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We present the results of a series of balioon flighss made at two latitudes over Aire sur 'Adour, France
4.5 GV). and Sao Jusé dos Campos, Brazil {12.5 GV). We used two 1ypes of vmnidirectionnal detectors:
245 x5 1ecm Nalenysialand a 23 em? Ge-Li high-cnesgy resolution detector. The two were su rrounded
by a 0.8-cm thick plastic anticoincidence. These measurements allowed us to determine precisely the
characienistics of the 0511-MeV line versus altitude and latitude. We have also determined from the
analysis of the growth curves at the two latiiudes an extraterresirial component value of (4.3 £ 1.5) %
1077 photons/em® s and an upper fimit of 4 X 107 photons/em?® s for the fiux from the galactic center

region.

INTRODUCTION

The 511-keV line resalts from a single well-defined phe-
nomenon, i.¢., the annihilation of positive electrons via the
two-photon process. As this phenomenon occurs frequently
and universally, this line must have the highest detection
probability. In addition. the study of line structure, which can
lead to information on the physics of the emitting region is
now possible with the development of high-resolution solid
state detectors. For this reason, such a study is a particularly
interesting part of cosmic gamma ray physics.

The presence of this line in atmospheric gamma radiation
and the explanation of its origin as annihilation of positive
electrons have been known [or many years [Petersen, 1963;
Rocchia et al., 1966; Chupp et al., 1967]. In diffuse enira-
terrestrial or point source gamma radiation this line has been
predicted, but 1o date, experimental data, including wpper
limits, are very Limited: Merzger ef al, [1963), Ling et al. {1977],
and Trombka et al. [1973] for diffuse background; and Hay-
mes et al. {1975¢, Johnson and Havmes (1973}, Leventhaf er al
[1978], and Albernhe et al. {1978] for 1he region of the galactic
center.

Because of its theoretical implications, the determination of
a2 51i-ke¥ photon flux is very important in the diffuse back-
ground and possibly from specific celestial objects. An accu-
raie measurement of the atmospheric flux is the first step in
finding the cosmic flux in a balloon or even a low-orbit satel-
lite experiment; however, in spite of the fact that many mea-
sufements have been made, snd apparently due to differing
experimental conditicns (resolition, f* radiation interference
produced within the experiment, differences in detecror de-
signs), there is rather subsiantial disparity in the results.

INSTRUMENTATION aMD FLIGHTS

obesonnen oudy, fligh gty o Jiferent fattedes with
tareir 3t i s of deleciots wets madde @ trdiional cembera-
tiek of souivne ke dbie seintiliator and phetomultiedicr, and &
Binh-caerpy resofution s siem with & germaniume-ltbum de-
tectos, Both dateciors werz omaidireciional.

The Mul dewector vsed a 4.5 % 5.1 om crysial, which, aloog
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with its associated photomultiplier, was surrounded by a 0.8-
cm thick, 20-cm long anticoincidence plasiic scintitlator used
10 eliminate the charged particle contribution. Information
was coded into 128 channels in two energy ranges: 0.4-0.8 and
1-10 MeV. The energy range 0.4-0.8 MeV was specially de-
signed to cover the 511-keV line.

The system was calibrated on the ground using calibrated
radioactive sources, the in-flight resolution was about 8% at
511 keV (Figure I). The flux in the peak was found by sub-
traction of the background, which had been calculated by
carve fitting, using parts of the spectrum located above and
helow the peak.

The high-resolution experiment was composed of a 25-cm?
germanium-lithium detector surrounded by a 0.8-cm thick
plastic scintillator placed in anticoincidence. The associated
electronics included a 4096-channel puilse height apalyzer
with a channel width of 2 keV, Continuous calibration was
performed during the flight using an Ytiriur 88 source giving
two lines at 898 and 1436 keV, this permanent, very accurate
energy calibration aliowed compensation for possible drifts in
the system. The results were analyzed at [0-min intervals dur-
ing which no appreciable drift disturbing the resolution of the
system was obscrved.

With these detectors we performed a series of flights at two
different tatitudes: (1) at Aire sur 'Adour, France {cut-off fi-
gidity 4.5 GV), one flight 'with the Nal detecior in Aprid 1972
and one with the high-resolution detector in November 1573
and {2} at Sao José dos Campos, Brazil (cut-off rigidity 12.5
GY), three flights in February 1973 with the Mal detector,

The position of Sao José dos Campos (23°S geographical
latitude) is very favorable to a study of the region of the galac-
tic center, which crosses the sky near the zenith. The Brazid
Righls were carried oul so as to have the ceiling alitude
feached 41 dimes cither as nesr as possible the passage of the
gulactic cenior region at the 7nith. of as far 27 possivls from
thiz pestaze. Thus it may be pesnble to deicrminge by com-
parises the contribution (rom the galactic center region.

AH the Niphts, the two in France and the three in Erazil, op.
erated correctly after reaching ceiling altitudes between 3.2
and 4 mbar. Because of the good resolution aad the number
of tkese experiments, we were able to define the 311-keV pho-.
ton fux as a function of the akitude for botk latitudes.
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Fig. 1. Ninety-minute specirum at ceiling at 10°S. The overprint

curve is vsed o calculate the Aux in the peak.

RESULTS

The growth curves of the 511-keV line for both iatitudes are
given in Figure 2. It can be noted on these curves that, as for
the gamma ray continuum at similar energies, the Pfotzer
maximum is located deeper in the atmosphere at low latitude
(120 mbar at 10°8) than at mid-latitude (90 mbar at 45°N);
furthermore, this maximum is much flatter a1 low latitude.
The atienuation lengths below the Plotzer maximum ase {90
cmi/g at 4.5-GV geomagnetic cut-off and 215 cmi/g 3t 12.5
GV, respectively. These values are near those found by other
authors; 190 cm?/g at 16.9 GV [Kaswrirangan et al., 1972] and
170 cm? /g at 4.5 GV [Rocchia et al., 1965],

The fluxes measured at 4 mbar tn our case 0.118 = 0.0025
photons/em? at 45°N and 0.075 + 0.002 photons/cm? 5 at
10°8. In Figure 3 these values are plotted with the measure-
ments obtained by other experimenters ai different latitudes.
To facilitate comparison they are normalized 1o a pressure of
4 mbar using our growth curves, For this comparison we have
used the recent experiments of the same lype as ours, ie.,
made with an omnigirectional detector surtounded by a plas-
tic scintillator anticoincidence; in addition, we have included
the measurement at 27°N {Nagakawa et al, 1971}, which is
the only one made at an intermediate latitude and whose en-
ergy resolution is very good. The siraight line drawn on this
figure was plotted by the maximum likehihood method with
the col ol oini, The geaph shows that the agraement betweasn
thes™ Gl L cw ey als s or 2 2o0d, with the eueeption

oL {MF0], whi. sits mch Siehr

of e gl Clr g

The ey’ prenter volves found dering otlier exgerionls
reay Lo expladn 8 by expetimental conditions: poor resolution
brinzyr ¢ about & high error factor during evaluation of ths
peak, and especially creation of #° particles near the detector,
mainly in the case of directional deteciors with heavy collima-
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tion systems. En our ¢ se it seems that the loca! production
may be of little significance because of the light weight of the
Nal detecior gondola (2! kg). In addition, we find results in
perfect agreement for the two detectors (Ge(Li) and Nal), al-
though the detectors and their environment are quile differ-
ent.

The fluxes measured at Plotzer maximum (0.36 + 0.03 pho-
tons/cm? 5 at 45°N and 0.25 + 0,02 photons/cm?® s at 10°S)
and at ceiling determine the general shape of the growth curve
in the upper part of the almosphere. Te characterize this, we
calculated the ratio (Pfotzer maximum Rux)/(ceiling flux). We
find ratios of 3.15 and 3.33, respectively, in good agreement
wilh the value of 3,03 for the same ratio measured by Kasiu-
rirangan et al. {1972] at low latitude {7.6°N}. We have com-
pared these values with the results of the semi-empirical
model developed by Ling [1974] for the continuum and for the
Jil-keV line [Ling et al., 1977). This model gives a (Pfotzer
maximum fux)/(ceiling flux) ratic of 9 for the 51t-keV line,
which is much grealer than what we find. This difference
seems to stem from the points between 25 and 600 g/cm?
{Boclet et al., 1963] used in this mode and which give signifi-
cantly higher Aux values than those we have measured.

We have made the same comparison for the gamma ray
continuum which is mainly responsible for the creation of
$1t-keV photons via the pair production process. Duoe to the
speciral shape of atmospheric gamma rays and to the energy
dependence of Lthe cross section for pair production, photons
contribeting to this production are essentially those with
energies between L3 and 10 MeV. We find for this energy
band a (Pfotzer maximum flux)/(ceiling flux} ratio of 3.65 us-
ing the data from the semi-empirical modet [Ling, 1974]. This
vaiue is in agreement with:our value for 51i-keV photon flux
and with those found during previous experiments; 2.5, 3.4,
and 2.6 for gamma rays between 0.7 and 4.5 MeV for 10°N,
46°N, and 62°N, and 3.15 for gamma rays beiween 0.9 and 18
MeV at 10°N [Marrin et al,, 1971, 1975]. It therefore seems
that if the 511-keV atmospheric photons are indeed mainly
due to the disintegration of e* created via pair production by
gamma continuum photons, the ratio {Pfotzer maximum
flux)/(4-mbar flux) given by Ling et al. [1977] may be too
high, and consequently, the growth curve of 511-keV photons
between Pfotzer maximum and ceiling seems too sieep.

Another comparison may be made with neutron fluxes
which are responsible for part of the 511-keV photon flux by
nuclear reaction and 8* emissions. We have found [Martin et
al., 1971} for the same ratio 3.8, 2.8, and 2.44 for latitudes of
10°N, 46°N, and 62°%N. These values are also in agreement
with our resulis for the 51i-keV photons.

Owing to its good energy resolution, the measurement with
the germanium detecior has also zllowed a determination of
the characterisiics of the 51i-keV lice. The measured energy
defined from the two {ines at 898.2 and 1836.2 keV from the
in-Mlight calibration source of Yitrium B8 is 510.3 + | keV.
This value therefore corresponds very well to the annthilation
encrgy of the positive electron: SHO0 keV {Lederor ot o,
L267] We did not obiserve Broz lening of the 511-keV line, bat
the sesolutionr of our detsotor and the channad width nangd for
penable us (o give only an bpper Wrai of 2 %oV for the
wisiih of this line.

The terrestrial atbedo i3 determined from sxtrapoiation of
the growth curves given it Figune 4 akove the Plower maxi-
mum, The extrapolated values we found are (1.07 £ 0.1) &
107" photons/em?/s. at $0°8 and (156 + 0.15) x 10”! pho-
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Fig. 2. Growth curves for 511-keV photons for the latitudes 10°8 and 45°N. The poinis oblained with the Ge(Li) de-
tector at 45°N have been multiplicd by a factot corresponding to the ratio of the effective area of the lwo delcciors (respec-
tively, 10.5 and 2.1 ¢cm? for the Nal and Ge(Li} detectors). The points for the third flight at low latitude, in good agreement
with thase of the other Aights, are not shown for reasons of clarity in the figure, but they appear in Figure 4 between 4 and

70 mbar,

tons/cm? 5 at 45°N. This was done without subtracling the
extraterrestrial contribution. These values, along with others
which are comparable, are plotted against geomagnétic lati-
tude in Figure 5. We have also plotted on this figuré the val-
ues we obtained afler sublraction of the extraterrestiial com-
ponent as deduced [rom our measurements. All these values
were obtained by very different methods: either using balloons
with omaidirectional detestors (our values and those at the
equator by Kasturirangan et al. [1972] or by satellite, with an

0 H T T T T T i ]
B o CHUPP et al N
R + WR MEASUREMENTS |

o HASTURIRANGAN »#t al

H o PETERSON et 3t T
| » NAGAKAWA € 3l .

(1)

W

wvi -

Hs /,’q.

~ 10“'_ - - ¢ ]

v = ‘d' N

x - - T

o

[= L. N

g --r

2 i "

[-%
[ e

* ;

Y VRPN TP PRI, S SRR R

54 PSS Wi oep S5 &5 W @k
GEOMAGNEHE LABTUDE
Fig. 3. The 511-keV photon Sux at 4 mbar plotied against geo-

magnetic latitude; dashed fine is drawn using the masimpm fikels-
hood method with different measurements.

omnidirectional detector [Mazets er al,, 1975} which therefore
simultaneously measures the exiraterrestrial component and
the albedo, or with a passive collimator detector [Nakano et
al, 1974} for which the extraterrestrial component is much
smaller. A rather good agreement can be noted between these
valies in spite of the different 1echniques used and although
the extraterrestrial component, which remains high particu-
1atly at low latitude, is taken into accouat io different ways,
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Fig. 4. latensity of 511-keV line ploved against almospberic
depth between ceiting and 70 p/om® for the two latitudes with the Nal
detector. The dashed curve represents the atmospheric flux extimated
a1 10°8.
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and are presented with and without subtraction of the extraterresirial
component.

The evaluation of the extraterrestrial contribution can be
made by analyzing the growth curves (Figure 4), Between 70
and 15 g/cm? these are lincar and parallel, then curve in and
rise less sharply for low-latitude observations than for mid-tat-
itude observations. This can be attribuled in pan 1o the effect
of an extraterrestrial component, which is proportionally
greater at low latitude 2nd will therefore have a stronger influ-
ence.

This flaitening at low latitude does not seem to be attribut-
able 10 an cxcess in local production due 1o neutrons; indeed,
their flux with respect 10 that of the gamma photons is about
twice as low at low latitudes as at mid-latitudes [Vedrenne er
al., 1971). [o addition, the ratios of neutron fluxes {Pfotzer
maximum/4 mbar) of 3.8 a1 10°N and 2.8 at 45°N. can only
emphasize the flattening of the rise curve at mid-latiude and
not at low latitude.

In order 10 evaluale this excess we have assumed that at
mid-latitude {45°N) the contribution of the exiraterrestrial
component is small and, within the margins ol unceriainsy,
does not modify the growih curve: in additon, since the
growth curves in the purely atmospheric radiation zone be-
tween 15 and 70 g/cm* are identical for both latiiudes, we
have accepted that this is siill true for pressures below 15 g/
e, {or the almosnherne compoaent. We have thersfore laken
& surys rarailel W the mid-letiteds rise curve aw o low-latitude
atime phier e fencaes,

T s e Jl,o*lhf‘s*s, ie, that the simospherie 5114V
pactor fones have the same altitede depandence at &1&",:@.12
iatiteder, we Gad for the extraterrestrial component a vales of
(4.2 = 1L.5) ¥ 10 phoonsfom® s afier correction for aimar
spheric absorption. It can be seen that this fux is low enough
to affect only stichtly the growth curve al 459N and coters
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within {he error limits of the points of this curve, which justi-
fies the hypothesis o define the atmospheric component de-
pendence versus pressure by using the growth cutve at mid-
fatitude,

The cosmic $1i-keV photon flux values which were already
determined are an upper limit of 1.4 X107% photons/cm® s by
Meizper [1964] aboard the Ranger 3 satellite, an upper limiy of
{24_55**") % 1072 photons/cm® s by Lipg et af [1977], and a
value of (3 & 1.5) X 1672 photons/cm® s aboard Apolic 15.
(Trombka et al., 1973]. Cur measurement confirm this last
value.

The three flights made in Brazil allowed observations to be
made on and away from the galactic center. These observa-
tions were compared for (wo 90-min periods, one centered on
a = 19 hours (the galactic center being near zenith) and the
other centered on @ = 24 hours {(the declination remaining near
23°), ARer correction for the difference in altitude of the two
measurements, we have delected no significant flux variation,
and we can only give an 10 upper limit to the flux from the
galactic center region of 4.5 x 10~ photoas/cm’ s to be com-
pared with the differeni measurements already known: (1.8
0.5) X 107* and (8.0 & 2.3} X 10™* photoas/cm? s (Johnsonr and
Haymes, 191%; Haymes et al,'1975] (1.21 % 0.22) X 107 pho-
tons/cm? s | Leventhal et al., 1978), and the upper limit of 2.3 %
10~ photonsfem? s [Albernhe et af, 1978), These last (wo
measurements were made with high-resolution detectors, 1If
this flux is coming from a nonextended source in the direction
of the Galactic Center, there is good agreement with these dif-
ferent measurements. 1f this flux is emitted by 2 line source
along the galactic disc, our upper limil (restricted by the at-
mosphere to an opening angle of 120°) becomes 2.3 X 107
photons/cm? s rad. This is still compatible with the other mea-
surements even assuming thal the emission extends up to
+60° around the galaclic cenler direction, i.c., similar to thal
reported by Fichrel {1977] at higher energies.

CONCLUSION

Despite the relatively large flux, measurements of the exira-
terrestrial apnihilation kine are difficult due 10 lhe need 10 sep-
arate it from the bacl zround sources of 511-keV photons,
both atmespheric radiation and local contribution created
around the detecior. In our experiment, local production of
S13-ke¥ photons was minimized by choosing a light detector,
and the altitude and latitude dependence of the atmospheric
component was used to determine the cosmic 511-ke¥ line.
The Aux which we found is (4.3 + 1.5) % 107? photons/cm? s,
in agreement with Apollo §5 results {Trombka e al., 1973), In
this last case the atmospheric or funar componcents were negli-
gible and the measurement of the flux created by local inter-
action thanks to successive measurements made at different
distances from the spacecrall, was used to find the cosmic an-
nihilation line. Moreover, measurements with and without the
galactic center region above our detector were used to find an
upper timit of 4 X 107 photons/cm?* s for this region.

The methods chosea for these measurements are complex
(baliooe fights 2t severel Watitudes, measuvenlents fzr from
the cand with a do1zctar ot the end of an exteasible Lo,
sud they pive oaly Dures intapraded over the whcde sky. In the
future i therefore seems what the most favoratle matiod of
siudying the diffuse 51t-keV line mey bs to use a detector $0l-
limated by a large active enticoincidence system and to sub-
tact ali the background contribution by eccniting the field of
view, withou! varying the araount of reatter ia front of (he de-
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tector. For this, a more elaborate system than the blocking
crystal must be used,
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