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--V The UCR large area solid-angle double scattex ‘suttron telescope was

flown to search for solar neutrons on 3 balloon flights on September

26, 1971, May 14, 1972 and September 19, 1972. 'he first two flights
were launched from Palestine, Texas and the third from Cape Girardesu,
Missousi. The float altitude on each flight was at sbout 5 g/ .

res’dual atmosphere. Neutrons from 10 to 100 MeV were measured. No
solar flares occurred during the flight:. Upper limits to the quiet
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I. 1WTRODUCT’.ON

The meastrement of ncutrons from the sun during solar flares and
quiet times will gi‘ve important information about acceleration mechanisms
on the sun. Following the ..arly works of Giovanelli (1947) and Dungey
(1958), the importance of magnetic field merging as a basic particle
acceleration mechanism on the sun has Leen widely accepted (Sweet, 1958;
Parker, 1963; Fetschek, 1964; Syrovatskii, 1966a, 1966b; Sturrock, 1966,
1968). There is general agreement *hat solar flares derive their energy
from sunspots and that this energy flows upward through the photosphere
and chromosphere to the corona and is stored in magnetic fields or in
particles trapped in magnetic fieids. At the time of a flare, a fast
transfer of energy is initiated that accelerates particles and produces
electromagnetic ra 21ition.

"tagnetic ficld energy is transferred to charged particles by the
mergirg of magnetic £1+1d lines at a line of magnetic neutral points
(Giovanelli, 1947, 1948; Dungey, 1958; Sweet, 1958; Parker, 1963; Pets-
chek, 1964). An elect: ic field is set up along the neutral line that

accelerates particles to high energies (Syrovatskii, 1966a, 1966b, 1969).

Severny (1964) has suggested that a hot dense plasma at a tempersture of

¢ °K and density cof 1014 lto-a/cl3

“x 10 is formed behind a shock front and
that neutrons can be produced by thermonuclear ceactions. Another possible
flar: mechanism that predicts large neutron fluxes is discussed by Elliot
(1964, 1969, 1973) where trapped high energy protons are dumped rapidly
into the sun's atmosphere.

Charged particles have not been vseful for obtuining the initial times

and energies of flares or accelerations to test these theories except at
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high latitudes because the -harged particles do not penetrate the earth's
magnetic field. Even with prcbes in interplanetary space or balloons at
high geomagnetic latitudes the initial times and angles are lost and
energies are distorted because of the interplanetary magnetic fields and
magnet.ic irreguiarities. Neutrons, on the o’her hand, move unaffected by
the interplanetary magnetic fields.

Solar elect.ons seldom reach energies above a few MeV because of large
energy losses by bremsstrahluang and synchrotron radiation in the sun's atmos-
phere and magnetic field. Therefore, interplanetary electrons £re not
good indicators of the fundamental acceleration in solar flares. X-rays
produced primarily by the bremsstrahlung of the electrons in the sun's
atmosphere have the same limitations. Drotons and heavier particles,
however, lose eneigy only by ionization anc collision losses. They attain
much higher energies and transfer the initi.l fundamental information o
the neutrons through nuclear collisions.

The solar neutrons produced by collisionsc of protons with He and other
constituents of tne sun's atmosphere can give important information about
the time, energy and angular distributions of the accelerated protons.
From the neatron measurements the potential that accelerates the protons
and the time dependence of the acceleration may be deduced. Information
about :he electric field and its extent iu the solar flare could thus be
obta‘ned. Direct information can be gained about the rate of the magnetic
field merging and the dumping of protons trapped in the sun's magnetic
field.

A number of authors have considered the secondary radiations that could

be produced by the interactions of accelerated flare particles with the



solar atmosphere. (Lingenfelter et a.., 1965a,b; Dolan and Fazio, 1965;
Lingenfelter and Ramaty, 1967; Lingenfelter, 1969; Chupp, 1971; Reppin et
al., 1973a; Ramaty et al. 1975). The theoretical predictions of the solar
neutron fluxes depend on the choice “e flare model for both the accel-
eration and slowing down of the char J)articles. 7The numbers of high
energy neutrons produced and their energy distributicns are quite uensitive
to the total number of accelerated protons and their rigidity spectra.

Lingenfelter et al. (1965b) have calculated the fiux of neutrons ex-
pected near the earth. They include the loss from neutrons that decay 1-
flight. For different values of the steepness of the proton rigidity spectra
at the sun, the neutron distributions at the earth peak between 20 and 60
MeV. If the neutrons are relzased in a time short compared to the transit
time to the earth, the sun-earth distance can act like a time-of-flight
spectromecer with the highest energy neutrons arriving first.

The estimates by Lingenfelter and Ramaty (1967) of t4Ye neutron flux at
1 A.U. for the large flare of November 12, 1960 is 5-30 neutrons/cnz-Sec.
Similarly, for the November 2, 1966 event, 0.1-0.4 neutrons/cnz-lec were
expected. If the optical 2amission from solar flares is provided by ioniza-
tion lcises of the accalerated particles In the flare, neutron fluxes cf 8
neutrons/cmz-sec arriv: at the earth from the largrst flares (;F) (Lingen-
felter, 1%€9).

fo date¢ no neutrons have been seen from solar flares or Z_on the quiet
sun. However, the intensities andi time histories of the 2.2 MeV gamma-rays
obsecred during the August 4 and 7, 1972 flares by Thupp et al. (1973a,b)
lead tc estimates «f fluxes at the earth of 20 neutronl/ﬂl2 and 30-50
neutronsicmz, respectively, in 3000 sec (Reppin et al., 1973a). A peak

3

flux of 3 » 10~ neutrons/cmz-sec from 10-100 MeV is estimated for the
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August 4 event, a flux that could easily have been measursd with tne
University of California, Riverside (UCR) telescope. Preliminary upper
limits to the quiet time neutron fluxes for September 26 and 27, 1971 have

previously been reported. (White et al. 1973).

II. METHOD

The method of neutron detection has been described in detail by Grannan
et al. (1972). The neutron's energy, scattering ingle and flux are meas-
ured by two neutron scatters as shown in Figure 1. The incident neutron,
n, w'th energy, En' scatiers elastically from . proton in the liquid
scintillator, S1. ' he recoil neutron, nl. continues on and scatters from
a proton or a carben nucleus in the liquid scintillator, S2. The recoil

proton energy, E in S1 is determined by pulse height analysis (PHA) of

pl’

the light output. The recoil neutron energy, E is calcvlated from the

nl’
measured time-of-flight (TOF) and the « 'stance berween the cells where
the scatters occur.

From conservation of energy in neutron-proton scattering, En is given
by

!n - Epl + Enl (1)

The scattering angle, a, is obtained from

E b
tan a = (-‘Ll) (2)

Since the recoil proton direction is not measured, the incident neutron
direction is determined to a cone of opening angle a.

A schematic cross-section of the neutron detector is shown in Figure



Figure 1.




2. The liquid scintillator is contained in the aluminum tanks, S1 and S2,
100 ce x 50 cm x 15 cm, 1 meter apart from center to center. They are
equally divided in'o eight cells. Each tank is completely : rrounded by a
plastic scintillator (Pilot F). Eac) liquid scintillator cell is viewad
by a 5 inch Amperex XP 1040 photomultiplier tube. The All and AZl plastic
sheets are viewed by 5 inch Amperex XP 1040 *ubeg. The AIZ' A22 and all
side plastic cheets are view=sd by 2 inch RCA 8575 tubes. The two liquid
scintillator tanks are supported by four 6mm thick chromium-mo)ybdenum
steel tubes with 6.2 cnz cross-seccions. The entire detector is contained
in an aluminum gondola. The gondola has cylindrical walls of 3.2 mm thick-
ness and 1.6 mm srherical end caps. It is serled with a large O-ring and
surrounded by 15 cm thick polystyrene to maintain the atmospheric pressure
and room temperatur~. The incident dcwnward moving neutrons must perestrate
2 s/cnz o. material to reach th= top liquid scintillator tank. The orien-
tation of the detector relative to the sun was measured with 32 photo diodes
placed on the outside walil of the gondola insuiation.

[he measured energy resolution, half width act half maximum, HWHM, is
12Z ar 15 MeV and 20X at 40 MeV and the calculated resolution is 20X at
100 MeV. The measured angular resolution HWHM 1is 10°.

The telescope efficiency c(En,B) for a point source of neutrons with
energy En and angle 6 is defined as tie ratio of the detector count rate
to the incldent neutron flux. The efficiency cij(ln,ﬁ) for one pair of

cells, 1 and j, 18 found from

da(En,e)]

€44 (En,0) = Ny [ an "
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[NH Unp(!nl)ﬂ'c onc(ln‘ ] 'fo(!n)'fl(!nl)' :E (3)

and the total detector sensitivity 1., the sum over all cells

8
(B ,0) = 2 €gy(Er®) (4)
1,3=1
where 1 18 a cell in S1 &and J a cell in S2
En ie the incident neutron kinetic energpy.
6 18 the incident zenith angie.

8' is the scattering angle of the neutron-proton interz:tion
in the S1 tank and depends on the azimuth ungle of the
incident neutron and the given pair of cells.

N“ is the number density of hydrogen atom3 in the liquid
scintillator, 7.V4 x 1042 atonl/an.

N 1s the number density of carboa atcms in the liquid
scintillator, 4.19 x 1022 ltonl/cn3.

fU(En) is the fraction of incoming neutrcns that survive after
passing through the material from outside the gondola to

the point of detection 1in S1.

fl(Eul) is the fraction of the neutrons scattered in S1 that survive

to be datected in S2Z.
V 18 the volume of liquid scintillator in each cell.

r i the center to center distance between a pair of cells.

L]
g (&0 1,P i8 the differential scattering cro:.: section for n-p

di
gcattering in S1 that gives a signal above threshold.



onp(!nl) is the tcra. cross section for a-p scattering in S2,
evaluated at Enl' that gives a signal above the threshcld.
Unc('nl) is the inelastic crces section for neutron-carbon scattering

in 82, evalusted at En]’ that gi{ves a signal above the thres-

hold.

The penetration factors Io(En) and fl(Enl) are calculated from

f - o MOt (5)

where N is a number density ot detector material, o 1s the inelastic
scattering cross section, and t is the thickness of the material.

The minimum decectable directional solar neutron flux r-in above back-
ground is determined by the efficiency €, the minimum solid argle AQ and
obgervation T. Let the background flux of downward moving atmospheric
neutrons be B (n/cnz-lec—-r). then the number of backgrourd counts in AQ
for T second is BeTAN. A one standard deviatior (o) fluctuation in baczk-
ground ccunts 1is (BeT n)h. If we require the number of solar neutron counts
to exceed the background fluctuation by a factor of 2, th2 minimum

¢ tectable solar neutron flux is

b
- 2 [ BAQ o
Fuin f. (-ETr-) neutron,’cm -sec (6)
The fB i the fraction of solar neutrons thar can bc¢ identified within the
resolution elemenc Afi. To estimate the minimum solar flux capability of

- 2
the UCR neutron telescope, we use a B of 10 2 neutrons/cm -sec-sr in the

neutron energy interval 10-100 MeV at 45° at an altitude of 4.9 5-Ic-2 and

40°N geomagnetic latitude (Preszler, 1973). A solid angle conical aperture



p,ives Al = 2.3 ste- and the correspon’ing ~orrection tactoc t. is
.72. The de-ector sersiti ity ‘area x vfficierc/) 1s about 24 cn2 at

42 MeV. For an ouvcervation time of 104 sec tlis gives F‘ *~ 8.6 x 10_“

in
n/cmz-aec. More rigorous cilculations, averaging over the backgrounds

at all solid angles w:th efficiencies weighted by the expected solar

neutron spectrum, give vhe values of Table 4.

ITI. DATA ANALYSIS

a) Balloon Flight Summary

The neutron detector was first launched on a 10.6 million cubic foot
balloon from Palestine, Texas at 40°N geomagnetic latitude at 12:30 GMT
on September 26, 1971. It reached the cefling a2ltitude of 5.0 gl/cuz in
about two and a half hours. The detector remained at ceiling altitude
from 14:50 GMT until 17:30 GMT the following day. The solar neutron data
we:e accumulated during 5/8 of the time throughout the flight. A second
balloon of 15 million cubic feet, was launched from Palestine, Texas at
12:48 GMT, the morning of May 14, 1972, The t~lloon floated at altitudes
of J.7 to 5.2 gm/cm2 for 30 hours before termination. The third balloon,
also 15 million cubic feet, was launched from Cape Girardeau, Missouri at
45°N geomagnecic latitude at 9:12 GMT on Sepiember 19, 1972. It remained
at the ceiling alt.tude & 5 gm/cm2 for about 24 hours.

No major solar flares or pr-oton events occurred during the three balloon

flights. Therefore we measured the quiet time solar n on flux, only.
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b) Identification of Solar Neutromns

The arrival diraction of the incident neutrvas r 'z mezsure within a
conical ring, which has a known projection in the celestial sphere. Th-
cone for each event projects an event circle on tl_: celestial sphere an
shown in Figure 3. The recoil neutron path is determined by the cells in
S1 and in S2 where the scatters occurred. The event cones are divided
into two types, "vertical" and '"cross", depending on the path. If the
neutron scatters vertically downward from S1 tn the corresponding cell
in S2 the event is called a vertical event. The event circle produced
by @ vertical event has a fixed zenith angle that is identical to the
neutron-proton scattering angle a in S1. Therefore, we can look for
solar neutro~s by comparing directly the zenith angles of the incidemnt
neutrons to the sun's zenith direction. We ask the question, "Do the
zenith anglcs of the sun and of the incident neutron agree?”

If the recuil neutron direction is not vertically downwar. the event
is callzd a cross event. The zenith angle of the event circle for a cross
event depends on tie scattering angle and the recoil neutron path. Since
the incident dlrection is determined to a conical annulus, different di-
rec ions along the rcone have different zenith angles and thus the angle of
scatter cannot be ccmpared to the zenith angle of the sun as for the vertical
events. For this case the minimum angle between a direction on the event
cone and the sun's direcr*ion, &, is useful, see Figure 3. It is necessary
to define a source cone as the cone whose axis points toward the sun from
the scatter point in S1. 1Its opening angle is adjusted as explained below.

Any event coune with a minimum angle 6 less than the half opening sngle of

bl |
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the source cone intersects the souvce cone and is a cardicate for a solar

neutron event. The background of atmospheric neutrons wvhose event cones
intersect the source conme is eliminated by subt.act’ng the number of
1nécr-¢ct1n| events when the sun is not in thc field of view.

The opening angle of the source cone is adjuste to maximixz the signal
to noise ratio. The histcgram of minimum 6's for 40 MeV neutrons (from the
tniversiry of California, Davis cyciotron) incident on the detecctor at an
angle of 45° is shown in Figure 4. From this curve it is found that 49%,
72% and 75% of the incident neutrons are included in half opening angles of
10° 15° and 20°, respectively. In the Septemher 26, 1971 flight, the rela-
tive numbers of bsckground acmospheric neutron event cones intersecting 10°,
15° and 20° source cones are 0.70, 1.00 and 1.27, respectively. The ratio of
solar neutrons to the square root of the background neutrons normalized to
the 15° cone for 10°, 15° and 20° source coner are 0.81, 1.00 and 0.92, re-
snectively. Therefore, the source cone with half opening angle of 15° 1s
the optimum cone.

In order to d2termine the minimum angle § for each incident neutrom, a
coordinate system fixed on the detector is chosen so that the Z axis corres-
ponds to the zenith of the celestial sphere as shown in Figure 5. The X-
axis is the reference line from which the sun's szimuth is measured. The
line element OA is the cone axis d<termined by the line that commects the
firat and second scattering points, assumed at the center of cells. 0'
is the zenith angle of the sun, Oc the zenicth angle of the cone axis, 0.
the azimuth angle of the sun and ‘c the azimuth of the cone axis. If we

rotate the coordinste system about the Z-axis through an angle Qc. then ro-

tate the system about the new Y-axis through an angle Oc. we arrive at Figure

13
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6. In the new primed coordinate system, point B on the cone has the
same azimuth angle 28 the sun. The minimum angle § is thz difference
in zenith angle between the sun and the event cone in the new coordinate
system.

Fvents with a start signal in S1, stop signal in S2 and a transit
time greater than 7 ns are defined as solar mode neutron events. They

consist of downward moving atmospheric neutrons and solar neutrons.

IV. RESULTS

The solar neutron fluxes, as calculated from the day-night differences
of the vertical events, for the September 26, 1971 flight has been pre-
viously published (White et al. 1973). No statistically significant (above
20) solar fluxes were found. In that paper ohservations were presented for
the msun at zenith angles from 311° to 50°. Since the vertical events were
only 10X of the total events, the results for all data including both
vertical and cross events are given here.

Data were analyzed eveni by event to find the minimum angle when the
sun's zenith angle was 31°-50°. The observation time was 11,277 sec during
the day and 17,527 sec during the night. At night the snn's position and
the relative detector position are simulated under the assumption that the
atmospheric background neutron flux is symmetric in azimuth. The countirg
rates for day and night are obtained by dividing the number of event ccaes
intersecting the source cone of half opening angle 15° by the observation

time. The count rates for vertical and cross events in four different

17
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energy ranges are given in Table 1. The errors for day and night are
statistical and obtained by dividing the square root of the counts in
each energy interval by the measurement time. The day-night difference
is obtained by subiracting the nightiLime counting vate from the daytime
counting rate. No statistically significant solar flux at a confidence
level of 951 waes observed.

On the May 14, 1972 flight the high voltage power supplies for the
photomultiplier tubes viewinp the anticoincidence system were partially
disabled during the flight. Therefore, the countiprg rates ar: higher
than the earlier flight launched at the same geomagnetic latitude. The
charged particle leakage backgrounds are eliminated when the nighttime
‘ounting rate is subtrected from the daytime counting rate. In Table 2,
the diurnal counting rate shows no statistically significant solar neutron
flux at a confidence level of 95%.

The results from the September 19, 1972 flight are given in Table 3.

No statistically significant solar neutron fluxes were observed at a

confidence level of 95%.

Since no positive solar neutron fluxes from the quiet Sun were ‘easured
throughout the three separate experiments, the upper limits for the qu et
time solar neutron fluxes are quoted at a 95% confidence level (20) from

the following relation

. )
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where F. is the solar neutron flux in units of noutronolc-z-.\c

K, is the number of daytime neutron counts.

d
L is the number of nighttime neutron counts.

T, is the daytime observation time.

d
Tn is the nighttime observation time.
S=¢cA is the efficiency of the detector in units of effective area.
f. is the fraction of solar neutrons identified within minimum
angles or,31s°.

The upper limits (20) to the solar neutron flux for the three flights
and overall combined results are shown in Table 4. The combined rasult osf
the three experiments is given in the last columu. The upper limit to the
solar neutron flux from *“he quiet Sun from the three balloon flights in the
energy interval of 10 to 100 MeV is 1.0 x 1073 noutron!/cnz-loc-ﬂnv.

A list of attempts since 1966 to measure solar neutron fluxes from solar
flares or the quiet sun are given in Table 5. Alchough Daniel :t al. (1967,
1971) reported measuring neutrons from a sub flare, in no case is there ~on-
vincing evidence that solar neutrons have been seen. Calculations of Roelof
(1966) aad Holt (1967) set upper limits assu. .ng that protons measured in
interplanetary space all arise from neutron decays. While these calcula-
tions give low limits to the solar neutron fluxes they are dependent on
particular models for proton diffusion in interplanetary space. Such models
decrease the estimated upper limits for the neutron fluxes significantly
over the fluxes for no diffusion. And they do not calculate neutron fluxes
from protons arising from neutron decays on the East limb of the sun, e.g.,
as these protons often ~annot reach the vicinity of the earth.

The measurements of the upper limits for solar ne-trons from the quiet
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sur are givem in Figure 7. In the energs vregion of 20 tc 60 MeV, where

the greates! number of netut uns are expicted from the sun, our upper limite
are a factor of 19 jower than previous ‘ralues. PFurther measurements with
longer observation times on ballc ms or satellites will permit the detection
and meacurement of the properties of neutrons from solar flares. These
longer observaticm times will alss make rossible the cletect.on of neutrons

from the quiet sun or decrease the upper limits significantly.
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FIGURE CAPTIONS

Schematic view of a double scattering neutron event. The
incident neutron direction is determined to a cone of half
opaning angle a.

A schematic section through the detector system. The two
liquid scintillator tanks S1 and 52, the plastic anti-
scintillators All, Al3, Al2, A21, A23 and Az2, the photo-
multipliers and the light pipes ure shown.

Examples of event cones and a source cone. The source cone
is shown with dotted lines. The vertical and the cross
events are determined by the direction of the recoil neutron
n;. 8 is the angle between the Sun's direction and the
source cone axis. a is the half opening angle between a
direction on the event cone and the sun's direction. ¢ 1is
the minimum argle between a direction on the event cone and
the sun's direction.

A curve of the distribution of minimum angles § for 40 MeV
neutrons. § = a-f where a is a half opening angle of an
event cone and B is the angle between the event cone axis
and the source direction. (See Figure 3.)

A coordinate system fixed on the detector. The center of
the cell in S1 where the first scattering takes place is
the origin O of the coordinate syster..

The minimum angle § = 6g-ais shown in the rotated coordinate
system in which the cone axis corresprnds to the Z axis.

Upper Limits to quiet time solar neutron fluxes. The

curves are identified by (1) Haymes, 1964, (2) Bame and
Asbridge, 1966, (3) Daniel et al., 1967, 1971, (4) Hess and
Kaifer, 1967, (5) Webber and Ormes, 1967, o) Forrest and
Chupp, 1969, (7) Cortellessa et al., 1971, (8) Heidbreder

et al., 1970, (9) Kim, 1970, (10) Zych and Frye, 1968, (11
Eyles et al., 1967-69, (12) Lockwood et al., 1969, (13) Linyg-~
enfeltsr and Flamm, 1964, (14) Present Work (10-100 MeV), and
(15) Present Work (10-30, 30-50, 50-100 MeV).
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