to expect that while the results of the proposed ex-

periment will be of high quality, they will lead to suggestions for further refine-

ments in design for the second generation.

"For extending the range of the measured spectra to higher energies, one
possibility is to explore the use of the transition radiation detector. At these
energies there are a large number of X-rays emitted because of the linear de-
pendence on y. The situation is further improved for heavy nuclei because the
emitted transition radiation depends on the square of the charge of the incident
particle. However, because of the steep cosmic ray energy spectra, electrons
at the same gamma are much more plentiful than protons. These electrons will
constitute a background which must be removed. For example, if the' integral

spectral indices of electrons and protons are the same at very high energies
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the number of electrons is 1% of the number of protons at the same energy. Then
at the same  electrons will be about 760 times as abundant as protons. These
electrons can be rejected by causing their showers to develop in a large-area,
thin ionization spectrometer, two faces of which are covered l;y transition radia-~
tion detectors. A layer of tungsten four radiation lengths deep and 104 cm?

in area would weigh roughly 500 lbs. The electrons would be very effectively
removed. Since some fraction of the protons would be rejected also, a correction

would have to be made for such protons.

Increases in available payload; weight, size, and power: In order to increase

the energy range studied in cosmic ray experiment, the product of the counting
rate of the experiment and the exposure time must increase. In the earliest
balloon flights, this product was in the range of 10# cm?-ster-sec. More recent
balloon experiments have had exposure factors of 10° cm?-ster-sec. The in-
creased exposure time in the early satellite work brought this figure to 10% ecm?-

ster-sec, while the experiment proposed here will have an exposure factor of

1010 ¢m?-ster-sec. Hopefully, the success of the early HEAO flights will en-
courage the authorization of scientific satellites of still greater payload such

as those now encountered only in the mammed-spacecraft flights. If such flight
opportunities were to develop, a substantially improved version of the experiment
in this proposal could be ilown. For example, if the ionization spectrometer

weight could be increased from the 2000 kg in this proposal to 10,000 kg, it
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could be an isotropically sensitive, totally active, 5A- diameter sphere of high
density scintillator, subdivided into a large number of blocks, each viewed by

a tiny, directly attached, semiconductor photodiode instead of photomultiplier
tubes. This arrangement would allow as much as a factor of 100 increase in the
area-solid angle geometry factor. The-energy spectrum measurements could

then be extended by another factor of 20 higher in energy, and the sensitivity of
charge composition measurements could be improved by a factor of 10. The in-
creased geometry factor would be valuable for the study of directional anisotropies
and increase the sensitivity of time variations studies of high energy components
of primary cosmic rays. The study of the detailed energy spectrum and charge

composition of the VVH component would become a meaningful proposition.

Greater available power, as well as payload, might permit operation of an
ionization spectrometer in combination with a superconducting magnet and/or a
liguid hydrogen target. But until results from the present experiments are
available, the desirability of the various detector combinations cannot be
ascertained, and a detailed consideration of the merits of such combinations is
clearly beyond the scope of this proposal. It is certain however, that any of
these second generation developments would build directly upon the scientific
data and technical experience obtained from carrying out the experiment'in this

proposal.



APPENDIX 1

A High Energy Nuclear Interaction Experiment for HEAO

Quantitative measurements of fotal elastic and inelastic cross sections and
differential elastic cross sections for p-p collisions at very high energies might
directly answer several questions about high energy interactions: How do scatter-
ing cross sections and amplitudes behave as infinite energy is approached? For
example, does the total cross section in p—p collisionsapproach zero, a finite
constant, or no limit (i.e. oscillate) at infinite energy? Does the width of the
diffraction scattering peak in p-p collisions approach a finite constant, or does it
logarithmically shrink toward zero as the energy increases? Proton collisions
with complex nuclei can not be expected to conclusively answer these questions,
so frequently asked by elementary particle theorists, because of the added com-~

plexities of both experimental and theoretical analyses and interpretations.

A liquid hydrogen target for a satellite p-p interaction experiment would have
two serious disadvantages: (1) The required eryogenic equipment would add
appreciably to the weight, pc.:wer consumption, complexity, and cost of the experi-
ment. (2) The elastic diffraction p-p scatters, which account for about 1/4
of the total cross section, would not be observed because the laboratory scattering
angle of the high energy proton becomes too smallto detect and the low energy
recoil proton stops and remains undetected inside the liquid hydrogen for any

reasonable choice of farget mass and dimensions.
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A high pressure hydrogen gas target offers the possibility of detecting the
recoil proton by simultaneously serving as an ionization chamber. However, in
order to obtain the recoil proton kinetic energy from its ionization, a large
number of anode wires would be required in order to separate the recoil proton
contribution from the ionization of the high energy proton and io distinguish recoil
protons from knock-on electrons by rough angle and range information. For high
pressure hydrogen targets weighing ~ 180 lbs. (including pressure vessel), only
about 1/2 gm/em? of range in hydrogen is available to stop the recoil protons,
which allows about 50% of the elastic scattering recoils to escape without yielding
the accurate energy measurement necessary to obtain the 4-momentum transfer
of the event. In order to accépt 75% of the elastic events, the target plus pressure
vessel mass would have to be increased to about 700 Ibs. and 90% acceptance
would require more than 1800 Ibs. Another drawback of a high pressure hydrogen
target for satellite experiments is the low ratio of hydrogen mass to total target
mass (including pressure vessel), typically ~ 1/25 for asafety factor of 5 in
the stress of the pressure vessel. Allof the above considerations are independent
of the size of the high pressure hydrogen target, and are dependent only upon the
choice of total mass and safety factor. Further technical development of the
hydrogen gas target and ion chamber is clearly desirable for use when low ex-~
periment weight becomes less of a premium, but other alternatives might be

more suitable for early satellite flight opportunities.
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The alternatives to liquid ox high pressure hydrogen targets to produce p-p
interactions are hydrogen-containing compounds. The chemically stable solid
containing the most hydrogen appears to be polyethylene, (CH,) , which contains
almost twice as many hydrogen atoms per em?® ag liquid hydrogen, and the ratio
of hydrogen mass to total target mass is 1/7. The advantage of having a high
density of hydrogen is usually more than offset by the disadvantage of having
carbon present to produce undesirable background events. The carbon back-
ground is particularly a problem when it can only be subtracted statistically,
which has usually been the case in cosmic ray experiments. However, it is
proposed to separate the elastic p-p scatte:ring events kinematically from the
background of p-C events, and to partially separate the p-p inelastic events on

the basis of their distinguishing characteristics.

The elastic scattering events would give especially valuable information
concerning the high energy behavior of scattering amplitudes, as a curve of d o/dt
as a function of s, the c.m.s. energy squa;, and of t, the 4~-momentum transfer
squared, would be obtained for the forward diffraction scattering peak. This ‘
data would not only exhibif how the do/dt distribution depends upon s, showing
whether or not it continues to shrink with increasing energy, but the extrapolation
of the do/dt curve to t = 0 gives a good approximation fo the total cross section.
This assumes that a2, the square of the ratio of the real to the imaginary part

of the forward scattering amplitude, remains small at very high energies,

which all current theoretical models predict. If enough events could be obtained,
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the real part of the forward scattering amplitude could be directly measured,
hence a could be determined, from observation of Coulomb interference in the
do/dt vs. t curve in the region of |t|=.005 (BeV/c)®. Typical do/dt curves
taken at accelerator energies can be found in the literature (Foley et al., 1963;
and Bellettini et al., 1965), The dependence of do/dt on t is observed to be
closely exponential, the area under‘the curve corresponding to about 9 mb for.
lllp—p elastic scattering. The p-p inelastic cross section is about 30 mb., These
numbers are expected, at most, to change gradually with increasing energy.

This proposal would determine o, both from do/dt extrapolation to zero

tal

and from o

+ .
elastic O_inelastie

A recent Serpukov experiment (Beznogihk et al., 1969) has demonstrated the
feasibility of measuring the do/dt distribution by observing the angle and energy
of proton recoiis from a thin polyethylene target, and the experiment shows that
the p-p elastic scatters are clearly separable from the background of interactions
in carbon. Application of this approach to a cosmic ray experiment is made
easier by the fact that, at high energy, kinematic relations of laboratory kinetic
energy, T, and recoil laboratory angle, &, as functions of s and t simply become

functions t, alone:

I
2M

2M
[£]1/2

G~ arc.tan



where M is the recoil proton mass. The first equation is exact for any elastic
scattering, and the second is valid at energies high compared to the particle
masses. The above equations tell us that all proton recoils from elastic high
energy scattering must lie on a single curve of & vs. T, which provides the
basis for a separation for carbon background events. As the measurement of
recoil kinetic energy also measures t, a histogram of the data can be plotted to
directly give do/dt vs. t. Since any changes with energy are expected to be
gradual, a spectrometer measurement of the energy of the outgoing high energy

scattered proton would provide s with sufficient precision for each event.

A schematic diagram of the proposed experimental arrangement is shown
in Figure A-1. The counters and spark chambers below the spectrometer are a
cosmic ray charge identification unit of fairly standard design which, in com-
bination with thelspectrometer shared with the p-p interation experiment,
measures the composition and energy specirum of primary cosmic radiation.
The p-p interaction experiment spark chambers A, B, and C above the 'spectrometer
would be triggered and all the counter pulse heights would be recorded each
time the spectrometer signaled an energy deposition above some preset threshold
in coincidence with counter signals 1 and 2 or 3 and 4. Normally, a p-p or p-C
interaction within the solid angie of the spectrometer would produce pulses in all
four counters, 1, 2, 3, 4, but the Jess stringent coincidence requirement 12 might
allow one to observe charge exchanges of antiprotons and annihilations of posi-

trons, The 34 coincidence would be sensitive to primary cosmic ray 'y]—rays,
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if any of these components are present in sufficient numbers at energies above’
several GeV. Excessive triggering rates on events with energies near the low
end of the region of interest would be avoided by sampling only definite fractions
{such as 1 event of every 8) of the lower energy events. It probably would be
desirable to be able to separately control in binary steps the sampling ratios

for several hands of spectrometer energy pulses by ground control.

The pulse height of counters 1 and 2, possibly supplemented by a Cerenkov
counter pulse height, would serve to identify the charge, Z, of the incoming
cosmic ray particles, so that some data on the relatively infrequent a-particles
and heavy nuclei intensities and interactions would be obtained to gsupplement
the main cosmic ray experiment at the other end of the spectrometer. The pulse
height of counters 8 and 4 would, in combination with the information from
spari chamber C, determine the number of charged secondaries from inelastic
p-p and p~C interactions., The secondaries from high energy events will often
lie very close together so that separate tracks cannot be resolved by spark
chamber C, but the counter pulse height can still be relied upon to give the
number of secondaries with good statistical confidence, assuming that all are

minimum ionizing,

Digitized spark chambers A and C would consist of four x-y measuring
gaps, each, to determine the particle trajectory before and aftex interaction,

if any, in the plates of spark chamber B. Spark chamber B would contain ~100
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vertically oriented narrow (1/4 to 3/8 in.) gaps. Approximately 3/4 of the thin
plates would be (CH,)_; the remainder would be carbon plates to allow a deter-
mination of the carbon background to be subtracted. It might be advantageous

to grade the plate thicknesses, with, say, thinnest plates near the cenfer to obtain
more uniform statistics over a wide rang\e of t. The plates would have a total
thickness of 15 gm/em?, of which the hydrogen would be ~2 gm/em? , and target
mass would be 84 kg. The unconventional vertical plate orientation is necessary
to permit clear observation of recoil protons, which are ejected with angles close
to 90° with respect to the high energy proton track. Even with this orientation,
about 1/2 of the events will be missed or discarded because the recoil proton
direction is too nearly parallel with the plates for gatisfactory sparks. The spark
positions can probably be most satisfactorily recorded with a TV-type vidicon
scanning system, since 100 wire chamber gaps might introduce too much extraneou
material and equipment complexity. Wide-gap spark chambers viewed by vidicons
might be an alternative design for spark chambers A and C, With a possible ad-

vantage that multiple tracks might be better resolved.

Part of the plates in the interaction chamber would be carbon to permit a
CH,-C background subtraction of carbon inelastic events in order to obtain the
total inelastic cross section on hydrogen. The statistical errors whieh seem
implicit in this procedure will be considerably reduced by the fact that this
subtraction need oniy be done for events with an even number of charged second-

aries, since an odd number of charged secondaries can come only from a carbon
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event. Also, except for the elastic scattering recoil protons, virtually all other
slow protons stopping in a few gm/cm? of material must come from carbon

interactions, so these events can alsc be removed before making the subtraction.

In order to estimate event rates, the following table summarizes the target

and nuclear interaction experiment parameters:

Wit. of farget: 84 kg,

Overall target chamber gize: 75 X 75 X 75 em.
Average target thickness, C: 18 gm/om?
Average target thickness, H: 2 gm/em?

Effective H thickness for elastic p—p: 1 gm/em?
Probability of p~p inelastic collision: .037 assuming « sas v o ww D,

Probability of p-p elastic collision: .005 assuming 1 gm/em? and 7mb.

Assuming a geomeiric factor of 489 em «-ster, tne following number of p-p evenis
DTS
would be cbtained in one year:

Energy lower Lmit (eV). »-p inelastic events p-p elastic events
ioli 4.3 x 10°% 6 % 104
1012 1,1 x10% 1.7 x 103
1013 210 31



For comparison, a gas hydrogen target with the same total masg of pressure
vessel and hydrogen gas of 84 kg. would have an average farget thickness of 1.3
gm/cm?® of hydrogen, an effective thickness for elastic p~p events of asbout 0.7
gm/em?, and an average total wall thickness (2 walls) of 11 gm/cm? of titanium.
The above rates would correspondingly be reduced by a factor ~2/3 for operation
with similar geometries. Technological considerations appear paramount in

choosing between the two approaches.
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APPENDIX IT

Optimization of the Geometrical Configuration of the Ionization Spectrometer

The spatial configuration of the ionization spectrometer was designed to
maximize the counting rate for incident particles having a path length in the de-
tector greater than 5 of tungsten. The size of each detector shape considered
was constrained to remain within the weight limitation for this experiment. The
entire perimeter of the spacecraft, except for support structure, is available as
sensitive viewing area to the cosmic ray flux. Three different configurations,
each making use of as much perimeter viewing areas as the weight and energy
resolution constraints allow, were considered. For comparison the three shapes

are shown in Figure 2-1. They are:

a. a rectangular parallelepiped with two square viewing faces, each 46 x 46
cm?, separated by a length of 76 cm;

b. arectangular parallelepiped with four rectangular viewing faces, each
76 X 20 cm?, separated by a length of 76 cm;

c. a hexagonal parallelepiped with three rectangular viewing faces each 44 x

29 ¢m?, gseparated by a length of 76 cm.

The geometrical factor for each of the three configurations was calculated

using a Monte Carlo simulation of an isotropic incident flux. The results are
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shown in the following table. For comparison, results are also given for mini-

mum acceptable path lengths of 3A and 4A.

Table 2
Geometrical Factor
Detector cm? - sterad
3\ ZN 5A ,

(2) Rectangular (2 faces) 1.6 1.3 1,00

T6 X 46 x 46
(b) Rectangular (4 faces) 1.5 1.1 0.90

76 X 76 x 20
(¢) Hexagonal (3 faces) 14 0.98 0.55

T6 X 44 x 29

As can be seen from the above table, the rectangular detector with two
square faces, configuration|(a), makes the most efficient use of the maximum
weight which can be employed. Configuration (b) is a close competitor which is
handicapped primarily by the asymmetry (76 x 20 ¢m?) of the viewing faces.
However, configuration (a) has the overriding advantage that the arrangement of
the scintillators is straight~forward and simple, and only two charge( determina-~

tion modules and two direction modules are needed.

Spectrometer designs utilizing the entire perimeter of the detector have
been suggested by Pinkau et al., (1968). These scintillator econfigurations could

be developed to enable optimum use of greater weight allotments should they
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become available. For instance, if the weight available to the experiment were
to increase by about a factor of 2.7, a cube could be constructed, 76 cm on an
edge. Scintillators could be arranged in the tungsten in two perpendicular planes,
each parallel to one pair of the four viewing faces of the detector. This detector
would have the same mean density as the spectrometer presently proposed. Its
geometrical factor for path lengths greater than 5A would be larger by a factor
of 12.8. For an increase in weight of about a factor of 6, a hexagonal detector

could be optimized for an increase in geometrical factor of a factor of 35.

These designs present interesting possibilities and complications. The
advantages they offer are the capabilities to reach higher energies in the particle
spectra and to achieve better statistics in the measurement of heavy particle
abundances, time variations, and spatial anisotropies. The difficulties encountered
would be in the use of wedge-shaped scintillators to provide position measurement
redundancy and in the previously straightforward interpretation of the scintillator
response as a function of position in the spectrometer. These problems are by
no means insurmountable and lead to the conclusion that the more complex designs

deserve further study.
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A METHOD OF MEASURING THE GOSMEC RAY CHARCE
COMPOSITION BETWEEN 1010 anp 1014 ey
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NASA/Goddard Space Flight Center
Greenbelt, Maryland

Abstract

We wish to report the details of an experi-
ment to measure the charge composition of the
primary cosmic radiation from Z = 1 to about 50
in the energy range 1010 ro 101% ev. A large
geometry factor of ~7500 cm2ster is necessary to
measure intensities at the low £lux levels of
these particles. The necessary charge resolution
can be obtained using 1/2 m x 1/2 m square
detection elements in the following manner.
linearity properties of CsI scintillators and
Cerenkov detectors make them ideal for primary
charge identification. PFurther charge information
and a fast coincidence pulse will be obtained
from two geometry defining plastic scintillators.
The fast coineidence pulse will tripger a
digitized spark chamber which will provide
sufficient directional and pesitional information
so that resolutions comparable with much smaller
area detectors can be obtained. The energy of
the incident particles is determined using total
energy spectrometers. The module for examining
electromagnetic cascades consists of six tungsten-
scintillator elements, each of one cascade length
thickness and each pulse height analyzed., The
energy of incident nucleons is measured in the 20
elements of an iron-secintillator ionization
calorimeter. It has a total depth 0f£3.5 nuclear
interacticn mean free paths.

The

INTRODUCTION

Gosmic rays are an important gource of
astrophysical information as they bring us
samples of material from ocutside the solar system.
They range in emergy from 107 to 1020 ov snd so
they contain information sbout some of the very
energetic phenomena which take place in the
universe. The astrophysical questions on which
cosmic rays can shed some- light include the
important problems of the origin, acceleration
and propagation of the particles themselves., The
experimental obgervables include the relative
abundance of the different nuclear speciesz, the
energy spectra of the nuclear components and the
electrons, the time variations (or their absence)
and the anisotropies in their arrival directioms.

The low energy end of this spectrum (S1010cv)
has been extensively studied, and the ultra high
energy end is accessible only to indirect study
through extensive air showers. Crigorov et al
(1967) have made amr attempt to study

*NAS-NASA Postdoctoral Resident Research Associlate
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the energy region 1010 to 101% &v with total
lonization calorimeters carried in the Soviet
"Proton” satellites. The experimental effort to
be described in this paper is designed to folleow
up this pioneering effort with improwved equip-
ment. OQur aima include greater emergy accuracy,
an unambiguous f£lux determination and the
addition of charge and mass resolution. From
these measurements, the energy dependence of

the charge and mass compesition of the radia-
tion in this range can be determined, and
further Lnsight can be gained into the origin
and propagation of cosmic rays and related
astrophysical problems.

The experiment can be conveniently divided
into three problem areas: (1) charge identifi-
cation over the range 1 < Z oz 90 and mass
separation of electrong frem protons, {2) the
energy measurement over a dynamic range of 106,
and {3) event collection to obtain reasenable
statistical accuracy.

DETECTOR SYSTEM

Event Collection

Starting with the third of these problems,
recall that the number of events observed is
proportional to Aant, where Ax iz the area solid
angle product or gecmetrical factor of the
telescope and t 1s the time of observation. The
experiment must be conducted at the top of the
atmosphere and so let us optiminstically asseme
that a balloon borne experiment can be kept aloft
for_20 hours. ical fluxes encountered will be
10-2 garti&les/m ster sec (eg., protoms
> 1013 ev, the sum of all nuclei heavier than He
above 2 or 3 x 101 eV and electroms » 3 x 1011,
eV) and to measure this flux level in 20 hours
with 3% accuracy a geometrical factor An of
1/2 »® ster is needed.

In order to obtain this large a geometry
the instrument has been designed using square
elements 1/2 meter on a side. This represents
&8 4 or 5 fold increase in area over previously
used detectors, and in order to cbtain charxge
identification the resolution must not deteri-
orate with this increase.

In order to extend the energy spectrum data
to high enerpies for individual charges, it is
necessary to place the equipment outside the
atmosphere for extended perlods. Me are designing



the instrument so that it is surcavie iux euruce
placement on board a satellite for a peried of
the order of one year.

Charge Identification

One of the major purposes of the experiment
is to measure the charge composition of the cosmic
radiation. The "charge identification module"
which will accomplish this is shown achematically
jn Figure 1. The plastic scintillators, on the
top and the bottom in order to define the gecmetry,
are viewed edge on by two 5" photomultiplier tubes
through adiabatic light guides. A third dE/dx
measurement is made in a CsI(¥a) mosaic which
consists of 9 square pieces 17 cm on a2 side. 'the
light from this detector i3 sampled by two 5'' B.M.
tubes looking into & light chamber painted with
di fFfusively reflective white paint. Such a
diffusion chamber i1s used so that the reaponse
will be independent of the spatial position of
the particle traversal. A final pulase height
measurement is made in a 1/2 inch ultraviolet
transmitting Lucite Cerenkov radiator. This
highly directional light is transmitted to the
edges of the crystal by total internal reflectiom
and then is collected through adiabatie light
guides by four 5" photomultipliers. The CsI(Na)
measurement should be linear («zz) up to & Z ~z 30
or 40, however the plastic scintillators are
known to be non—~linear and increase like Z
beyond Z about 6 or 8 (Webber and Ormes, 1967).
The Cerenkov light output is known to be linear
up to Z = 20 and 1s expected to be linear over
the whole charge spectrum,

In addition to their other functicms, the
plagtic scintillators provide a fast trigger
pulse for three wire grid spark chambers with
digital readout. The chambers to be used are ones
which have heen developed for gemma ray astronomy
at Goddard Space Flight Center (Ehrmamnn et al,
1967 and Cline et al, 1967). Three (x, ¥)
coordinate pairs will be measured to determine
the trajectory of the particle through the
apparatus. This will muke possible corrections

e cerenkov detector is the mogt difficult
to sczle up in size. In the first place one is
restricted to thicknesses such that only zbout
3130 useful photons are produced by a singly
charged particle, In the past thin Cerenkov
detectors for cosmic ray work have been con-
structed so that the highly directional light
produced by the cosmie rays was incident directly
on the photomultiplier cathode directly. This
1imited the size of Cerenkov counters to the
avallable photomultiplier tubes. We have
attempted to construct thin large area counters
where the Cerenkov light is transported by the
highly efficlent process of total internal
reflection. For a 1/2" ultraviolet transmitting
lucite plate 1/2 meter square with four adisbatic
1light guldes feeding four 5" photomuiltiplier
tubes, we obtain the distribution showm in
Figure 2 from sea level muons. The signal is
clearly above noise and the FWHM is abont 170%.
The use of the spark chamber to define the
particle trajectories could result in the
decrease of the spread due to the large size of
the detector. The considerable proportion of
this resolution which s due to photon statiaties
should improve when partfcles of higher charge
are incident on the detector system. This
principle of constructing Cerenkov counters
could be extended to even larger sizes and the
final limit will be set by the absorption length
of light in the medivm (= 2 meters)., 1In the
range of iron nuclei where the Cerenkov counter
will be important for the charge determinatiom,
the FWHM due to photon statistics is expected to
be about the same as the separation between
charges (8%). r

This four dimensional system should provide
adequate charge identification information to
yield 2 = + 1 up to charge 30,

.Total Energy

for the path length and the positional variatioms_

in the light produced by each individual particle.
It will alse meke possible an accurate determjina-
tion of the geometry factor of the telescope for
high energy particles and will identify events
initiated by more than a single primary particle.

The plastic scintillators have been
rested and resolutions of 45% full width at
half maximum (FWHM) are consistently cobtained
using sea level mu mesons (Balasubrahmanyan et al,
1967). ‘This resolution could be improved to 30
or 357, when the spark chamber information on
location and direction of the incident particles
is used in the analysis.

Preliminary tests show that for the CsI{Na)
erystal mosaic and diffusion chamber the 1light
collection efficiency ie independent of photo-
multiplier location, and that resolution of 507
is possible for singly charged particles. The
resolution is presently photon dominated and so
will improve with increasing charge.
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The total energy of the particles will be
measured by the method of total ionization
calorimetry. Sometimes called total energy
gpectrometry, the method has been described in
detall by Grigorov et al (1958) and more recently
by Murzin (1965).

Since we wish to apply the method to both
electrons and nucleons, the calorimeter is
designed in two parts, both shown in Figure 3.
The first part, of high Z material, is used to
separate out the electroms from a proton back-
ground thirty times as intense by developing an
electromagrnetic cascade. The second part
consists of 3.5 nuclear Interactionm mean free
paths of iron, sufficlent matter for a nuclear
cascade to develop. (This section will be
increased to 7 m.f.p. in the future to provide
enough matter to absorb 90% of the imcident
energy. Present balloon techmology has set the
limit of 3 1f2 m.f.p.'s. The weight of the
balloon payload is of the order of 1000 1bs/
m.£.p.)



The electron identification is achieved and
its energy is measured by sampling the number of
particles in the cascade at intervals one cascade
length apart. 1In each module, following a cascade
length of tungsten, 1s a plastic scintillator
viewed through air coupling by two three inch
photomultipliers. The pulse height from the photo-
tubes will be proportional te the number of par-
ticles. The total thickness of six cascade units
enables one to trace the shower development
through i1ts rapid buildup. As the shower enters
the nuclear cascade iren modules, seven more samp-
lings of the electromagnetic shower are made
equally spaced throughout the 35 radiation lengths
of iron. This will completely absorb a 2 x 10l2ey
electron. Tt is anticipated that the electron
shower development will be calibrated on the
2 x 1020V SLAC electron beam.

Because the nucleon interaction mean free
path 1s 30 times the electron radiation lemgth in
tungsten, only 20% of the nucleon beam will suffer
its first intermction in the six radiation lengths
and so the protons will be separated from the
electrons by the relatively much slower develop-
went of the showers. Qnce in the iron module, the
ratio of m.f.p. to radiation length drops to 10,
but still the electron showers will develop much
more Tapidly than the proton ones, The energy spec-
troneter is divided into medules 1/2 mean free
path thick. Within these modules 3 scintillators
are placed providing a sampling of the cascade
every 1/6 mean free path. Each module is viewed
by two photomultiplier tubes whose outputs are
added and pulse height analyzed, The pulse
heights are proporticnal ‘to the average signal
from the three semples. This large number of
samples 1s necessary in order to reduce the im-
portance of the fluctuations in the shower develop-
ment. In this way the energy can be determzned to
~20%, providing a calibration can be made. Cali-
bration is planned on the 308eV AGS at Brookhaven
and is anticipated at 1012 av at the University
of Michigan high altitude facility proposed to be
built at Eche Lake on Mt, Evans, Celoyade (Jones,
et al, 1967).

The development of electron and proton in-
duced showers of various energy 1s shown in
Figure 4.

The tungsten and iron modules have been
tested in the leboratory and found to be quite
adequate. With 1/2 meter square modules viewed
edge on by air coupled photomultipliers, re-
solutions of FWHM <100%Z are consistently attained
on sea level muons. Further analysis shows that
only 40% is due to spatial and other intrinsic
effects, and the rest is due to photoelectron
statisties. As the number of particle inecreases,
the resolution will quickly improve to &40% which
is as good as that obtained on much smaller
crystals.

Electronics
In order to have an acceptable data trans-

mission rate and spark chawber repetition rate, it
is necessary to electronically gelect only those

events which are of particular interest. The re-
quirements for accepting an event and pulsing the
spark chambers are shown in .Figure 5. This elimi-
nates events due to low energy pretons and helium
which have been extensively studied.

In Figure 6 a block diagram of the electronics
is shown. In addition to the features usually
illustrated by such diagrams, this is shown in
order to emphasrze the redundancy which has been
built into the experiment to svoid a catastrophie
failure. For example, there are two photomnlti-
pliers locking at each detection element. There
are two complete and independent data readout
systems, on-board tape recording and telemetry.
The whole philosophy of this redundancy is moti-
vated by the aim never to come away from aflight
using a 30x106 £t3 balloon with no data at all
because of a catastrophie electronie fallure.

In order to cover the charge range from 1- 90
and the 1010 to 101% ev energy range a dynamic
range of 10% ns needed. Figure 6 illustrates the
two ways in which this dynamic range is obtained.
In the case of the charge module, a 256 channel
analyzer is used in conjunction with two changes
in gain, each by a factor of 8. This places the
changes at Z = 12 and Z = 34, charges where the
cosmic ray abundances are conveniently low. TIn
the case of the energy modules, four decade
logarithmic amplifiers are used with 128 channel
analyzers. This yields a differential range of
6.5% per channel. Since the electronics have an
intrinsic errer of + 1 channel, the pulse height
is measured to + 6.5%. This is quite sufficient
since the enmergy can only be measured to the
nearest 207 because of fluctuations in the cascade
shower process.

The analog to digital converters to be used
are similar to those which were used by the
Goddard group (Jones et al, 1966) and have re-—
quired no important change in design.

The 36 photomultipliers, the 17 pulse height
analyzers and the readout logic should operate on
about 45 watts of battery power. The
telemetry and the on-board recorder should re-
quire another 5 volts, and hence the whole system
should operate on around 50 watts. This Implies
80 pounds of batteries for a 20 hour flight allow-
ing a factor of 2 safety margin.

The counting rate of interesting events will
be about 10/sec and with 150 pulse height bits and
150 spark chamber bitsfevent, 3 kilobits is the
minimum allowed bit rate. Tt is compatible with
present {oddard tape recorder systems. This rate
is also consistent with the spark chamber trigger-
ing capabilities. This will yeild about 7 x 10°
events for a2 20 hour balleoon £light.

Conclusion

The major technical problems to be faced
appear to be logistical ones. Having a two or
three ton experiment which also has the mobility
necessary for a balloon experiment is clearly a
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prxoblem. (ne must be able to perform linearity 9, Webber, W. R., and Ormes, J. F., Minnesots
checks on 20 ADC systems in a reasonable time Tech. Rept. CR-%%, 1967.

which suggests a complex ground support system.

The data analysis will clearly have te¢ be com-

puterized as one balloon £flight will produce 10

bits of pulse height information alene. This will

have to he correlated with another 108 bita of

positfonal information from the spark chamber.

These are problems of quantity rather than quality

and should be solvable.

In going then from the first balloon system
to the projected satellite system no major pro=-
blems are anticipated. The technology certainly
exists, and a satellite flight of one year should
allow us to go a factor of 500 lower in flux or to
2 x 1075 particles/mester sec. Thie should make
possible a measurement of the L/M ratic above 10 3
eV and should extend direct measurement of the
proton component to 1019 &V. These particleg have
a radius of curvature of about a light year, and
studies of the anisotroples of cosmic rays should
téll us something about the structure of the in-
terstellar magnetic fields.
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