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GAMMA-RAY BURST HIGH TIME-RESOLUTION SPECTRAL OBSERVZTIONS
MOE WITH THE SOLAR MAXIMUM MISSIOt

U. D. Desai, J. P. Norral.. T. L. Cline, B. R. Dennis, K. J. Frost
NASA/Goddard Space Flight Center
Greenbelt, MD 20771, USA

Results from the KONUS experiments on Venera 11 and 12 have
significantly enriched y-ray burst phenomenology with spectral and
temporal details for a large number of events (Mazets et al. 1981).
Their low ecergy spectral features in the 30 to 70 keV range have been
interpreted as due to cyclotron absorption and euission phenomena. We
report high time-resolution (128 ms) spectral observations of y-ray
bursts with Solar Maxiwum Mission (SMM). We confirm the existence of
deficiencies of lov energy ph:tons using extrapolated exponential-
continuum fits from above 100 keV. Significant spectral variatiouns,
primarily at the lower energies, are also seen by SMM on time
scales = .25 s. Details of the SMM Hard X-Ray Burst Spectrometer
(HXRBS) along with a previous analysis of one of the events discussed
here have been given by Dennis et al. (1982). The event April 19, 1980
is reanalyzed and presented together with the eveats of April 21, 1980
and March 1, 1981.

Figure 1 shows the time-histories of these events for three energy
bands covering the 25 to 500 keV range. April 19 and March 1 were
relative’y short events, = 4 s and = 2 s, respectively, compared to
April 21, = 20 s.

A Monte Carlo approach was utilized to simulate the HXRBS response
to candidate spectral models, and thereby deconvolve the detector
energy-loss spectra. Models representing thin thermal bremsstrahlung
(TTB), thin thermal synchrotron (TTS) with and without absorption
features, and power-law wvith exponential cutoff (PLE) were used to
generate incident photon spectrs. Best fits (least x“/v) were obtained
for the whole éenergy range by including absorption features at low
energies (TTS and TTB). To study the evolution of the spectra, the
events were subdivided into intervals corresponding to fine structures
in the temporal profiles such as rising phase, decay phase, and valleys
between pulses. This division {s illustrated in Figure 1,

Figure 2 gives the photon energy spectra for the three events for
the various intervals. The parameters for the best fits, adopting the
TTS model, are indicated for various intervals of the events in Figure
2. For the two April events, the beast fits are obtained by including
absorption lines at low energy except for the valley intervals. The
weak short event of March 1, 1981 exhibited s smooth continuum without

]
J’hyslcs Department, University of Maryland, College Park, MD 20742
From a Ph. D. dissertation performed at the Univergity of Marvland.
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evidence of spectral
features. The pover—-law
portion of the PLE wmodel
provided acceptable fits to
the low=energy channels
without the {nclusion of
absorption features. The
flattening in the spectra
evidenced by the PLE model
indicates, indeed, a
depression or “shelf” at
low energies.

Table 1 gives the
values of the parameters
for the TTS, TTB, and PLE
models for intervals
indicated in Figure 1. The
parameters show significant
variations during the
course of the events. The
values of kT 4in the TTB
model have a wide dynamic
range of 100 keV to 2 MeV.
If one assumes a constant
value for the nagrstic
field strength of ~ 10 ’
then the critical energies
determined from the TTS
model indicate & narrower
range of temperatures, 180
keV to 570 keV. For both
April events, Share et al.
(1982) have fitted a powver
lav to PHA data at higher
energies up to 10 MeV.

From this analysis and
recent results from the
SIGNE experiment (Barat
1983), 1t 1is apparent that
fast spectral evolution f{n
Y-ray bursts may create the

appearance of spectral
features or camouflage
actual features, and

distort the continuum shape
if spectra are integrated
for intervals 2 1 s.

B = Y -
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DIFFUSE GALAC11C EMISSION OF HIGH ENERGY GAMMA RAYS

D.A. Kniffen, C.E. Fichtel, and R.C. Hartman
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771 U.S.A.

1. Introduction

Assuning cosmic rays pervade the Galaxy, they necessarily produce
high energy vy-rays as they interact with the interstellar matter and
photons. Substantial work has already been performed on the calculation
of the source functiors for these various y radiations and the intensity
to be expected in the vicinity of the solar system. (For a general
review see Chapter 5 of Fichtel and Trombka, 1981.) However,. several
recent devlopments make a reexamination and extension of this work
worthwhile. These include the recently published detailed results of
high energy galactic vy-radiation obtained with the COS-B satellite
(Mayer-Hasselwander et al., 1982) and the new COS-B background estimate
(Strong, 1982), further evaluations of the 21 cm radiation in the galaxy
and, hence, the atomic hydrogen density distribution, considerations
related to the molecular hydrogen density normalization, and improved
theoretical calculations on the nucleon-nucleon source function.

2. Gamma Ray Production and Intensity Calculations

ol A e

The galactic matter distribution and content by species are
discussed in earlier work (e.g., Kniffen, Fichtel, and Thompson, 1977),
and only more recent consideration will be mentioned here. The density
of neutral atomic hydrogen as revealed by the 21 cm emission remains
somewhat uncertain in the inner galactic regions because of uncertainty
in the absorption correction. Recent work (e.g. Dickey et al., 1982;
Thaddeus, 1982) suggests that the absorption had previously been
somewhat underestimated. Thus, in this work, the atomic hydrogen
density distribution of Gordon and Burton (1976) as a function of radius
from the galactic center was used, but modified so that the atomic
hydrogen density in the innermost region was incressed by a factor of
1.5, and the closer densities were increased less in accordance with the
amount of intervening matter. Recent work by Lockman (1982) has, shown
that the scale height 1is about 1 1/2 times larger then previously
believed because a relatively faint component of HI had been overlooked.
Hence, the scale height used in this work is 0.18 kpes for a galactic
radius, less than that of the sun (10.0 kpcs) and [0.18 + 0.023 x

- 10 b)] kpcs for Rp,; > 10.0, with the incease beyond the solar
circie being based on the work of Baker and Burton (1975). It is now
believed that the scale height in the outer galaxy increases more
rapidly than this (Kulkarni, Blitz, and Heiles, 1982), but the surface
density 1is still believed to be similar to earlier estimates. The
density distribution of molecular hydrogen is measured less directly
than that of atomic hydrogen, and hence the absolute wvalue o6f the
density 1is 1less certain. In this work the galactic distribution of
Gordon and Burton (1976) was used, but density normalization was treated
as an adjustible parameter.

it <o e

e W Kt B 8

!
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Although the translation of the 21 cm observations into a galactic
spatial distribution is difficult, on a broad scale the density profile
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is reasonsbly well known, even though details of arm structure are not
alvays agreed on by all workers in the field. Until recently, it had
not been clear whether molecular clouds were associated with spiral
structure. However, now on the basis of a high sample survey and obser-
vations in both the first and second quadrants of the galactic plane,
Cohen et al. (1980) have reported the existence of the molecular coun-
terparcs of the five classical 21 ca spiral arms segments in these
quadrants. The specific spiral pattern that will be used here is that
of Georgelin and Georgelin (1976). A five hundred parsec width 1is
adopted for the arms. The excess of material in the arms is taken to be
the smaller of 252 of the total local matter or twice the local average
density of matter not in the arms, based on receat considerations
(Lockman, 1982, and Kulkarni, Blitz, and Heiles, 1982).

For the photon distributions, Kniffen and Fichtel (1981), wusing
results of Boissé et al. (1981) on the infrared volume emissivity and a
model of Bahcall and Sonmeira (1980) for the starlight distributionm,
obtained photon densities and, hence, source function for the Compton
emission as a function of position in the galaxy.

With regard to the cosmic ray distribution in the galaxy, it will be
assumed that the nucleonic cosmic ray composition and energy spectrum
remain unchanged throughout the galaxy and that the electron spectrum
changes only in a second order manner as the density changes. (See
particularly Kniffen and Fichtel, 1981, and Fichtel et al., 1976) For
the reasons described in the above works, the cosmic ray density in the
plane will be assumed to be proportional to the matter deonsity on the
scale of arms and, perpendicular to the plane, to have a gaussian dis-
tribution with a scale height of 0.6 kpc. This latter number is based
on the radio continuum measurements of Cane (1977) and the assumption
that the galactic magnetic field energy density and the cosmic ray
energy density have the same scale height.

The production functions and intensity calculations are essentially
the same as earlier work with the exception of the source function for
cosmic ray nucleon matter interactions. Badhwar and Stephens (1977),
Stephens and Badhwar (1981), and Morris (1982) have used the substantial
recent high energy physics experimental work to estimate the y-ray pro-
duction energy spectrum for cosmic rays interacting with interstellar
matter. The spectral shapes calculated by Badhwar and Stephens (1977)
and Morris (1982) are similar. Both are, however, significantly diffe-
rent from the earlier pioneering work based more heavily on theoretical
models when the more extensive experimental data were not availcble.
The Morris (1982) work was used here.

3. Results

The y-ray intensity predicted by this work is compared to the COS-B
longitude distributions in Figure 1. It should be mentioned that COS-B
scientific group has recently reanalyzed the instrumental vy-ray
background (Strong, 1982). Whereas the background intensities for the
(150-300) MeV and the (300-5000) MeV energy intervals are essentially
unchanged from the paper of Mayer-Rasselwander et al. (1982), the (70-
159} gsv bnc&sround intensity is now estimated to be 5.6 x 1073 photons
cm “s ster *, a factor of ~1.75 higher. This change has been incor-
porated in Figure 1 by introducting a new "zero base”. The revision
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means that not only are the intensities for the center and the sources
(195,5), PSR 0531421, PSR 0833-45 measured with the SAS-2 and COS-B
instruments in good agreement with each other, but also the general
galactic diffuse intensity. It was noted earlier in this article that
molecular hydrogen density normalization was left as an adjustable para-
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meter. There did need to be an adjustment for the ianer ring by a factor
of about 0.7, but no adjustment was required beyond this ring. Regarding
Figure 1 and the energy spectrum shown in Figure 2, considering the
uncertainty in the point source contribution and the mass distribution,
the agreement between the data and the predicted curves seems reasonably
good especially when the known discrete sources are taken into account.

The latitude distributions resulting from the model have been calcu-~
lated taking into account the COS-B instrument respouse. The fit to the
galactic center observations is remarkably good at all energies. This
gives confidence that not only is the total observed emission well pre-
dicted by the model, but also that the radial distribution of the emis-
sion calculated from the model must also be approximately correct. The
* anticenter result is reasonable ccnsidering the uncertainty of the y-ray
measurements and the gas distribution in that general direction. At =70
to 90, the overall intensity prediction is about right, but there is some
indication in all energy intervals that the average emission wmay be
slightly more distant than the model prediction.

It should also be mentiored that in the concept being presented here
the arms on the far side of the galaxy make an important contribution for
small (Ibl < 0.4°) galactic latitudes. With future high resolution y~ray
measurements, these back side arms should appear as a narrow ridge super-
imposed on the broader ridge of the near side arms. It may be possible
to identify very large far side molecular clouds if the majority of the
molecular hydrogen is in large clouds.
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ELECTRON PROPAGATION IN THE LEAKY BOX MODEL
WITE A TRUNCATED PATHLENGTE DISTRIBUTION

B. GC. Mauger’ snd J. 7. Ormes
KASA/Goddard Space Flight Center, Greembelt, MD 20771, U.S.A.

1. INTRODCUCTION

Early studies (Ormes aund Preier, 1978; Protneroe, Ormes, and
Comstock, 1981) of the chemical composition of cosmic ray nuclei with
3 < Z < 28 suggested that gbogrvad primary cosmic ray spectra have been
steepenad by a factor of E ! _'1 from their source spectra, suggesting
source sspectra that vary as E 2° % 1, ,Electrous, tt high energies
will be steepened by energy losses by a factor of E™! froz their source
sgcc:run. Electron data above 20 GeV exhibits a spectrum as steep as
E3°3 which is consistent with an E 2°3 gource spectrum.

Recent studies using HEAO-3 data (Ormes and Protheroe, 1983) and
balloon dai:a (Simon and Mathis, 1983) nov suggest au esca l;pcpcning
of E°7" °1, These studies imply a source spectrus of E 2°0 ®°1  whieh
in turn suggests an energy steepened electron spectrum of B 5°0° °1,
which is inconsistent with the electron data. 1In this paper, the
authors suggest that a truncated pathlength distribution due to s lack

of nearbdy sources could be responsible for the additional strzepening of
the electron spectrum.

II. Electrons in the Leaky Box Model

In the leaky box model it is assumed that cosmic rays are injected
-r
into the galaxy with a power lav energy spectrum, N(E) = N E °. and
escape in an energy dependent manner with an average cocnpg lifetinme,

Ty * Tot « ‘It is also assumed that these sources ate homogeneou.ly
dfitributcd and that cosmic rays diffuse from these sources throughout
the galaxy. This suggests an exponential age distribution:

P(t) = ;ﬁg exp(-t/ Ty (E)).

Due to cosmic ray electrons' energy losing interactions with the .
interstellar electromagmetic £ields, electrons have a second charac-
teristic lifetime. This second lifetime is an energy loss lifetime,
T X" 1/bZ, vhere b is a constant depending orlr on the galactic
eEectronnznetic fields.

Using this model, Silverberg and Ramaty (1373) and Ramaty (1974)

have modeled the electron propagation. These authors demounstrate ‘that
1f 8 < 1, at lov energy the electron lifetime will be dominated by

* MAS/MRC Res=arch Associate

et G R e e
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escaps (T, << T..), and at high energy the electron 1lifetime will be
dominsted Dy enelly 1oss (T, << 7..). The equilibriwm electron
spectrum will be the ujoctpo'n apoam steepened by escape at low
(I + §)
energles (N(B) « ¢ ° ) and will be the injection spectrwm
-(r_ +1)
).

stoepenad by 6a¢r|y loss at hi;k energies (N(Z) « E °

3. A Truncated Pathlength Distribution

In reality, the distridbution of cosmic ray sources is not
uaiform. The distance "0 the nearest cosmic ray source will determine
some" winisum lifetime fi.r any observed cosaic rays. In this work, the
suthors have used a truncated aga distribution of the form:

(1)t = -(?:-’_?;y (exp(-1/1,)~ezp(-1/15))

vhere 7. = T, + T.. T.(E) is the time it takes for a cosaic ray of
snargy Pto dhf.uci to Ehc solar system from the nearest source(s),

and 7, is the average storage lifetime in the galaxy. 1f the energy
dopnkcm of cosmic ray propagation is assumed to be gg,i!om throughout
the galaxy, then T_ and 1, are also propoirtional to £ . This age
distribution is 1d§nt1u1 to the age distribution of Cowsik and Wilson's
(1975) two-zone distribution, except that T, now characterizes the local
storage volume rather than that of the sourctes.

Suppose Tg = ttu,.vhcre f is some constant fraciion thea:
-8 -¢
g troz and ?t. - (1-:)-:0: .

Considaring only synchrotron and Compton energy losses, the
equilibriwm electron flux obeys the equation (Silverberg and Ramaty,

1973):
d N(E)
& e*ney) +Té‘(ﬁ - )

-7
with the source spectrum, Q'E) a E °, the electron flux can be

calculated for this truncated pathlength distribution to bde:
-(ro-u) -!'o
W(E) = N_E [1 86 ¢ ° [axp(=y/(1=£))~exp(~y/1)]
where

T &=) ‘
- X 9;‘_6 ) and ¢ = (1-bE8)"}
n .

y

The varisble of imtegration, c, is a functien dependent on_g, the smount

of time since the ealectron left its source. Since 1!' « L " and tn e
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l". ys= !-(1-‘) and y approaches sero as L increases, &t some very
large L it is possible to use the linear approximations:

exp(~y/(1~£)) = 1 - y/(1-f) and exp (~y/f) = (1=y/E) "
Using these substitutions, the electron flux can be written as:

~r, + 1)1 1

The integral is now independent of E and is a constant, and at very
high snergy we sea: '

=T+ 1) (T + 2 - 8)

N(E) = B 1£N,T!X « E .

The injection spectrum has bsen steepened by a factor of (2 - 8).

4. Discussion

The above shows that the lack of seardy sources can steepen the
injection electron spectrum by more than one power of E. The electron
spectrum can be broken into three regions. The first is the low-energy
region vhere electron storage is dominated by escape, 1, < 7 N The
slope of the electron spectrum, like other primary lpccfﬁz. ii the slope
of the injection spectrum steepened & by escape. The second region is
the medium energy region vhere Tg < X € T.e+ In this region, the
electron eunergy loss lifetime is oufffcienti§ short to dominate
propagation, but not so short as to prevent electrons from propagating
throughout the storage region. In this second regiocn, the slope of the
spectrur is equal to that of the injection spectruz steepened by one
pover of energy. The third region is very high energy vhere Ten < T
This is the energy region in which the energy loss lifetime is shor:ir
than the time it takes for cosmic Tays to diffuse to Earth from the

nearest source. This produces a further steepening in the electron
spectrs.

The salient point of this calculation i{s that the asymptotic slope
of the electron spectrum can be steeper than that of the injecticr,
spectruz br more than one pover of emergv. Figure 2 shows the electron
tpectra above 1 GeV as measured by Nigshimura et al. (1980) and Prince
(1679). The steepening of the e.ectron spectrs appesTs to occur in the
region of 20-50 GeV. For this steepening to occur due to s truncated
age distribution, at 50 GeV: '

-1
18 ttzx pJ ‘zu = (bE)
The energy loss coefficient, b, has the value

b= (3.79 x 10 x: +1.02 x 10736 pg) (GeV=s) 1

PRI e e 2




N WAL PAGE 1S 0G3-5

vhere HT is the average transverse -asnctic field in microgauss and p
is the photop energy density in eV/em UsiY; tke values of 5uG for EE
snd .7 eV/cw” for ppy, b = 1.66 x 10710 cev™l s™i. rFor this value of b,
at SO GeV one gets an energy loss lifetine of 3.8 million years. Using
a value of .2 for £, Tpy must be on the order of 20 million years at 50
GeV. 1If one assumes the same storsge time rigidity dependence as
derived by Ormes and Protheroe (1983) for the escape length, then this
lifetime could be a factor °£ two longer at 1 GV/c. This can be

compared with the 10-20 x 10° year lifetime messurements at 1 GV/c based
on the ‘“Be isotope (Wiedenbeck and Greiner, 1980). Assuming these
lifetimes should be the same implies that the root mean square magnetic
field must be in the range of 8-10uG.

Although the truncated age distribution provides an attractive
method for steepening the electron spectrum, it requires that cosmic
rays are either stored in the galaxy longer than currently believed, or
the magnetic field traversed by the cosmic rays must be higher than the
SuG used in the above calculation.
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LOCAL SUPERBUBBLE MODEL OF COSNIC RAY PROPAGATION

R. E. Streitmatter, V. K. Falasudbrahmanyan, and J. F. Orwes
NASA/Goddard Space Flight Center, Greendelt, MD 20771, U.S8.A.

R. J. Protheroe
Dept. of Physics, University of Adelaide, S¢ h Australia 5001

I. INTRODUCTION

Considerations of the lifetime, L/ ratio, low aunisotropy, and high energy
ealectron spectrum suggest that observed cosmic rays propclate in a local space of
dimensions lese than 1 kpe. TRafatos et al. (1981) have suggested that the aolar
system may be inside a superbuddle (Reiles, 1979) which confines local cosmic
rays. Bruhweiler et al. (1980) and Tomisaks et al. (1981) have shown that the
shell-like structure of superbubbles may result from the sequential explosions of
supernovae {u evolving OB sssociations. In this paper ve explore the consequénces
for cosmic ray phenomena of the solar system being inside a superbubdle which we
suggest should be identified with the expanding ring of BI (Peatura A), which wvas
first observed by Lindblad (1967). TPFigure 1 shows the ring reclative to the solar
systea in the plane of the galaxy. Figure 2 js a wodel of the local galactic plane
magnecic fleld, which has been largely excluded from the suparbubdble by being swept
up as satter is “soov-plowed” outward by the superbubble expansion.

II. LOW ENERCY COMPOSITION AND ENERGY SPECTRA

The radius of the superbubdble at age t is proportional to t**(0.5). This
expansion with time causes the contained crelativistic cosmic rays to lods energy
as dE/dt = (~1/2)(E/t). We shall adopt this energy loss lav also for ron-relati-
vistic particles. This may result in some underestimation of mat~er traversal and
superbubble age from lov energy data. We assume that the injection rate of nuclel
of type 1 of energy E (per nucleon), Q (E), is constant. The region inside the
superbubdble is of low density. Co-nic ray particles traverse the inside region
rclnttvcly frealy, i{nteract with the dense walls of the superdudbble, and accumulate
grammage ‘n repeated wall encounters throughout their lifetime. On average, ov!r
repeated wa.l encounters, the rate of matter traversal by cosmic rays (in g ¢
per second) is taken as i{ndependent of t and parameterized as X(E)/T where T is the
present age of the superbubble.

The number and energy spectrum of nucle{ of type { contained within the
superbubble throughout ita history is given bdy:

aN, (E,t)
{ X(E)
i TIR Q(l)*— L N (E, :)——-
¢ T opt 3 jx 1)
1 X(E) 1
- N(E,t) | = ==+ l En o),
1 T X :‘(z) Teod
D
where: {a the lniornctton length (g cn'z) of species {; is the transformation

length fér o 1 t (E) ts the mean radiocactive decay tiwe J* species 1.

Because of the superbubble's expansion, particles observed now with energy E
had energy E' « £ x (T*%(-~1/2)) when produced at ~poch v % t/T. Solving equation
(1) for the present spectrum, we obtain:

1
N (E, T = 1)dE = f P (E',T)E' 8(E,T) #(E, )4, (2)
0
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vhere P (E', T)E' = [Q(E)T + I N (E',r) XED ) M2y (3)
1 i prJ Xg4

In equation (2), O(E,T) and ¢(E,T) are the probabilities of a nucleus of present

energy B having survived nuclear interaction or radioactive decay respectively from

production at an earlier epoch, T, with energy E x (T**(-1/2)).

For a primary species injected uniforamly throughout the history of the super-
bubble with a power law energy spectrum with exponent -v, .

P, (E', 1B = T “'”lzqi'(z)ra. )

The quantity analagous to the age distribution of primaries in_sonventlonll wmodels
is TA*((Y~1)/2) and we will refer to it as such. PFor X(E) « E °, the age distri-
bution of secondary species is approximately proportional to T#*(l + (y + v -
1)/2). These age distributions have been plotted in Pigure 3 for vy = 2.7 where they
are compared to age distributions in the leaky-box model (exponentials) for various
mean cscape times, Cege®

Present spectra are similar to production spectra, e.g., primaries at high
energy (X << x.) have N,(E) = 0.54 Q,(E)T for vy = 2.7 (the 0.54 factor is due to
expansion). Aithough tﬁe age distributions of primary and secondary nuclei are
intrinsically different, secondary and primary energy spectra differ mainly because
of the assumed engrgy depegdence of X(E). Predicted secondary to primary ratjos
using X =7 g cm © for (E ~ 2 GeV/nuc) and X = 7 (E/2 GeV/nuc)**(-0.33) g cm © for
(E > 2 GeV/nuc) give a good fit to the observations (e.g., deta aurviaed by
Protheroe, et al., 1981). Using the observed surviving fraction of Be (Garcia-
Munoz et al., 1977) and equations (2)-(3), we obtain T = (2.9, +1.3, -0.7) x 10%*7
years, consistent with the astrophysical estimate of the age of Feature A (Olano,
1982). This is just what we expect based on Figure 3 where we see that the age
distribution of young secondaries is very similar to that in the leaky-box model
provided T is about 2.3 times the mean escape time, t .., that tould be cbtained if
the leaky box model had been used to interpret the data.

I1I. HBIGER ENERGY COSMIC RAYS

The local superbubble model offers a natural explanation for features in the
high energy cosmic ray anisotropy and spectrum which occur around 10**15 eV (see the
reviev of Linsley, 1981). We interpret these as due to fallure of the superbubble
wvall to contain cosmic rays of high energy. At energies well below 10**15 eV, the
wall is assumed to trap completely incident particles. Hovever, at high energies
the wall becomes more permeable to cosmic rays and there is an energy dependent
probability G(E) that a particle striking the wall will escape. This is relatec- to
the high energy anisotropy: 6&(E) = G(E) Ap(E)/p(E) where p is the cosmic ray
density and Ap {8 the difference in density between cosmic rays inside and outside
the superbubbdle. :

At high energies, where we can neglect nuclear interactions, the number of
cosumic ray nuclei of type i within the superbubble is given by:

aNi(E.t)

9 ¢1 E i
—5r— " Q,(E) + iiﬁi ry Ni(E't)} + {oi(l)V(t) - Ni(z,:)lltL(z.t) (5)

wvhere E {s now taken to be the total energy per nucleus, V ig the, superbubble’'s
volume, py i{s the exterior cosmic ray density of species i, and t, it the mean
leakage time (in or out) of species {. We shall agsune a rigidir} dggendence for
the leakage time of species i (atomic number 2z), t, (E) = <{t>(E/zE ) vhere <t> is
the mean cosmic ray age (~ 0.4 T) and E  is the enérgy at which the present leakage
time of protons is equal to <t,. For tge exponent of the escape law, we ghall use



ORIGINAL PAGE IS
3 OF POOR QUALITY 0G 5.1-9

¢ = 0.6, the powver law exponent of the observed aunisotropy above 10**14, since the
escape probability is approximately proportional to &. (We can neglect the energy
dependence of Ap/p unless the exterior spectrum is steeper than the interior
spectrum). Equation (5) may be solved in two extreme cases for the energy spectrum
at the present time (t = T) to yleld:

Qi(E)T/(I +-% (v-1)] (Expansion dominates)
Ni(E) - (6)

(0, (E) ¥ + Q,(E) ti(!)}(l«exp[—'l‘/tt(!)]} (Leakage dominates)

For the purpose of illustration, we consider cosmic rays to be composed solely
of protouns and Fe-nuclei. In Figure 3 we show spectra and relative abundances
calculated using an approximate solution to equation (5), which agrees asympto-~
tically with equation (6), for three representative sets of parameters. In case I,
the parameters represent minimum assumptions required to obtain agreement with the
observed total energy spectrum: the spectra produced inside and outside the
superbubble are normalized to data at 10**10 eV and 3 x 10%*]18 eV respectively and
taken to have the same differential spectral index v = 2.7. E_ has been chosen as 2
X 10**15 eV and, at a given total energy, a production ratio p:Fe of 3:1 has been
used. Figure 3(b) shows components of the differential spectrum from interior and
exterior sources. Case II {s a modification of Case I in which a spectral index of
Y = 3.05 has been used for spectra exterior to the superbubble and a has been set
equal to J0.8. This causes the spectra from the exterior to dominate at all energies
above ~ 10%#*15 eV and produces a bump~like feature at ~ 10**]15eV. Case 1II is a
modification of Case I in which FPe is injected with a flatter spectrum (y = 2.6) and
Eo is lowered to 3 x 10**14 eV. As seen in Figure 3(c), this results {n an enhanced
Fe composition consistent with the Maryland result (Goodman et al., 1979)--(hatched
area) and the Durham group (Chantler, et al., 1983)-—(vertical bands).

In the energy range from 3 x 10%**14 eV to 10**17 eV, the direction of the
measured anisotropy (See Linsley, 1981; Watson, 1982) is RA ~ 12-18 h indicating a
net local flow from the nearby wall (see Figure 1). Although this might imply a
higher cosmic ray density at crhese energies outside the superbubdle, this is
unlikely since the icakage time constants above 10**15 eV become much less than the
cosmic ray age; a significant net inflow cannot then be sustained. Thus, the
direction of observed anisotropies from 10**15 eV to 10**17 eV {s probably a
transient of duration much less than {t>. Possibilities include: a) Cosmic rays
from exterior sources in the Sco—Cen active region may be "seen” through the partly
transparent superbubble wall; b) A mini-superbubble (Davelaar, et al., 1980) may
surround the Sco—-Cen region (Loop I, the North Polar Spur, may be the intersection
of the two superbubbles) and contain a higher cosmic ray density which is now
leaking into our superbubble; c) We are just seeing an anisotrory from the nearest
(wall) source. Just above 10**17 eV, the abrupt reversal in the observed anisotropy
direction indicates a return to net outward flow of cosmic rays toward the local
wall. This persists until about 5 x 10**18 eV, the apparent energy at which the
anisotropy ceases being dominated by the local wall.
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ON THE LOCALIZED NATURE OF THE GALACTIC COSMIC RAYS

J. F. ORMES
NASA/Goddard Space Flight Center
Greenbelt, MD 20771 USA

1. Introduction

The recent observations of charge composition data from the HEAO-3
satellite (Engelmann et al., 1981), have been interpreted (Orues and
Protheroe, 1983) to suggest that the escape of cosmic rays from the
galaxy at rigii%:ics above 10 GV/c falls more rapidlr then previously
thought A__ aR , (§ = 0.7 £0.1 compared to earlier values in the range
0.3 £ 8§ 0.5). 1f one associates this steep rigidity dependence with
the diffusive escape of particles from the galaxy, and fgrthcr connects
it with the energy dependence of the anisotropy above 10 GV/c, one is
led to speculate th,g ;?e {ffusion coefficient of 10 GV/c cosuic rays
may be as lov as 10°° " “‘cm“/sec. 1In this paper we explore the
consequences of such a lov value of the diffusion coefficient and of
various values of §. We then address consequences for the propagation
of cosmic rays, in particular their localizition near their point of
origin sufficient to explain the roleover the escape of low energies.

2. The Diffusion Coefficient

Consider a model in which the diffusion coefficient is isotropic
throughout all space, and the sources are confined to the galactic disk
(e.g., where SN are occurring). 1t can be shown that the spectra
{ntegrating over the finite disk and for all time give power law spectra
steepened from the source spectra by the power ¢ with which the
diffusion coefficient varies as the rigidity (Streitmatter and
Balasubrahmanyan, 1983).

The observed cosaic ray proton spectrum is presumed to be due to
the injection spectrum, perhaps from shock acceleration, steepended by
the energy dependence of the diffusive escape of particles from the
galaxy. Since the proton spectrum hag the form of a power law without
change of slope from 10 GV/c up to 10°GV/c (Gregory et al., 1981), we
assume that the energy dependence of the escape holds up to at least
this energy and that it is represented by a diffusion coefficient which
is also a powver lawv in rigidity. We take for discussion purposes a
diffusion coefficient as shown in Figure 1, the exponents shown being
£= 0.5 and § = 0.7 as determined by the energy dependence of the
escape. The forwmer value comes from the preliminary analysis of balloon
(e.8., Garcia-Munoz et al., 198!) and HEAO-3 data (Perron et al., 1981)
whereas § = 0.7 is determined usring more complete analysis (Orwes and
Protheroe, 1983; Simon and Mathis, 1983). The ¢ = 0.5 curve comes close
to the lower limit on the scattering length given by setting the
scattering length equal to the gyro radius, whereas the § = 0.7 curve
stays at least a factor of 100 above that limit, even up to 10° GV/c.
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(It is wvorth noting here that the escape length may not continue to
decrease towards higher enersy (see Chappell and Webber, 198l), in which
case the connection between high (>10 GV/c) and low (<10 GV/c) energy
regines s not clear).

The anisotropy amplitude in the range 1012 to 1020 eV i{g showm iz
Pigure 2. It is well fitted by two components: at energies below 10
eV is a Compton-Getting anisotropy which corresponds to a streaming
velocity of 20 km/sec and above is a diffusive anisotropy wgéck aﬁnes

from the cosmic rays flowing down the intensity gradient 6=-E—§_E? vhere

N is the numer density and r is the spatial cdordinate. A diffusion
coefficient pover law § in the range 0.5 to 0.7 fits this data well.

Uging thg same diffusion coefficient at 106 Gv/c and the anisotropy
of 1077 at 10° GV/c, we can compute a half height for the intensity
gradient of 1.5-15 kpc depending upon the value of &. These surely
represent upper limits for the characteristic dimension of the storage
volume because of the proximity of the solar system to the center of
symm:try of the galactic disk.

From the time scale inferred from 10 e observations, we know that 1
GV/c nuclei have an age of about 10-20x10° yrs. (Wiedenback and Greinmer,
1980 and Garcia~Munoz, Simpson and Wefel, 1981). Using this as a
characteristic time, we see that with the small diffusion coefficient,
10 GV/c particles 86 GeV/nucleon) can only diffuse 100-200 pc from their
sources whereas 10° GV/c particles diffuse 3-10 kpc. It is unlikely
then that there are more than one or two sources this close to the
sun. The absence of a break in the high energy electron spectrum has
been interpreted as saying that the nearest source must be within a few
hundred parsec of the sun, but the spectrum of electroms is inconsistent
with § = 0.7 and a standard leaky box picture. This problem may be
resolved 1f the pathlength distribution is truncated due to the
separation of the sun from this source. (See accompanying paper, Mauger
and Ormes, 1983).

In summary then, we find that at low energies we are 100-300 pc
from the nearest source, and that at higher energy the diffusive length
is in the range of 1-10 kpc. These distance scales apply asuming that
the diffusive medium has a characteristic size larger than these
dimensions, and is the same everywhere throughout the volume. If the
storage volume has smaller dimensions, then physical dimensions will be
controlling, and the lifetime to reach that boundary will be inversely
proport{ional to K.

3. Conclusions

The relatively small distance which low energy particles (< 10
GV/c) can diffuse suggests that the roleover in the matter traversed
below this energy (Garcia-Munoz et al., 1979 and Ormes and Protheroe,
1983) may be due to particles not yet having diffused to us from tha
nearest source. This is consistent with an increase in the truncation
of the pathlength distribution at lower energies as reported by the
Chicago group (Wefel et al. 100
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Such 2 small diff&viJ: coefficient is consistent with the

observation by Canme (1977) of 10-20 MHz radio emissivity on the line of
sight to nearby HII regions. This data suggests there is a high
emissivity region near the solar system. It would also imply the
localization of particles to create point like gamma-ray sources. A
prediction of this model would be that gamma-ray sources would be bigger
at higher energy. Such an effect might be observable with the extended
energy range and high gensitivity of the energetic gamma ray experiment
(Fichtel et al., 1983) on the Gamma Ray Observatory.

The low energy cosmic rays would then have- been confined very Benr
the solar system, so that the observed grammage traversed and the 1 Be
abundance which lead to the conclusion that these cosumjic rays have
sanpled a low density regior of space p = 0.3 atoms/cm~. This low
density is consistent with the very local region of the galaxy where the
sun may be inside a hot low density plasma or superbubble blown in the
cold material of the average interstellar medium by repeated supernova
explosions.

This picture leads to the following mix of sources. At low energy
where the diffusion coefficient is small, each source is relatively
isolated, and the composition we observe may be unique to that local
source (and hence its general similarity to the solar system
materisl). On the other hand at high energies in which our knowledge
conmes mostly from air shower observations, the diffusion coefficient is
large, and we are bathed in the cosmic rays produced in a large number
of sources, hence the low anisotropy values. There are no observations
on the long term constancy of the sosmic ray intensity which rule out
fluctuations on & time scale of 10’ years (Schaeffer 1977).
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ACCELERATION AND PROPAGATION OY GALACTIC
COSMIC RAYS: IMPLICATIONS OF HEAO-3 DATA

J.F. Ormes
NASA/Goddard Space Flight Centre, Greenbelt, M 20771, U.S.A.

R.J. Protheroe
Dept. of Physics, University of Adelaide, South Australia 5001

ABSTRACT
We re-examine the energy dependence of the
mean escape length of cosmic rays from the galaxy in
the 1light of recent measurements of cosmic ray
sbundances from the Danish-French experiment on
HEAO-3. 1lmplications for cosmic ray acceleration and
galactic confinement are discussed.

1. 1Iatroductionm

Highly accurate data on the relative abundances of boron
through nickel are now available from the Danish-French collaborative
experiment (Bouffard et al., 1982) on HEAO-3. The boron to carbon ratio
obtained from this experiment (Engelmann et al., 1981) is shown in
Fig. 1 together with low energy observations from the IMP satellite
(Garzia-Munoz et sl., 1979). Balloon observations (original compilation
by Garcia-Munoz et al., 198la, with additions) are also shown to
indicate the general agreement between these and the more accurate
satellite data. We have used these results and performed a propagation
calculation to determine the energy dependence of the mean escape
length, A _(E), from the observed secondary to primary ratios.
AstroPhysfcal implications of our result will be discussed. Full
details of our analysis can be found in Ormes and Protheroe (1983).

2. Mean escape length

“The n.tﬁ63&3f calculation is as described by Protheroe et al.
(1981). We have used source elemental abundances derived by Perron et
al. (1982) and assumed source isotope ratios to be solar (Cameronm,
1980), except for C, 0, Ne, Mg, and Si for which we used those obtained
by Wiedeanbeck and Greiner (1981). For source abundances of the sub-iromn
group we have taken the local galactic abundances (Meyer, 1979). Energy
dependent total cross sections of Letav et al. (1982) were used. For
spaliation cross sections. we have used the semi-empirical formulae of
Silberberg aunc Tsaso (1977) (see also Tsao and Silberberg, 1979 and
references therein) except that those of iror have been normalized to
measurements of Webber and Brau:zigam (1982) at 980 MeV/nuc.

Pirst, we shall restrict our analvsis to the high energy data
(2.6-15 GeV/nuc) to probe tte assymptotic behaviour of A , avoiding
bieses int-oduced ar lov emeigies by solar modulation effects, strong
energy dependence of cross sections, and velocity dependent propagation
effects. For a source specirun appropriate to acceleration by strong
sh.cks, 1.e. 4J/4T «p~2 we have calctiated the secondary to primary
ratios for two possible forms of the energy variation of A : (a) & pover
lav in rigidity; (b) a power lav in kinetic energy. We shév in Figure 2
the results of a comparison of our calculations with three important
secondary to primary ratios obtained froxz the HEAO-3 data for the two
forus of A_ (the equations used are given in the figure). The results
are given fﬁ the forw of a x2 contour plot in the A< plane. For

e AR — Ao Bt T Ciare B, e 8 1 e ar
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Figure 1 Boron tc carbop ratio measured by REAC~3 anc IM® satellites

compared with a survey of balloon observations.

clarity, only the contour corresponding to the 955 confidence interval
has bdeen plotted. It 4s clear that for the B/C, N/O, and Sc-Mu/Fe
ratios, the HEAD dats give a bdest value of & somewhat higher then
previously realized. We find 6, » 0.7 ¢ 0.1 for the rigidity dependent
fit and 6.r- 0.63 ¢+ 0.1 for :ﬁe kinetic energy per nucleon dependent
fic.

Previous estimates based on bslloon data placed é. in the
range of 0.3-0.5, however Perron et al. (1981) im their analys;.rs of the
HEAO data suggested larger values of ¢ would fit better. 7{ one ware to
ignore the Qquoted errors on the HEAO data and include data at lower
energies in the £it, lower values of §_ would be obdtained. Also,
kinematic effects wmake 6‘ larger than § 13 this energy range.

Prom Pigure 2, we find that t‘.rne best value of A obtained from
the ratio of iron-secondaries to iron is adout 105 higher than that
obtained from the boron to carbon ratic. This is consistent with a
slightly truncated pathlemgth distribution, for example as expected in
the nested leaky box mwodel (Cowsik and Wilson, 1973) and would imply
about 8 of A_could be ip source regions. Unfortunately, this
conoclusion cannot be reached because of systematic uncertaianties i:-
spallation cross sections of order 10I. To illustrate this point the
aczep:atle range of A, obtained from the boron to cardbor datas allowiug
for a 10X uncertainty in the partial cross sections, has deer added to
Figure 3(a) snéd includes the Tegion between the two dashed lines. The
'best' values of A_ obtained froz the three secondarT to primary ratios
shown iz Figure 3(a) ther appesr tc be entirely consistent. For further
éiscussior of truncated pathlength distributions, see Protherove e: al.
(198.) anc¢ Sarcis=Munoz et al. (19fls).

We shov ic Figure 3 the neat escape leng::t we derive froc the
boron tc carbon ratioc resultn fros. the HEAO-3 and 1M experimenzs. For
this, we have assumed that the solar wmodulation car be described br the
force field aspproximation with a aeceleration parameter, ¢, of 600 W
appropriate to near solar maximum conditions (Urech an¢ Gleeson, 1973).
We shov (dashed lima) A_ = 35 (R/GV/e) T 7 g/ew? we obtained for data
above 2.8 GeV/muc. 1y, this gives & poor fit to the lov energy

data. Satisfactory agreemsnt witk the data is obtained (solid lime)
wvith,

Y o " s i s 5 15
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l. - 33 {‘ + (1." W/C)z}‘l o8 ( R e)-oal' ‘,e-z (1).

The turnover im A &t lov energies is considerably more adbrupt than can
be accounted for by the Dynamical Halo model (see e¢.g. Jones, 1979).

3. Discussion

At high energies, the variation of A‘ vith energy may bde as
steep as R0 7, Since the observed spectra of primary nuclei (e.g. Ryan
et al. 1972) are proportional to R™ 7, this would imply that primary
cosmic rays may be produced with a p~2 spectrum as expected for
acceleration by a first order Fermi wmechanist in strong shocks
(compression ratio 4, or certainly greater than 3.5; see e.g. Axford,
1981). .

As well as implications for the acceleracion of cosmic rays,
the steep rigidity dependence of A, has important consequences regarding
the distance cosmic rays propagate (the cosmic rsy age must be greater
than the speed of light crossing time of the storage volume). Since
there is no observed structure (e.g., change of slope) in the proton
spectrun up to 105 GV/c (Gregory et al., 1981, Tasaka et al., 1982), we
conclude that the rapid decrease of A_ continues up to this rigidity.
We shall assume that the lifetime of cobmic rays is proportional to ).
Extrapolating from ~107 y at 1 GV/c (Wiedenbeck and Greiner, 1930;
Garcia-Munoz et al., 1981b) using equation (1), the age at 105 GV/c is
n 4000y and the size of the “storage region” must be less than 1 kpec.
Particles which propagate diffusively must strongly satisfy this
inequality.

70 L

60

A (9/em?)
8

Figure 2 Comparison of boror to carbon, sud-iron to iron, and
nitrogen to oxygen ratios observed from 2.8-15 GeV/muc by
HEAO-3 with results of the present propagstion
ulculn:::lrc. (‘nn figure shows the goodness of fit
wvhen A part a) or A, and &, (part b) are varied.

gud eu’n L

The c2 s are contours of cofistant x2 corresponding
to 9352 probability.



b, ORIGINAL PAGE I 0G 5.2-14
OF POOR QUALITY
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B. lund for their hospitality and discussions during visits to Saclay
and DSRI 4n 1981. Ve are grateful to Drs. $.A. Stephens,
V.. Balasubrahmanyan and M. Simon for useful discussions.
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Figure 3 Msan escape length derived by us from HEAO-3 and 1MW
measuresents of the boron/carbon ratio. Dashed curve shovs
assymptotic behaviour; so0lid line 4is the fit given {n
equation (1).
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HOW DO COSMIC RAYS CHANGE THEIR ENERGY IN THE SOLAR WIND?

Frank C. Jones
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
USA

ABSTRACT

We have derived the diffusion-conveciion (modulation)
equation directly from the Boltzman equation employing a
ainimum number of assumptions about the scattering

process. We assume that each scatterer has a reference
frame in which 1) the scattered particles undergo no change
in energy, and 2) isotropy is an equilibrium state. If the
background plasma contains a magnetic field and the flow
speeds of the plasma and scattering centers are different
additional terms arise that modify the usual equations.
Furthermore if the scatterers have individual motions
relative to their average flow the second order Fermi
acceleratior term appears.

1. Introduction

The diffusion-convection equation was first applied to cosmic-ray
modulation by parker (1965,1966). Gleeson and Axford (1967) were the
first to derive it from the more general Boltzmann equation:

3-+v-§f+§ ﬁf-Tt-) (1)
where the left hand side of the equation represe:rts the streaming of the
particles through the large scale, average force fields represented
by F and the right hand side represents the change in the distribution
function f due to stochastic forces or scattering. In their paper
Gleeson and Axford did not include any large scale magnetic or electric
fields and treated the scattering as hard sphere scattering. If one
8onsiders a magnetic field embedded in a plasma flowing with a velocity

p one must include both the magnetic and induced electric fields i{n the

[

force term,

Px s b
Fe > -mvpxw-(ﬁ-uv\’p)x(;) (2)

where ; is the particle momentum, m {s the particle mass, Y is the
particles Lorentz factor, p is the plasma flow velocity

and @ = ei/mc. the particles local gyrofrequency.
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2. The Collision Term

We msy calculate the collision term in the manner of Gleeson and
Axford by performing the calculation in the rest frame of an individual
scattering center. In this frame we make two important assumptions
namely: the scattered particles do not change their energy in a single
scattering and the scattering process is such that it will preserve
isotropy. We further assume that the momentum transfer, averaged over
the cross section, may be written as a tensor operating on the original
momentua.

It should be noted that we aasume nothing about the strength of the
scattering; it could be strong as in hard sphere scattering or weak as
in scattering by weak Alfven waves.

3. The Transport Equation
The transport equation is obtained by the usual weakly anisotropic

expansion. it is assumed that the distribution function may be
described by its first two moments:

£By %) = 75 n(p,X) + o $(p, %)+ ©)
where n(p.;) = ]d;f(;.;)
and  $(p,%) = [dp p £(3.%). (4)

If the scattering centers have a mean velocity § and have a
dispersion about this mean (669) we obtain after a grgat deal of

coordinate transformations, integrations and algebra the following
transport equatiori:

%% - e K o ﬁn -3 (§ ﬁ Yp + 6 vn

- -3 p§-{(n + 9 L3

*5;} + —3- P A6°U°(5+.\;)_1' (-g;vﬂ)

+§A§-3-(5+3)'1 [4-3-(5+3)-1]-§n

Dt

+ai e v @t -N;}Iaz(yp-—)

-<¢p.ﬁs+s).(§+s>'1.v.m+v)1.§.w§.g

1 my .3 3 dn
3 53 < 668 v 663 > = 3p (myp

- (5)

In the above equation K 1s the diffusion tensor given by

g =1 Py oyl
K = 3 (my) (8 + V)
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where V {a the scattoring tensor whose clements are the varicus
svugtar&nh ‘rnq&vu((on and @ 1a the Rvru frequency tensor deftnod

hy 8 w N /v, Tt ahould be noted that {ncluston of @ {n the
ditfusion tenxor produces gradient and curvature drifts of the
particles. AQ {n tgv dsttnr nee hotween the plasma and scattering
center velocit len, and the last term on the right hand side

{a the Ferml accelevation term and {g zero {{ the swcattering centers all
move with a siagle veloctty, t.e., & " e (.,

4, Conclustons

™o thitngs should be noted about equation (5): fiest, {f the
acattering frequency in amall compared to the gyro-frequency (v((Q). as
{a usually the case, all of the torme on the right hand side (RHUS) are
amall and mav be neplected (with the possible exception of the Fermi
term); socond, the veloctity that appears {n the left hand aide (LMS)
(the usual modulation oquation) {x the plasma velocity not the N
acattertng center velocity. 1 we conafder the revetrnre Timie, K<V  the :
t{rat thrv? term sn the RUS are of order unity and have the effect of H
replaciag \‘ with on the LHS., The remaining terme on the RHS are

amall {n th&n Timit too and ave only of {ntereat {n the {ntermediate
veglon 3 o = 0 and the rcattering center motion {a the approriate one
to uxe.

In the divect{our perpendicular to R » however, the modulation
cquat {on should use the plasma velocity and, {n most casxea, {t {s net
the motfon ot the u‘attvt&nn ‘onters that aweeps the coamic ravs out of
the molar cavity but the B k drift {ustead.

S, Reterences

Parker, Ea. N., (190%), Planet. Space Sci., 13,9
v (1U0e) iIbhtd., 14, N
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SOLAR JHE-RICH EVENTS OBSERVED ON ISEE-3

D. V. Reames, and T. T. von Rosenvinge
NASA/Goddard Space Flight Center, Greenbelt, MD 20771, U.S.A.

ABSTRACT

A scan has been made of ISEE-3 data for all
events with “He/ He > 0.20 at > 1.3 MeV/nucl. The 67
events found show some evidence of 27-day recurrence.
Larger events show both velocity dispersion and
magnetic field-aligned arrival from the solar
directiun. At least one third of the events are
preceded by increases in ~ 300 keV electrons, althoggh
several larger events show no electron increases.
spike events algo exist suggesting nearly scatter-free
propagation of “He from well-connected events.

1. Introduction

Despite a degade of observation (see Ramaty et al., 1980), our
understanding of “He-rich solar particle events and of the conditions
under which they occur remains qualitative at best. In this paper we
describe some results of a survey of approximately 4 years of ISEE-3
data that seeks to characterize these events more completely.

Earlier papers (von Rosenvinge and Reames, 1979; Reames and von
Rosenvinge, 1981) described the ISEE-3 very low-energy telescope (VLET)
and showed examples of the element and isotope resolution it provides.

2. Data Analyses and Results

gurvey vzs performed using the 1.3-1.6 MeV/nucl and 2.2-3.1
MeV/nucl He and "He fluxes in g-hour averaged intervals from August 15,
1978 through June 10, 1982. A ZHe-rich interval was defined when either
or both of the energy intervals met the following two criteria:

1) The etror in the 3He flux from all sources was less than 50
percent

2) The 3he/%Be ratio was > 0.30 (when the “He flux was zero she
ratio was defined as the number of “He particles in the interval).

A candidete 3He event consisted of at least two successive 3He-rich
intervals. These events were then observed at a higher time resolution
to identify multiple events, to account for data-gap effects and to
better define the onset times.

Of 5,628 intervals with data, 300 were 3He-rich and 67 event
periods were identified. This amounts to a 5.3 percent probability of a

T vl e e B e ke D L e e imn Y el AR e
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3nc~rich event in progress or an average event rate of one every 3 weeks
during this period of the solar cycle.

The time distribution of the events is shown on a 27-day Bartels-
rotation plot in Figure 1. Recurrences seen in the figure exceed those
expected from a random distribution and suggest the recurrence of
events from the same solar .ctixe region. It has not yet been possible

to associate many of *“e small “He events with solar flares to establish
their origin.
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Another new feature found in the_ suryey data and gshown in Figure 2
is the tendency of events with large 33./ e ratios to have steeper
spectra.

3. Time Histories

1

A different aspect of the 3ne-tvcnt characterization may be seen
from the time histories as shown in Pigure 3 for the largest event in
the survey. This event typifies two frequently observed features of 3Be
events, namely: 1) velocity dispersion (earlier arrival of higher
velocity particles) and 2) large and persistent field-aligned aniso-
tropies. A third feature of the events is an absgnce of correlation
with interplanetary shocks, sector boundaries or “He abundance in the
solar wind. These features establish that the events are indeed solar
in origin. g

Further evidence of velocity dispersion is shown in about one-third
of the events that have clearly associated increases of > 300 keV
electrons preceding the event by 1 to 12 hours. Electron increases are
not observed in all events however.

Figure 4 shows an extreme example of fast spike increases in 3Be
that are seen in some events. The 1n§rense at 0 hours on November 10
shows strongly field-aligned flow of “He. R. Zwickl (1983) has informed
us that a "Strahl” involving field-aligned electron flows described by
Rosenbauer (1976) is in progress'during this period. Efficient
. "scatter—free” propagation of “He from an impulsive solar event along
vell-connected field lines could explain the fast profile observed.
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SOLAR FLARE NEUTRONS AND GAMMA RAY LINES

R. E. Lingenfelter
University of California, San Diego, CA, 92093, U.S.A.

R. Ramaty and R. J. Murphyl
NASA/Goddard Space Flight Center, Greenbelt, MD 20771, U.S.A.

B. Kozlovsky
Tel Aviv University, Israel

ABSTRACT

We have derived the energy spectrum of accelerated pro-
tons and nuclei at the site of the June 21, 1980 limb flare by
a new technique, using observations of the time-dependent flux
of high-energy neutrons at the Earth. We find that this
energy spectrum is very similar to the energy spectra of 7
disk flares for which the accelerated particle spectra have
been previously derived using observations of 4-7 MeV to 2.223
MeV fluence ratios.

1. INTRODUCTION

High energy neutrons, produced by nuclear reactions of flare-
accelerated protons and nuclei, were recently discovered from solar
flares with detectors on the SMM (Chupp et al., 1982). The observed time
dependence of the neutron flux at Earth gives a time-of-flight measure-
ment of the neutron energy spectrum at the Sun, provided that the dura-
tion of the flare §s much shorter than the typical Sun-Earth neutron
transit time (~ 10 minutes). Calculations of neutron energy spectra
produced in solar flares and predictions of the expected time depen-
dences of the neutron flux at Earth were made previously (Lingenfelter
et al., 1965; Lingenfelter and Ramaty, 1967). The time profile of the
neutron flux observed (Chupp et al., 1982; E. L. Chupp, private communi-
cation 1983) from the June 21, 1980 flare {s consistent with these pre-
dictions. Comparison of the observed time dependence with such calcula-
tions allows us to determine the energy spectrum and total number of the
accelerated particles at the site of the flare.

Neutron production in solar flares 18 accompanied by the production
of nuclear gamma radiation (Lingenfelter and Ramaty, 1967; Ramaty,
Kozlovsky and Lingenfelter, 1975). Comparisons (Ramaty, 1983) of the
relative intensities of gamma-ray lines from flares (e.g., Chupp, 1982)
with calculated line ratios provide independent information on the
number and spectrum of flare-accelerated particles.

Comparisons of gamma-ray observations from flares and charged-
particle measurements in the interplanetary medium have shown (e.g., von
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Rosenvinge, Ramaty and Reames, 1981) that gamma-ray production in solar
- flares takes place predominantly during the slowing-down of the acceler-
ated particles in the solar atmosphere, rather than during their accel-
eration or escape from the Sun. This 1is reasonable since particle
acceleration generally requires a low ambient density so that the accel-
eration rate exceeds the energy-loss rate, whereas effective nuclear
interactions require an ambient density that is high enough to stop the
particles. Thus, we expect the region of most efficient acceleration to
be above the interaction region where the observed neutrons and gamma
rays are produced. This model of nuclear interactions is commonly
referred to as the thick-target model.

We have recently (Ramaty et al., 1983) carried out new thick-target
calculations of neutron production in solar flares. Here we briefly
describe these calculations; we compare them to the high-energy neutron
observations of the June 21, 1980 limb flare; and we derive the energy
spectrum and number of the protons and nuclei accelerated in this flare.
Then by deriving the fluences of the accompanying nuclear gamma radia-
tion, we confirm that, for limb flares, the 2.223 MeV line from neutron
capture on IH is strongly attenuated by Compton scattering in the photo-
sphere (Wang and Ramaty, 1974; Chupp, 1982).

The .pectrum of the accelerated protons and nuclei has also been
derived fi>a observations of the 4-7MeV-to-2.223MeV fluence ratio for
disk flares. We find that the proton spectra obtained previously
(Ramaty 1983) for 7 disk flares using this method are very similar to
the proton spectrum derived using high energy neutron obuervations for
the June 21, 1980 limb flare, showing that flares which produce detec-
table high energy neutron fluxes do not appear to be significantly
different from other flares observed on the disk.

II. PRODUCTION OF HIGH ENERGY NEUTRONS

The calculations presented here are performed using the thick-
target model. We take the energy spectrum of the protons and nuclei
that emerge from the acceleration region and are incident on the inter-
action region to be the Bessel functi9n appropriate for stochastic Fermi
acceleration, N(E) = K,[2(3p/(mcaT))! 2] (Ramaty 1979). The product aT
characterizes the particle spectrum, such that a larger value of aT
corresponds to a harder spectrum. The above form for N(E) is valid for
nonrelativistic energies and an energy-independent aT. We assume, in
addition, that the composition of the accelerated particles is the same
as that of the solar atmosphere and that the protons and nuclei have the
same energy spectrum. These particles are then allowed to slow down in
the interaction region due to ifonization losses in a neutral medium. For
simplicity, we also asgume that within the interaction region the angu-
lar distribution of the charged particles is isotropic. An anisotropic
distribution would have observable effects. For example, i{f the protons
and nuclei were preferentially directed downward toward the photosphere,
the neutron flux from a limb flare would be larger than from a disk
flare. There is, however, no data as yet to suggest such an anisotropy.
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The calculated time-dependent
neutron fluxes at the Earth are shown

At(oec)=t-d/¢

O 200 400 600 800 1000 1000
Y T Yy

] in Figure 1 for various values of aT,

i ] assuming instantaneous production and

i Qo8 | free, unattenuated escape from the
[y o0n g Sun. The time At is that in excess of
o / — J*v' & the 1light travel time from the Sun,
3 f [__1 ver > ‘g where t is measured from the neutron
s | ] 1 & production time. Also shown in this
g % 1 & figure is the observed neutron flux
5 . E from the June 21, 1980 flare (Chupp et
z"F w £ al. 1982; E. L. Chupp, private commu-
3' - 3. nication 1983). We assumed that the
¢ r e 7 . 1o82. 4 neutron production time was at 1:18:55
IF&;:&::“" . UT - d/c, i.e. at the midpoint between

N> 20 Mo 1 1 the two 1impulsive photon emission

o /L s peaks whose centers, shown by arrows,

© 200 00 600 800 1000 1200 1800 were observed at 1:18:40 and 1:19:10
SECONDS AFTER 1:18:20.18 UT UT (e.g. Chupp et al. 1982). The

total duration of the impulsive phase
Figure 1. Observed and calcu- of the June 21, 1980 flare was ~ 60
lated neutron fluxes at Earth sec. As can be seen, the shape of the
as functions of the difference observed time dependence fits very
between the Sun-Earth transit well that calculated for aT=0.02. The
times of neutrons and photouns; absolute normalization of the data to
ve take d/c=500 'sec. the calculations implies a total pro-
duction of 2.8 x 1030 neutrons and a
total number of accelerated protons
with energies greater than 30 MeV,
Np(>30MeV) = 1.2x1033,

The assumption of free neutron escape limits the maximum ambient
density in the interaction region. If the dependence on height of the
ambient density in the interaction region can be approximated by an
exponential with scale height h,, n(h) « exp(-h/ho). then for a limb
flare, the observable neutrpn flux originating at a height h is attenu-
ated by ~ exp[-((w/Z)Rh YV n(h)], where R {s the solar radius and
d,p 18 the neutron-proton elagPic scattering cross section. Since ¢
lngreases with decreasing neutron energy, the maximum value of n(h) con-
sistent with free neutron escape is determined by the lowest observed
neutron energy, ~50MeV (Chupp et al. 1982). For hy= 107cm, we find that

n ¢ 5x10!5 cm 3, essentially the top of the photosphere. Since the
vertical column depth at this density {s only ~ 0.2 gm/cm? (Vernazza,
Avrett and Losser 1981), while the gtopping ranges of the protons that
produce the neutrons are >5 gm/cm“, the protons must be stopped at
column depths significantly less than their ranges, perhaps by magnetic
mirroring (Zweibel and Haber 1983) or by scattering from magnetic
inhomogeneities.

Lastly, we consider the 2.223 MeV gamma-ray line resulting from the
production of neutrons in the June 21, 1980 flare. Calculations (Wang
and Ramaty 1974) of neutron slowing down and capture on IH predict that
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there will be a strong limb darkening of the resultant 2.223 MeV line
owing to Compton scattering in the photosphere. Taking the estimated
(Ramaty 1983) value of 0.23 for the number of observable 2.223 NMeV
photonn per neutron from a disk-centered flare, the total production of
2.8x1030 neutrons implies a 2.223 MeV line fluence of ~230 photons/cm2

at the Earth from such a flare. The fact that the observed (Chupp 1982;

D. Forest, private communication 1982) 2.223 Hcv line fluence for the
June 21, 1980 limb flare was only ~6 photons/cm?, provides clear evi-
dence for the limb-darkening of this line.
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THE GSPC ADVANCED COMPTON TELESCOPE (ACT)

R. Hartman, C. Fichtel,
D. Kniffen, G. Stacy(!), J. Trombka
NASA/Goddard Space Flight Center
GCreenbelt, M 20771

ABSTRACT
A nev telescope is being developed at GSFC for the
study of point sources of gamma rays in the energy
range 1-30 MeV. Using the detection principle of a
Coapton scatter in a 2.5 cm thick NaI(TL) detector
followed by absorption in a 15 cm thick NaI(TR)
detector, the telescope uses a rocking collimator for
field-of-view reduction and background subtraction.
Background reduction techniques include lead-plastic
scintillator shielding, pulse shape discrimination and
Anger camera operation in both Nal detectors, as well
as a time-of-fligsht measurement between them. The
instrument configuration and status will be described.

1. Imtroduction

There is particular interest in the study of "medium energy” cosmic
Y rays for a variety of reasons. This energy regime (from a few hundred
keV to approximately 30 MeV) constitutes a transition region from rela-
tively low energy thermal processes to highly energetic non-thermal
astrophysical phenomena (2.g8., nuclear radiation, =° decays, inverse
Compton). For a variety of both galactic and extragalactic objects
(supernovae, neutron stars, active galaxies), various models predict
peak power of eamitted radiation in the medium energy y-ray region. In
addition, observations of the diffuse y-ray bdackground emission appear
to indicate that there may be inflections in the energy spectrum of that
emission in the few MeV region. Such a break in the energy spectrum of
the y-ray background could contain important cosmological information on
the history and evolution of the Universe.

To date, there have been few confirmed detections in the medium
energy Y-ray region. Most experiments have yielded only upper limits.
The wmajor problem {s that {n this energy region one encounters low
fluxes and relatively high levels of instrumental background; in addi-
tion, separation of point sources from the diffuse background is diffi-
cult because of the limitations of the y-ray detection process. Below a
few MeV in energy, there is a high backgrourd due to continuum emission
and nuclear decay line, arising primarily from cosmic ray i{nteractions
in and sround the detector. Above a few MeV the background is somewhat
less, but the photon fluxes are much weaker, still presenting a sizeable
signal-to-noise problenm.

(180 Univ. of Maryland
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Therefore, the key to successful obcervations of wmedium energy v
rays is the suppression of 4instrumenta. background. A new Compton
telescope 1is being developed at GSPC for point seource observations
between 1 and 30 MeV. In this instrument, a combination of techniques
i{s used to reduce instrumental background. FPFurthermore, it is designed
to allow accurate subtraction of the residual instrument background as
well as the diffuse atmospheric and cosmic fluxes.

2. Iastrument Description

The telescope, which will be an oriented balloon payload, is showm
schematically in Pig. 11 The central detectors are both Nal scintilla-
tors, each with 1600 ca® area; the upper detector, ia which the initial
Compton scatter of a y-ray is to occur, is about 2.5 ca thick. The
lower detector, in which the scattered gamma ray is absorbed,is about 15
ca in thickness. Each of the two Nal
detectors is viewed by a 5 x 5 array of
high speed 2" photomultipliers.
Signals fros these tubes are separately
digitized to provide infurmation on the
interaction positions within the two
detectors, and therefore the trajectory
of the scattered Y ray. |

The upper Nal detector is sand-
wiched between two 6 ma sheets of
plastic scintillator. A phoswich
technique 1is used to separate the Nal
and plastic scintillator signals; the
plastic signal is then used as a wveto
to prevent triggering on events in
wvhich a charged particle enters or
leaves the upper Nal detector. !

The two central detectors are’
surrounded by a shield of lead, about
5.5 rt thick, which 1is encased 1in
plastic scintillator anticoincidence
counters. These are viewed by an array
of 12.6 cn photomultipliers, 12 at the
top and 4 at the bottom. '

Two techniques are esployed to
eliminate background from fast neu-
trous; in each of the central Nal
detectors, the pulse shape 1is deter-
mined by direct digitization at a rate
of 50-70 MHz. This {nformation 1{s N, Nal scintillators; P, phos-
telemetered to the ground for later vich plastic anticoincidence
analysis. The heavily ifonizing nucletl scintillators; A, antlcoinci-
resulting from fast neutron {nterac- dence plastic scintillators;
tions produce pulse shapes in Nal wvwhich C, lead slot colliamator; L,
are significantly different from those lead shielding

Pig. 1 - Instrusent Schematic
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generated by electrons. The second technique for fast neutron re jection
18 a time-of-flight measuresent between the two Nal detectors. With the
40 ca spacing between these detectors and the relatively slow risetise
of the Nal pulse, it probably will not be possidle to dirtinguish
between upward and downward moving y-rays; but it will be possible to
separate out and reject those events due to the fast neutroms, vhich
have typical velocities of c/7 or less.

The direction determination is made not by the Anger camers Compton
event reconstruction, but by means of two crossed slat leal collimators,
giving s fleld-of-view of about 2°. This permits us to use the Anger
reconstruction as a cross-check on the collimator direction. By
requiring that the Compton reconstructed direction cone include the
collimator direction, it should be possible to reduce by a factor of at
least ten the backgrounds due to B-y decays in the Nal or y rays
originating within the rest of the instrusent. .

. Despite the background elimination precautions mentioned above, !
some instrumental background will etill remain. Purthermore, atmo-
spheric and cosaic diffuse fluxes must be accounted for in the search
for localized y-ray sources. This background subtraction will be
accomplished by comparing the rate of acceptable event wvhile pointing
on-source to that while pointing off-source. Rather than reorient the
entire telescope for this purpose, one of the two slat collimators will
be rocked by a few degrees every few minutes. The on-source and off-
source positions of the collimstor are symmetric with respect to the
telescope axis, eliminating any bias due to a changing configuration.

The telescope orientation will be deteruined and controlied by an
on-board closed-loop microprocessor-based zy tem. This systea uses as
{ts detector a CID solid state video camera'?2’ fitted with a 58 ma f£/1.2
lens which has extended IR coating. This system has a field-of-view of
8.7° x 11.2°, with angular resolution of 0.045° x 0.036° (244 x 248
pixels). Preliminary tests indicated that this systea can detector G-
type stars of approximately magnitude 6 with a 5s exposure.

3. Conclusions

Based on estimated background as well as increased effective area,
it anticipated that, with the instrument described, point source detec-
tion sensitivity should be improved by nearly an order of magnitude over
earlier balloon {nstruments.

(2)ge 1ype TN2500
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EGRET: THE H.GH ENERGY GAMMA RAY TELESCOPE
POR NASA's GAMMA RAY OBSERVATORY

C.E. Fichtel, D.L. Bertsch, R.C. dartman, D.A. Kniffen, D.J. Thompson
NASA/Goddard Space Flight Center
Greenbelt, MD 20771 U.S.A.

R. Hofstadter, E.B. Hughes, L.E. Campbell-Finman
Hansen Laboratory, Stanford University
Stanford, CA 94305 U.S.A.

K. Pinkau, H. Mayer-Hasselwander, G. Kanbach, H. Rothermel, M. Sommer
Max-Planck-Institdt fUr Extraterrestrische Physik
8046 Garching b. Miinchen, Federal Republic of Germany

A.J. Favale, E.J. Schneid
Grumman Aerospace Corporation
Bethpage, NY 11714 U.S.A.

The EGRET high energy y-ray telesccpe under development for NASA's Gaama
Ray Observatory will have an energy range of approximately 12 to 30,000
MeV, energy resolution of abouvt _152 FWHM over most of that range, an
effective area of about 2000 cm® at high energies, and single photon
angular accuracy of ~ 2° at 100 MeV, < 0.1° above 5 GeV. This instrument
can locate strong sources to an accuracy of about 5 arc min. The iastru-
ment utilizes a set of digital spark chambers interleaved with tantalum
foils for detection and identification of y-ray events, and a large
NaI(T2) scintillator for energy determination. The system is triggered
by a coincidence matrix using two arrays of plastic scintillation
counters and a large plastic scintillator anticoincidence dome that
rejects incident charged particles.

1. Imtroduction

The Gamma Ray Observatory (GRO), a Shuttle-launched free-flying
satellite, is scheduled for launch in the late 1980's. This will be the
first mission dedicated to a comprehensive study of the y-ray portion of
the electromagnetic spectrum encompassing over five orders of magnitude
in energy. Four instruments will be included to cover the broad range of
energies and to achieve the scientific objectives.

The purpose of this paper is to describe the high energy instrument
to be included on GRC. This instrument, a spark chamsber telescope with a
NaI(TL) total energy counter, will cover ihe energy range from about 12
to 30,000 MeV, with much better sensitivity and spectral and spatial
resolution than any previous experiment in this energy range.

2. Scientific Objectives
The specific objectives of this experiment are:

® To search for localized Y-ray sources in the energy range from 12 MeV
to 30 GeV and to measure their intensity, energy spectrum, position,
and possible time variations, including periodic emission
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® To improv. 'he knowledge of the locations of known high energy Y-ray
sources no: .‘entified with objects seen at other frequencies

® To examin: supernova remnants and search for evidence of cosaic-ray
particle a..a...ration revealed by high energy Yy rays

@ To obtain a detailed picture of the diffuse high energy Y-ray emis-
sion from the Galaxy which in turn will provide information of funda-
mental impnrtance in the study of the dynamice of the Galaxy. This
should provide a high contrast picture of galactic structure, inclu-
ding epiral arm segments, clouds, the galactic center, and the
extended disk (or “halo™) .

® To determine “he relative importance of cosmic ray electro.s and cos-~
mic ray nuclevci:a throughout the Galaxy by studying the y-ray spectrum
above 12 MeV and, by combining the results with the concincum radio
data, to obtain a better estimate of the galactic magnetic fields

® To detect and examine the high energy vy-ray emission from other
galaxies, including both normal galaxies 3snd galaxies which are
exceptionally luminous at other wavelengths

® To study the diffuse celestial radiation in the energy range above 12
MeV including its energy spectrum and the degree of uniformity, both
on a small scale and a broad scale, measurements of particular impor-
tance in relation to several cosmological models

® To search for high energy Y-ray bursts, to study the spectra of low
energy y-ray bursts with high statistical accuracy, and to observe
Y-ray lines in solar flares

3. Iastrumsent Description

The telescope is shown schematically in Figure 1. A Yy ray entering
the telescope within the scceptance angle has a reasonable probability of
converting into an electron-positron pair in one of the thin Ta foils
between the spark chambers in the upper portion of the telescope. If at
least one particle of the pair 1is detected by the directional time-of -
flight coincidence system as a downward moving particle and there is no
signal in the large anticoincidence scintillator surrounding the upper
portion of the telescope, the spark chamber track imaging system is trig-
gered, providing a digital picture of the y-ray event, and the analysis
of the energy signal from the NaI(TL) crystal is initiated. Incident
charged particles are rejected by the anticoincidence dome and low energy
backward-moving charged particles that do not reach the anticoincidence
dome are rejected by the time-of-flight measurement. Events other than
the desired Y rays, such as those Y rays interacting in the thin pressure
vessel inside the anticoincidence scintillator, are rejected in the sub-
sequent data analysis by inspection of the spark chamber images.

The directional scintillator telescope consists of two levels of a
four by four tile array with selected elements in each array in a time-
of-flight coincidence. The upper spark chamber assembly consists of 28
spark chamber modules interleaved with 27 0.02 radiation length plates in
which the Y ray may convert into an electron pair and in which the inter-
action point and initial direction of the electrons may be determined.
The lower spark chamber assembly, between the two time-of-flight scintil-
lator planes, allows the particle trajectories to be followed, provides
further information on the division of energy between the electron and
positron, and makes possible the observation of the two particles for
very high energy Yy rays.
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The principal Figure 1: High Energy Gamma-ray Telescope
capabilities of the (EGRET)

instrument are sum- )
marized in Table 1. For additional details see Hughes et al. (1979).

4. Capabilities of the Experiment

The high energy instrument on GRO is characterized by the very low
background available with the detection of the pair production interac-
tion. The instrument also has good spectral and spatial resolution and
sensitivity which should combine to give this telescope the abiliry to
locate sources with one-tenth the intensity of the Crab pulsar to an
accuracy of four to ten arc minutes, depending on the general background
level. This gives a factor of well over two orders of magnitude improve-
ment over existing error boxes. The .1 millisecond timing will allow
searches for pulsars with periods down to the the 1.5 msec range, pro-
vided the period is known.

For the diffuse galactic plane emission, the spectra will be mea-
sured with high accuracy, and spatial variations in the snectrum
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Table 1

HIGH ENERGY GAMMA-RAY TELESCOPE
CAPABILITIES AND REQUIREMENTS

1. Detectors

a. Type spark chambers with Nal total
energy counter

b. Energy Range 12 to 30,000 MeV

¢. Energy Resolution 152 30 gev - 10,000 MeV

d.
e,

Total Detector Area
Area Efficiency Factor

6560 cm
2000 cuz abgve_about 200 MeV

f. Threshold Point Sgurce 5 x 10 "em “s”
Sensitivity (10° sec)

g. Angular Resolution 1.6° at 100 MeV: 0.6° at 500
MeV: 0.2° at 2 GeV (projected
rms)

h. Source Resolution 5 arc min

(strung source)

i. Field-of-View ~.5 sr: maximum opening angle 45°

j. Timing Accuracy 0.1 ws absolute

k. Design Lifetime 2 years

2. GRO-Experiment Interface

a. Weight 1830 kg

b. Size 2.25 m x 1.65 m dfameter

c. Power 180 w including heaters

d. Bit Rate 6.8 kbps

should be measurable on a scale of a few degrees. Features which sub-

tend more than about 0.5° will be resolved above 1 GeV as extended
sources. '

The diffuse radiation away from the galactic plane will be separable
into galactic and extragalactic components on a scale of a few degrees.
The extragalactic component will be studied for spatial variations in
intensity and spectral distribution, providing important clues for
determining the origin of this radiation.

With respect to extragalactic discrete objects, the situation is not
80 easy to predict. The radio galaxy CEN A: two seyfert galaxies, NGC
4151 and MCG8-11-11; and the quasar 3C273 have been gseen in y-rays., The
high energy telescope on GRO will have about » ter times lower threshold
for the det~ction of extragalactic objects than COS-B which detected
3c273. If the vY-ray luminosity distribution is similar to that for
either x-ray or visible photons, as many as 30 quasars might be expected
to be seen. Even pessimistic estimates suggest that at least ten should
be seen. Although even more difficult to predict, several normal
galaxies should be detectable and for the nearest ones a study of their
structure in y-rays will be possible.

References
Hughes, E.B. et al. (1980), IEEE Trans. Nuc. Sci. NS-27, p. 364.
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A LARGE AREA EXPERIMENT TO
DETERMINE COSMIC RAY ISOTOPIC ABUNDANCES

B.G. Hauger*’ V.K. Balasubrahmanyan, J.F. Ormes, and R.F. Streitmattey
NASA/Goddard Space Flight Center, Greenbelt, MD 20771, U.S.A.

W. Beinrich, M. Simon, H. 0. Tittel
Department of Physics, University of Siegen, 29 Siegen, West Germany

1. ABSTRACT

Observations of the cosmic ray isotopes of neon and magnesium have
showa an overabundance of the neutron rich isotopes as compared with
solar abundances. In order to determine the metalicity of the ccsmic
ray sources, the isotopic composition of these and other fluxes must be
studied. A 1.2 m“~sr instrument to study the isotopic composirio. of
the elements from oxygen through argon is being constructed as a joint
project between the University of Siegen, West Germany and thc %Goddard
Space Flight Center, U.S.A. This instrument uses two scintilsazors and
two Cherenkov detectors (n = 1.33 and 1.4). Each of these radii.ors
must have a uniform response to within 1 percent in order to achieve a
mass resolution of .3 amu. To achieve this uniformitv of response, each
radiator will be frosted to eliminate specular reflections and will be
used to determine the trajectory within + 1 mm. A passive nitrocellu-
lose range stack determines the range of the particles. These sheets of
nitrocellulose are etched in an ammonia bath and the position of the
tracks are read by computerized scanning. It is expected that this
experiment will be able to determine the isotopic abundances in the

energy range of 300 to 800 MeV/nucleon for elements from oxygen through
argon.

1. INTRODUCTION

Experiments to measure the isotopic conposition of cosmic rays have !
shown an enrichment of neutron rich isotopeszi pated wisgusolnr
gg::da es. The cosmic ray isotope ratios, Ne/ Ne and (
g, exceed the solar abundance ratios by factors of 2.7 and 1.8,

respectively (Fisher et al., 1976; Greiner et al., 1979; Mewalt et al.,
1980). .

There are several processes that could be responsible for the .
excess of these neutron rich isotopes. (For a discussion, see Woosler
and Weaver, 198l1.) The implications of these models also predict
varioes amounts of neutron enrichment of other, less abundant,
species. 1f measured, these isotopic abundances could determine which
processes dominate in cosaic ray sources. In order to measure the
isotopic abundances of these species, a large area experiment with a
mass resolution of better than .3 amu is necessary.
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Such an experiment is under comstruction as a joint effort between
the University of Siegen, West Germany and NASA's Goddard Space Flight
Center. This experiment, the Aluminum Isotopic Compositiorn Experiment
(ALICE), uses a Cherenkov-range technique to determine isotopic
composition of elements ;ron oxygen thrcugh argon. The experiment has a
geometry factor of 1.2 m“ st and uses two Cherenkov detectors to
increase its dynamic range. .

II. DETECTOR COMPLEMENT

Figure 1 schematically shows the detector complement. Two
scintillators, S1 and S2, form a coincidence telescope to define an
event. These scintillators are 120 cm x 120.cm x 1 cm Polycast "PS-10"
scintillators. In order to provide a uniform response, the surfaces of
these scintillators are frosted (to eliminate specular reflections),
housed in diffusive light collection boxes, and viewed by 16 12.5 cm
photomultiplier tubes. The interior of the light collection boxes is
painted with a barium sulfate paint with a .95 reflectivity. The light
collection efficiency of these boxes is on the order of 50 percent.

The trajectory of the cosmic ray is determined by the drift
chambers, DCI and DCII. Prototype drift chambers have been tested in
the heavy ion beam at Berkeley (Simon et al., 1981). T.ese chambers
should provide sufficient spatial resolution to trace the cccuic ray
through the detector stack to = 1 mm.

The two Chereknov detectors CI and CII, are housed in light
diffusion boxes identical to those containing the scintillators.
Because Chereknov detectors are most sensitive near threshold, two
Cherenkov detectors with different indices of refraction are used. CI
1s a 2 cm thick piece of Pilot 425 with e refractive index of 1.33. CII
is a silicon based rubber, GE RTV-615, with a refractive index of 1.4.

Belov DCII is a passive range_stack of cellulose nitrati, CN. The
range stack has a depth of 15 g/cm2 (11 cm) made of .03 g/em® (250um)
foils. After the flight, these foils will be etched and the resultant
tracks transferred to a print by an ammonia scan method. These prints
will then be digitized by a computerized scanuning microscope.

At the bottom of the range stack, there is an anticoincidence
scintillator, ANTI, which is used to reject particles which are not
stopped by the range stack. :

III. MASS RESOLUTION

In order to achieve o mass resolution of better than .3 amu, it is
necessary to determine the range and the energy per nucleon (from the
Chereknov detectors) to within 1 percent. Ome source of range error is
struggling, which cannot be reduced by experimental methods. Another
source of range error occurs due to uncertainties in the amount of
material between the velocity (Cherenkov) measurement and the range
stack. Specisl design consideration has been given to the comstruction
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of the light diffusion bozes and the drift cha.!bcrl to keep mass
uncertainties below a few hundredths of a g/cm‘.

Errors 1n tlu 'vclocity seasuremant can ocecur for a variety of
reasons. To eliminate variations in the Chereknov response, the double~
diffuse light gathering technique described above is used.

. [ 3

To remove any residual response nonuniformities, the detectors will
be response-mapped using relativistic particles before and during the
flight. With a mapped response profile, the uniformities of the detec-
tors should be reduced to below 1 pearcent. Since the photo cathodes
represent a sauall fraction of the diffusion box's area, ou the average,
each ;photon suffers many diffuse reflections.before being detected.
Finally photon counting statistics limit the accuracy of the Cherenkov

detectors. Pigure .2 shows the estimated mass resolutiod of the
iastrument.
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A METHOD TO DETECT ULTRA HIGH ENERGY ELECTRONS USING
EARTH'S MAGNETIC FIELD AS A RADIATOR

S. A. Stephens* and V. K. Balasubrahmanyan
NASA/Goddard Space Flight Center, Greenbelt, MD 20771

1. INTRODUCTION

Detection of high energy electrons above a few TeV, which lose
energy rapidly through synchrotron and inverse Compton processes, would
give valuable information on the distribution of sources and on the
propagation of cosmic rays in the solar neighborhood. The influence of
a8 strong nearby source would also be seen as a marked enhancement over
the depleted electron spectrum. However, none of the existing experi-
mental techniques could be used to measure the energy spectrum beyond a
few TeV. We examine here the possibility of detecting electrons [1]
above a few TeV by the photons emitted through synchrotron radiation in
the Earth's magnetic field. As these photons are emitted in the
direction of the electron within an extremely narrow cone, they would be
incident on a detector almost along a straight line. This pattern
provides an unique gignature for the identification of the electronm.
The mean energy of the emitted photons, being proportional to the square
of the energy, provides reliability in the energy estimation even if a
detector has low energy resolution. Thus, this technique would open up
an lmportant window of energy for the study of primsry cosmic ray
electrons.

2. SYNCHROTRON RADIATION OF ELECTRONS IN EARTR'S MAGNETIC FIELD

The theory of synchrotroc radiation is extensively discussed in the
literature [2]. The spectral shape of photons emitted by an electron
has a slope of -2/3 at low energies, slowly steepens at higher energies,
and drops off exponetially beyond E. = 6.56 x 10 2B Eg MeV; B
in Gauss and E; in TeV. It can be shown that 70 percent of thg photons
emitted are spread over 2 decades in energy. The mean energy of the
photons is proportional to the square of the electron energy, and in
order to cover m decades of electron_energy, one needs an instrument
capable of detecting photons over (m“ + 2) decades in energy.

Photons are emitted within a narrow cone in the direction of
electrons. The radiation is polarized, and the angular distributions of
photons along the two principal directions of polarization are .
different. We infer from the angular distribution of photons that 70
percent of the photons are emitted within 0.65 x 107’ radian. This
correspond to a spread of only 1.3 cms on to a detector placed at a
distance of 100 km, implying that the photons are distributed approxi-
mately along & straight line.

With a typical balloon altitude corresponding to a depth of-
4 g em ¢ of atmosphere over Palestine, Texas as the initial point on the
trajectory of the electron, we have traced its trajectory in Earth's
field using sixth degree simulation of the geomagnetic field [3,4).
Figure la shows an exaggerated view of the trajectory of an electron.
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In this figure O s the arrival point, B's denote the steps with step
length As, and A's sre the intercepts on the detector plane by tangents
B1Ay, BpAgs ... at point B's on the trajectory. The wavy lines are
ind}cacZVl of the photons enitted by the electron. At each step, we
have calculated the nev coordinates, B, , the radius of curvature, the
distance swept by the tangent A%, and I = ¥ 2. The energy spectrum of
photons > 20 keV is corrected for the sbsorption of photons in the air
between the detector and the point of emission. The total number of

photons received over A%, the energy flow, the mean energy <£Y>' and
their angular distribution ere determined.

3. DETECTOR RESPONSE AND ENERGY ESTIMATION

When an elcctron passes through the detector, the photons would be
incident only on the convex side of the trajectory (Fig. la). This is a
special situstion making the identification of the electron eveat very
unique. Even if the electron does not intercept the detector, one can
still identify the electron by the colinearity of the incident photons.
The number of photons required to identify an event unambiguously
is n > 3. We have calculated the response area A§e°f a detector using
thisTcriterion. We divide the detector into a number of strips (Pig.
1b) of width Ab parallel to the arrival direction. If the electron
arrives at 0, the detector strip would have 3 photons (.illed circles)
between O and D, and none between O and A. Therefore, the minipum
length required by the detector is OD = %. As the electron moves
towards A, the number of photons detected increases, reaching a maximum
at A, and then decreases to less than 3 photons beyond O. Thus, the
saxioum distance up to which an electron can be detected is 0°D = 22.
The response area of the strip is (22- z{ x\b.

Ly ® 10 Tov

Lo = 30 Tov

—.0‘—

) g
0NN &8 ’
/\ Fig. 2 (above)--The response
l . //;' . ---!;// pattern
.ot O.Tf :r L :—\‘ meado
1 g, © ] ,
h / Pig. 1 (left)--A schematic
Ao anail, -4, diagran
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The calculsted response of a circular detector is shown in PFig. 2
for electrons arriving at a zenith angle of 45°. The detector is shown
by thick circles. The thin curves trace the circumference of the
response area for = S. The effect of increasing the value of to
7 photons is shown the dashed curve for North. The dramatic increase
of the response area with E_ can be noticed from this figure at 20 TeV;
this figure is scaled down a factor of 2. The response ares (a)
varies with the arrival direction of electrons, (b) appears elongated
along the diameter, indicating its dependence on the shape and size of
the detector, (c) decreases as the value of n, is increased, and (4)
increases with energy.

Knowing B , the energy of an electron can be determined from the’
observed mean inergy of photons. Since, the number of particles
detected by an instrument in a direction (Z, %) is proportional to the
collecting power CP(Z,4) in that direction, one can make use of the
calculated CP to draw histograms of the estimated <E >. CP is the
product of the projected Ay perpendicular to the arrival direction, and
the solid angle is that direction. Using this, we examine the viability
of using an omnidirectional detector to study electrons. Fig. 3 shows
histograms of <E. > using an omnidirectional
detector of radius 150 cas for E, = 10 TeV and '
n, = 5 photons, with zenith angle cuts as
indicated. The peak in the distribution shifts
to higher energles as one includes larger zenith
angles, because of the higher mean B,. It can
be shown that <E > distribution iz ifidependent
of n_ and the detector area. The distributions
are asymmetric. The YLalf widths at half : ]
maxioum, in terms of the energy of the electron,
are about 15 and 5 percent of the peak value
towards lower and higher energies. For a
typical experiment discussed here, we obtain a
relation for the most probable energy as
<E >m = 0.0225 E1"76 MeV. It may be noted that s
this relation is based on the assumption that
the instrument has 100 percent detection 1
efficiency for photons > 20 keV. In actual p
practice this is not true, and one needs to
Fig. 3 Histograms of include both the detector efficiency and

<E!? the energy response to obtain a similar relation.
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4. DETECTION OF ELECTRONS *

We have calculated the collecting power of an omnidirectional
detector and examined its dependence on E_ , the area of the detector,
and the selection criterion n . It is found that as long as A is not
very small and n_ not very large th% collecting power of a detector is
asymptotically proportional to Azt 0, where a = 1.43 and 8 = - 1.8. As
the energy decreases, CP deviates Pr7- 1ts linear dependence on E, and
decreages by an order of magnitude ,v a decrease of energy by a factor 1
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of 2. This bdehavior provides the threshold detection for elsctroms, and
thus, the integral flux can be determined accurately even by an
instrument with limited energy resolution.

Tor an ideal detector, capable of detecting photons > 20 keV, we
have calculated the expected rate of glectron eventy using an electron
spectrum of the type J(E_ ) = 500 E “° electrons/(m* sr s GeV). The
event rate thus calculatdd is showf fn Pig. & as a function of the
energy of electron for various values of n,_ and A. " Curves A, B, and C
in this figure correspond to circular detectors with radii 200 cms, 100
cns, aud 50 cms, respectively. The collection time in ! typical bdalloon
flight is about 20 hours. Using s detector of area 10m“, s total of
about 13 electrons can be observed at energies above 5 TeV using n
criterion of 4 photons; this number reduces to sabout 8.5 for n, =
photons. From a lé4-day space shuttle flight ofz can collect agout 100
events above 5 TeV and about 3 events above 10°" eV. As there is no
atmospheric absorption of X-rays, the detection threshold is decreased
and the number of events would be larger. We have compared these event
rates with that expected from a proposed [5] shuttle experiment as shown
by the curve TRIC; the expected number of events is only 0.5 electron
above 5 TeV.

NUMBER OF ELECRONS (> €, ) /SECOND

ENERGY OF ELECTRON I Tev
Fig. 4. Expected event rate
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