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ABSTRACT

The isotopic composition of hydrogen and helium in solar cosmic
rays provides a means of studying solar flare particle acceleration
mechanisms since the enhanced relative abundance of rare isotopes, such
as ZH, 3H and 3He, is due to their production by inelastic nuclear
collisions in the solar atmosphere during the flare. In this work the
Caltech Electron/Isotope Spectrometer on the.IMP-7 spacecraft has beén
used to measure this isotopic composition. The response of the dE/dx-E
particle télescope is discussed and alpha particle channeling in thin

detectors is identified as an important background source affecting

measurement of low values of (3He/4He).

The following flare-averaged results are obtained for the
period, October, 1972 - November, 1973: (2H/1H) = 7féox 10_6
(1.6 - 8.6 MeV/nuc), (3H/1H) < 3.4 x 10_6 (1.2 - 6.8 MeV/nuc),
Cie/*e) = (9 £4) x 107, Ce/MH) = (1.7 0.7) x 1074
(3.1 - 15.0 MeV/nuc). The deuterium and tritium ratios are significantly
lower than the same ratios at higher energies, suggesting that the
deuterium and tritium gpectra are harder than that of the protons, They
are, however, consistent with the same thin target‘model relativistic
path length of ~ 1 g/cmz (or equivalently ~ 0.3 g/cm2 at 30 MeV/nuc) which
is implied by the higher energy results The 3He results, consistent with

previous observations, would imply a path length at least 3 times as long,

3
but the observations may be contaminated by small He rich solar events.

During 1973 three "3He rich events,'" containing much more

3He than 2H or 3H were observed on 14 February, 29 June and 5 September.



Although the total production cross sections for 2H, 3H and 3He are
comparable, an upper limit to (2H13He) and (3Hl3He) was 0.053

(2.9-6.8 MeV/nuc), summing over the three events. This upper limit

is marginally consistent with Ramaty and Kozlovsky's thick target model
which accounts for such events by the nuclear reaction kinematics and
directional properties of the flare acceleration process. The 5
September event was particularly significant in that much more 3He was
observed than 4He and the fluxes of 3He and 1H were about equal, The
range of (3He/4He) for such events reported to date is 0.2 to ~ 6 while
(3He/1H) exténds from 10—3 to ~ 1. The role of backscattered and
mirroring protons and alphas in accounting for such variations is

discussed,.
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I. INTRODUCTION

In the context of high-energy astrophysics, solar flares provide
an opportunity to study at close hand particle acceleration and prop-
agation processes which result in the production of X-ray and radio
emission as well as energetic electrons and nuclei. An understanding
of these processes in the solar case, where the source and some of the
propagation parameters are known, may provide insight intorlesé
accessible problems such as galactic cosmic ray production, propagation
and modulation.

A "typical" solar cosmic ray (SCR) event can be briefly described as
follows. The triggering of a solar flare in an active region of the
sun produces a burst of energefic electrons with energies ~ keV--MeV
and nuclei with energies exnending up to several 10's of MeV and above.
The interaction of the accelerated electrons with the solar atmosphere
and magnetic fields results in a variety of X-ray, radio and optical
emissions. Ionization energy loss of the accelerated nucleil may also
provide a portion of the energy which goes into Hx emission character-
istic of flares. Within minutes of their acceleration, some SCR's
escape into the interplanetary medium Whére their propagation to éarth,
dominated by the irregularities in the interplanetary magnetic field,
can be as described by a combination of diffusion, convection and adia-
batic deceleration. During a large SCR event a heliocentric cavity
out to a nistance of many AU may be filled for days by these particles.
At 1 A.U. the event is observed as a rapid rise in particle flux

(of over 6 orders of magnitude in some cases) with large anisotropy
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in the incident arrival direction, followed by a smooth turnover

and roughly exponential decay with a time constant of 5--30 hours.
Thus the particles from a single SCR event may be detectable for many
hours or days.

Although the observed chemical composition of SCR's is similar
in some respects to the observed solar abundances, there are many
detailed, but significant differences whose origin is not understood.
For example, the relative abundance of hydrogen and helium, the two
main constituents of the solar atmosphere, is found to vary by over
2 orders of magnitude from ﬁlare to flare (Anglin et al. 1973a) with
somewhat smaller variations observed during the course of an individual
flaro. The relative abundance of heavier nuclei are found to be en-
hanced at lower energies in SCR's. The explanation for these ob-
servations as well as the acceleration mechanism itself remains an
open question.

A new approach to the study of these problems has become available
lrecently with the direct observation of the products of nuclear re-l
actionsg that occur inm the solar atmosphere during flares. These re-
actions, which can occur only after the particles.have been accelerated
to enefgies ~ 10's of MeV/nuc give rise to gamma fays such as haﬁe been
detected by Chupp et al. (1973), neutroms and positrons (yet to be

directly detected) as well as secondary nuclei.



Isotopic analysis of the SCR's at 1 A.U. provides a means of
 isolating this secondary component since the rare isotopes of hydrogen
and helium (ZH, 3H and 3He) do not constitute a significant fraction
of the ambient solar atmosphere and so can be attributed to such
reactions,

Following pioneering work in the early '60'5*(33, Schaeffer and
Zahringer (1962), Biswas (1964), Waddington and Freier (1964)), Hsieh
and Simpson (1970) resolved the isotopes of heliim above 15 MeV/nuc
after averaging over 7 flares. More recently Anglin et al. (1973b)
have detected finite fluxes of deuterium and tritium at 10 MeV/nuc

by averaging a large number of solar events.

Garrard, Stone and Vogt (1972) were the first to identify
”3He rich events" in which the ratio of 3He to 4He exceeded 20%. Such
events are interesting because of the conspicuous absence of 2H and 3H,
presumably produced at the same time as the SHe by reactions with
comparable cross sections.

In this work, observations of SCR isotopes are extended to lower
energies by a high resolution particle telescope, the Caltech Electron/
Isotope Spectrometer, flown aboard the IMP-7 satellite. In addition
to flare averaged measurements 6f the rare isotopes, three more
'3He rich events' are observed, including one in which the abundance
of 3He is the highest reported to date. The observations are inter-
preted in terms of recent calculations (Ramaty and Kozlovsky, 1974) of

secondary isotope production in which the reaction kinematics and

* .
Lingenfelter and Ramaty (1967) review measurements prior to 1967.
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directional properties of the flare acceleration mechanismg are

found to play a key role in accounting for such 3He rich flares.

A preliminary account of part of this work has been presented

elsewhere (Hurford et al. 1973e).



I1. Experiment

A. Spacecraft

The observations‘were made with the Caltech Electron/Isotope
Spectfometer (EIS), a cosmic ray telescope aboard the IMP-7 spacecraft.
The spacecraft is spin stabilized with its axis of symmetry perpeﬁdicular
to the ecliptic. The telescope axis is mounted noxmal to this spin
axis and-éo scans the ecliptic plane as the spacecraft rotates. Selected
parameters ére listed in fable I1-1.

The circular orbit of about 35 eartﬁ radii ensures that most of the -
observaticns are made from well ocutside the magnetospheré. About 90%
of the flare averaged data and all of the data for 3He rich events
wefe acquired outside the magnetotail. |

.B. Telescope and Telemetry

Figure II-1 shows a cross section ﬁiew of the telescope, which
consists of a stack of eleven fully depleted silicon surface;bérrier
detectors, DOQDIO, inside a plastic scintillator anticoincidence shield,
D11, viewed by a photomultiplier tube. The top of the telescope ‘is
covered by an aluminized mylar window. Each detector is conmected
to a charge sensitive preamplifier, whose output (in thé case of DO
thru D9) is pulse height analyzed by a linear analdg to digital con-
verter (ADC). D10 and D11 are connected to a single level discrimi-
nator. Table II-2 lists the nominal detector and ADC characteristics.
Detailed results of the actual ADC calibrations can be found elsewhere
(Mewaldt and Vidor, 1974). Except for a few channels just above thresh-
old, whiere the ADC response is nonlinear, the measured gains and detec-

tor thicknesses are within 2% of the nominal values.



Table II-1.

Launch Date

Apogee
Perigee
Orbital Period

Spin Rate
Spin Axis

Selected IMP-7 Spacecraft Parameters

Sept 23, 1972

206885 km
229978 km
12.28 days

45.2 rpm
+ 2 degrees of south ecliptic pole



Figure II-1

Cross Section of the IMP-7 Electron/Isotope Spectrometer Telescope
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Table IT-2. Nominal Detector and ADC Characteristics

xk
Detector Type Thicknessi Outer+ Inner+ Discriminatofhk ADC Number of
Diameter Diameter Threshold Resolution ADC Channels
{microns) (mm) {mm) (MeV) (MeV)
Do, 1, D3 annular 1000 22 8 0.16 0.165 1023
D4 amnularx 1000 25 3 0.16 0.165 1023
D2 disk 50 9 - 0.16 0.0412 1023
‘ 0.3 (D2H)++
D5 disk 1000 21 - 0.16 0.0412* 4095
3.0 (D5H)+H+
o
b6, D7, D8, DY disk 1000 21 - 0.1 0.165 1023
D10 disk 1000 21 - 0.16 - -
Dll scintillator - ' - - ~ 0.4 ‘ - -

%
Above channel 1023, effective resolution is only 0.165 MeV since the two least significant bits are de-
leted from the telemetry. . 7 .

+Wafer diameters (D2 excepted). Fully depleted diaméters and physical diameters of the holes are slightly
smaller (Hartman, 1973). In the case of D2, the wafer diameter is 25 mm while the active diameter is 9 mm,

Measured thicknesses are discussed elsewhere, (Hurford, 1974b) but fall within 2% of the nominal values.

sk
Detailed results of prelaunch ADC calibrations can be found elsewhere (Mewaldt and Vidor, 1974}.

D2H and DSH represent high level threshold levels for the D2 and the D5 ADC's which are used in the ex-
periment logic for a number of purposes, such as distinguishing electrons and nuclei.
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The experiment can be used-in several different modes for the
detection of electrons (~ 0.16 to~ 5 MeV) (Hurford et al., 1973a,
1974b), positrons (~ 0.16 to ~ 2 MeV) (Hurford et al.; 1973b, 1973c),
and light isotopes through 10Be (2 to 40 MeV/nuc) with limited isotope
capability through 180 (Hurford et ai., 1973d, 1974a).

These varied capabilities are made possible by the use of a five
level priority system that determines which evénts are éompletely
analyzed and included in the telemetry data. The details of the
priority system are outlined elsewhere (Garrard, 1974a). Of particular
interest for the measurement of flare isotopeslis the narrow geometry
The annular detectors, DO, D1, D3 and D4, are used as active collimators
in this mode, which analyzes nuclei, electrons, positrons and penetrating
particles with one of the two highest priorities, which are assigned
alternately to electrons and non-electrons. Table II-3 lists some of
the different ranges (combinations of triggered detectorg) which are
inclﬁded in the narrow geometry mode and indicate which ranges are

' considered electrons for the purpose of priority agsignment. |

During each readout period (0.64 seconds) the experimeﬁt will
fully analyze a particle provided that no previous particle of equal
or higher‘priority has been analyzed during that period. At the end
of each period, the datum on the last analyzed particle is included in

the telemetry and constitutes one event., Thus, the events in

o
Rn = signal above threshold in detector n

n = no such signal
R2H, R5H refer to high level discriminator thresholds in D2 and

D5 respectively.



Table IT-3, Selected Narrow Geometry Ranges

| Range* 'electron' A pﬁlse height B pulse height Nominal Interpretation
D5 " yes D5 D2 offset+ Electrons, ~ 0.2 to ~ 1 MeV
D56 (789) yes D5 | ‘D6 (+D7+D8+D9) Electrons, ~ 1 to ~ 3 MeV-
D2 ' no DSloffset+. D2 | Nuclei, 1.0 - 2.4 MeV/nuc#*
D25 (H) no D5 D2 Nuclei, 2.4 - 12.8 MeV/nuc
D5SH no D5 DZ or D2 offset+ Protons that fail to exceed the D2H threshold
D25H6. | no D5 D6 Nuclei, 12.8 - 18.7 MeV/nuc that trigger D2 1=

*
Event ranges will be labeled by Dnl,..n2 (n3..n4)-where Dnl,.., Dné are in coincidence; Dn3,.., Dn4 may

or may not be triggered and unnamed detectors are assumed to be in anticoincidence. D5 and D5H refer to
signals above the low and high D5 ADC thresholds respectively. DZ, however, refers to the high level
D2 ADC threshold. ‘ ‘ ,

%%
Energy limits refer to alpha particles. See Table II-5 for limits for other nuclei.

*he D2 (or D5) 'offset' is the D2 (or D5) ADC response to a zero signal input.

In some cases the dominant contribution to a given range may be caused by background, and so void the
'Nominal Interpretation'. This is particularly true during solar quiet periods. Background contributions
that are important during flares are discussed in Section IT1-E. Note that electrons are distinguished
from nuclei by the absence of a D2 or D5H signal.
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the telemetry constitute a sample of all particles that would be
assigned the same priority for analysis.*

‘The telemetry for each analyzed event contains four items of
interest.l First, there is a range word, which indicates which combi-
nation of detectors was triggered. Then there are two pulse heights,

A and B, whose interpretation depends on range, as indicated in Table
II-3. Finaliy, there are three sector bits, which indicate iﬁ which
of eight 45° sectors of the ecliptic plane the telescope axis was
pointing when the analyzed particle arrived; '

In addition to the event data, an extensive set of rate déta,
listed in Table II-4 is also included in the telemetry. The rate data
are useful for monitoring detector and experiment oﬁeration; for studies
of the time strucfﬁre of transient events éuch as flares aﬁd for nor-
malization to compensate for the sampling bias associated with the
event data.

C. WNominal Isotope Response

The principal range used in evaluating SCR isotopic ratios is
D25 (H). Particles with a shorter range, such as D2 single events,
cannot be unambiguously identified since only one parameter (their
energy loss in D2) is measured. Particles with a longer range, such as
D(2)5H6 can, in principle, be identified, but because of the higher energy
threshold for such evénts and the steep SCR spectrum (typically

gg ~ E—B), the number of such events is significantly diminished, and

* : '

While this sample is unbiased with respect to particle type, it
is not unbiased with respect to time or direction of incidence. For a
discussion of this type of biassing, see Roelof, (1974).



Table II-4, Rates

Logic Requirement

Nominal Physical Significance

Electrons, ~ 0.2 to ~ 1 MeV, including Compton recoils

Electrons, ~ 1 to ~ 3 MeV, including Compton recoils

Nuclei, 1.2-2.4 MeV+

Nuclei, 4-13 MeV

Electrons, ~ 0,16 to ~ 5 MeV, plus nuclei, 1-43 Mev

Electrons, ~ 1 to ~ 5 MeV, plus nuclei, 13-43 MeVv

Electrons and nuclei that penetrate the telescope (electrons

Rate
ELO N S r2HR5 r5h 6 r7 b
EHI N § rZ R5 r5h R6
PLO N SR2M r5 26 r7 b
PHI N S R2 RSH t6
DO RO S
po1* RO R1 S
PEN N R5 Ré6 R10 ri1l
NEUT "N S r5 R7
ADC RO+R1+. .
HAZ . ' -
DO,DI, . D11 -

> 3 MeV, nuclei >

Neutral particles,
are detected in D7

30 Mev)

such as y~-rays, whose Compton recoil electrons

The 'or' of all pulse-height-analyzed detectors.

The rate at which

Singles rates for

the HAZARD flag is set.*

individual detectors.

N = narrow geometry = r(Q rl r3 r4.

S = stopping = r10 rll

B = busy = analysis in progress

+ . ' i . ' e i .
Nuclei energy limits are for protons. Limits for other nuclei are

given in Table II-5.-

%
The HAZARD flag is set whenever a particle triggers an ADC within
~ 16 microseconds of a previous ADC trigger.

is flagged to indicate the possgibility of a co

measurement. See sec

tion XII-D.

The second particle
mpromised energy loss

-
[V}
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so a longer time is required to acquire a statistically sfgnificant
sample., Therefore, in this study, only D25(H) isotopes are discussed.
Other ranges are used only to supplement the D25(H).data, as described
in the first two appendices. Table II-5 shows the energy threshold
associated with each range.

Ihé identification of isotopes is accomplished by the dE/dx-E
technique, which is described briefly below with reference to D25(H)
events. In the dE/dx-E technique, 2 parameters of each incident
particle are measured—~its'energy loss (8E) in the ome detector (D2)
and its residual enmergy (E') after penetrating that detector. In this
cagse, the residual energy is ﬁeasured by D5, 1If we comsider én in-
cident proton of energy, E, and a 8E detector of known thickness, the
expected values of 6E and E' can easily be determined from proton

range-energy tables.* For other particles, the scaling relation,

RM,Z,E) = B RLEM)
. |

is used where R(M,Z,E) is the average range of a particle of mass, M
(units of proton mass), charge, Z, energy, E, and RP(E/M) is the range

of a proton of energy, (E/M).

*The basic set of range-enérgy tables used throughout this work
are Janni proton tables (Janni, 1966). For Z = 2 incident ions, the
tables are corrected for electron-pickup effects using data compiled
by Morthcliffe and Schilling (1970) for aluminum.



Table TI-5. Energy Thresholds for Selected Narrow Geometry Rances

Range Thresholds (MeV/nuc)
2
Ly ,  ‘m w “He “He
D2* 1.23 . 0.79 . 0.58 1.28 1,07
D25 - : 2.45 1.64 1.22 2.86 2.39
D25H : 4.17 - 2.40 1.75 3.21 2.67

D{2)5H6 12,74 8.55 6.76 14.99 12,77

* -
The threshold for D2 events is sensitive to the offset of the D2 ADC. As discussed in section I1I-F,
this offset was subject to ghifts. The values at any time, however, are within 0.06 MeV/nuc of the
typical values shown here. : '

* The relative and absolute accuracies of these threshold values are estimated to be 1 1/2% and 3%

respectively. , :

|
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For each partic1e SPécies, 6E and E' can be calculated for various

values of E and if plotted, a track for each gpecies is obtained.

Figure II-2 shows this nominal isotope response for D25(H) events.

In principle, after measuring the'energy loss in D2 and D5, any particle
can be identified by noting on which track it lies. In practice this

is sometimes possible, but for rare isotopes it is complicated by the
inherent resolution of the system and background cbnsiderations.

The handling of resolution and background effects is simblified
if transformation is made to a mass scale. Figure II-2 shows the
tracks caleculated for integral masses. The track location for non-
integral masses such as 1.1, 1.2, 1.3, etc. can just as easily be
e§aluated. .Then particles falling'between these cldéely spaced tracks
can be assigned to correspdnding mass bins and so a mass histogram can
be‘formed. The response 6f the system can then be considered aslthat
of 2 mass spectrometer. The creation of méss histograms from flight
data is discussed in Appendix A. Examples of 8E-E' ploté and the
corresponding mass histograms are shown ianigures II-4 and II-5 and

will be discussed in section II-F,.

D. Mass Resolution
In practiée, the observed values of SE and E' form a distribution
about the tracks shown in Figure II-2. The equivalent mass histogram
shows a mass distribution, peaked near an integral mass, but with a

finite width.
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Figure TI-2

Nominal response of EIS for hydrogen and helium nuclei detected in
range D25(H). The energy loss, SE, in D2 is plotted as a function
of energy loss, E', in D5, assuming an average path length of 50.8

microns in D2, which corresponds to an incident angle of 12 degrees.



(MeV)

SE
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D25 (H) NOMINAL RESPONSE TO
HYDROGEN AND HELIUM
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Since the calculated mass, M(&E,E', t) is a function of the eﬁergy loss,
residual energy and assumed thickness of the first detector, the mass
resolution is determined by the uncertainty in §E, E"and t. The sources
of error in each of the quantities are now considered.

1., Fluctuations in ionization energy loss

The statistical fluctuations in ionization energy loss for

protons havg been discussed elsewhere (e.g. Seltzer and Berger,

1964). For the particle types and energies considered here, the

distribution of energy losses in a silicon detector of about 50

microns is essentially Gaussian with a standard deviation given by

f_"__'_z—""
Oy = 0-435 21 D]/LélJlffg

1L -p
where fic = velocity of incident particle
Z = charge of incident particle
t = thickness (cm Si)

and the additional factor,

D=1 - .8705 [1+ /¢ 1n (1 - /B)]

is a deceleration factor of order unity that allows for the change
of velocity as the particle traverses the detector. R is the range
of the incident particle (cm Si). For example Cop = .065 MeV for

a 20 MeV alpha which loses about 3 MeV in a 50 micron detector.

Note that the fluctuations affect 5E but not the measured total
energy, (fE + E').
2. Measurement of &§E and E'

Combined detector, amplifier and ADC Gaussian rms noise levels

are about 15 and 9 kev for D2 and D5 respectively.
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For a pulse height analyzer of chamnel width, w, there is an r.m.s.
measurement uncertainty of w/]/IET Since the channel widths for both
D2 and D5 are 41 kev, this adds another 12 kev to the r.m.s. error.
_The total measurement error for D2 and D5 is then 19 and. 15 kev re-
spectively.

A potential source of error which has affected previous measure-
ments of SCR isotopes (Dietrich, 1973) is the possible dependencé of the
ADC response on the counting rate. For example, base line shifts might
change the ADC response during high rate periods. This probiem has been
eliminated in the EIS by the use of a hazard flag which identifies those
events analyzed within 14-18 microséconds of previous ADC
activity, Such 'hazard' events are assigned a low priority and have

been excluded from this work.

3. Pathlength Uncertainties

The nominal response for D25(H) events shown in Figure II1-2
assumes that all_particle; pass through a thickness, t = 50;8 microns
of silicon,which corresponds to an incident polar angle of 12 degrees
with respect to the axis of symmetry. Particles arriving with a polar
angle greater than 12 degrees have a longer path length, t sec 9,
thereby losing additional energy in D2. 1In addition, thickness vari-
ations in the detector are also present. It becomes necessary, there-

fore, to consider the distribution of pathlengths in D2,
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The incident angle effects can easily be estimated from the
geometry. The 24° maximum half angle implies that sec 8 is bounded
by 1.0 and 1.09, with an r.m.s. variation of 2.2% as determined by a
Monte Carlo calculation (Hartman, 1973).

The thickness variations in D2 can be considered to consist
of two components. The first is a radial thickness variation, in which
the thickness increases linearly with incréasing radius, while the second
component can be cgnsidered as a random thickness variation, superim-
posed on the radial component. A fivegpoint'measurement of the thick-
ness of the flight detector yielded a result consistent with a radial
gradient of 0.3 microns/mm with an r.m.s. random component of about
0.6 microns.

| The radial thickness variation and incident angle effects are not

‘independént, since for example, the geometry implies that particles
with large incident angles will tend to go through the thinnef, central
region of D2, so that some compensation will occur. Evaluating these
effects by means of the Monte Carlo program 1eads tb a total;r.m.s.r
uncertainty of 2,5% in path length, including the randem effects.

Given a knowledge of the variations in BE,E' and t, the next

step is to convert this to a mass resolution. Assuming a range energy

A
k M ,
relation of the form, R = =9y (ﬁ) , an explicit solution for M can be
7 . .
obtained in terms of a &E-E' measurement.
1 , 1

1-A

2 1-A
_M=(ti ) f(6E+-E')A—E'A]
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From this equation and the wvalues Ous © and T discussed above,

8E
- standard techniques can be employed to estimate the rms error in m, Oyt
for each of the error sources identified above. Figure II-3
illustrates the resuit‘of such a calculation, showing the relative
importance of each component of o for proton mass resolqtion.
Alternativelf the error sources can be incorporated into a
Monte Carlo program which simulates the response of the detector
system to an isotropic flux with an aﬁpropriate energy distribution.
Such a procedure not oﬁly predicts the width of the mass distribution,
But also pfovidés insight'into its detailed shape. This approach
is discﬁésed inlmore.detail in Appendix C,
E. Background
There are numerous potential background sources which can
“affect ;he méasurement of'rare isopopes. Four of these-are important
in the present study and are discussed bélow.
1. Nuclear Iﬁteracﬁioné in D5.

While iomization energy losé is the dominant méchgnism‘by
which incident ions iose energy in the telescope, a.smallrfractioﬁ
of incident ﬁuéiei are involved in nuclear interactions which ean
result inléﬁufious valuéé ofréE and E'.  At‘the low énefg?eé

- réievent.here, elasti§ proton-silipgn séattering ié Ehe pfincipal
. cdncerﬁ, for if a prpioﬁ is béékscéttéred in D5 so as éq pass.

through the D4 and D3 apertures:andAlose energy a second time in
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Figure 1I-3

Proton mass resolution for D25(H) events. The éalculated contributions’
from each error source are added quadratically to get the total.
Calculated E' and 5E measurement errors include noise and ADC res-
olution. | Calculated path length variations include sec € and thickness
variations combined for an isotropic flux. Fluctuations refer to the
statistical fluctuations in ionization energy loss. The plotted points

represent the observed resolution for typical flare data.
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D2, the value of OE becomes much higher than normal. As Figure
II-2 suggests, such a proton might be interpreted as a higher
mass particle.

A rough estimate of the magnitude of this background can
easily be made. For an E-3 incident spectrum, the average pene-
tration depth in D5 is 120 microns, and so 60 microns is the
average depth within which the interaction mustroccur. A proton
whose rénge is 120 microns has an average energy of about 3 MeV
during its first 60 microns of travel, Although the p-S8i elastic
cross section near 3 MeV is structured,ran average value is about
10-1 barns/steradian in the backward hemisphere (Vorona et al.,
1959). The D3 aperture and D2 subtend 0.5 steradians at D5.
Therefore the effective ecross section is about 0.0S'barns. Com-~
bining the interaction depth and cross sections with the atomic
density of silicon, the probability of such a background event is
found to be ~ 10~5. The contribution of such events to the ob-
served 2H or3H flux is somewhat less thﬁn this figure, however,
sinée only a fraction of such events appear sufficiently close
to the 2H or 3H 'track' to be misidentified. |
2. Channeling in D2

The normal value of the ionization energy ioss of an incident
ion penetrating D2 can be reduced by as much as a factor of 3 if

the incident direction closely parallels one of the major crystal

planes in the D2 silicon crystal. Particles which 'channel'
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in this manner have an abnormally low value of SE and a corre-
spondingly larger value of E' and so appear to have an abnormally
low mass. While channeling protons cannot affect the rare iso-
tope measurement, channeling alphas can give rise to a significant
background affecting the 3He messurement. As is shéwn in Appendix
c, about_Z% of incident 8,785 MeV alphas channel to the extent that
their calculated mass is below 3.5 amu, and roughly 1/2% of such
alphas fall within the expected 3He FWHM peak position.
3. Pulse Pileup

Pulse pileup in D2 provides a background mechanism ﬁhich can
affect the 2H or 3H measurement. The main problem here is the
possibility of the coincident arrival of a D25(H) particle and a
low energy protonrwhich deposits additional energy in D2, A simple
quantitative estimate can be made from the observation that during
the peak of the 29 Oct 1972 event, an.enhanced fraction of back-
ground events (defined as M > 1.7 amu in the hydrogen mass plot)
was observed. This enhanced background was present only during
the peak of the flare. While a simplified caleculation of the
pulse pileup problem, (based on a nominal ! microsecond fime
constant) predicted 4 such background events during this period
the observed number was 5. Thus, this background can be em-
pirically quantified by a time, T ~ 1.2 microseconds such that the
probability of a significant coincidence occurring with a given

D25(H) particle is T times the rate of D2H particles.



27

4, Galactic Background

Small flares and the late stages of larger events encounter
a potential background caused by galactic particles. This back-
ground, whose contribution is proportional to 'live time', has
3 components.

a. Low energy galactic cosmic rays which are detected hormally.

b. Higher energy_galactic cosmic rays which suffer nuclear

interactions in the detector stack, and‘trigger only D2
and D5.

¢. Neutrons, produced in the spacecraft by.high energy cosmic

rays, can pass through D11 undetected, interact in or near
D2 and D5 to give D2-D5 coincidence events.
The contribution of the sum of.these three components can be
estimated empirically by analyzing quiet time data in the absence
of solar activity. During 1.2 x 107 gseconds of quiet time data,
a total of 14 particles with Z2 =1 and M > 1.7 amu,.and 9 particles
with Z = 2 and 2.8 < M < 3.2 amu were observed. Normalized, this
implies a background rate of 1.2 x 10_6/sec and 8 % 10-7/sec for
Z =1 and Z = 2 respectively.

Of these four background mechanisms, the effects of the first
two (nﬁclear interactions and channeling) are independent of the
intensity of the SCR flux and so ultimately limit the EIS
sensitivity to the rare hydrogen and helium isotopes. The latter
two (pulse pileup and galactic backgroﬁnd)-bracket the dynamic

range of the SCR flux that can be analyzed to detect the rare
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SCR isdtoﬁes at a given level of abundance. In chapter III, it is
shown how the effects of these latter two background sources are
minimized in order to establish flare averaged upper measurements of
deuterium and tritium,

In additionlto the four background sources discuss;d above, -
the following background mechanisms have been considered And found
not to play an important role in the present context.

1. Energy loss in the epoxy rim which coats the inner annulus
of the annular detectors is not significant for D25(H)
events because of the small geometrical factor and steep
SCk spe;trum.

2. Inefficiency of the surface barrier detectors near their
edges is not & factor since the edges of D2 and D5 are
shielded by the annular collimators.

3. D25(H) events in which the particle escapes from D5 before
stopping do not occur because there is no inactive layer
between D5 and D6.

4, Eiastic nuclear collisions in D2 are not significant be-
cause of kinematical considerations.

5. Inefficiency of the D11 anticoincidence detector during
high rate pericds is not a factor due to an updating—
discriminator feature of the D11 electronics.

6., Pulse piieup involving electron-proton coincidences ig

small compared (o the protoh—proton colncidences discussed

above,
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F. Calibration
The extensive calibration of the EIS dgn be cpnveniently divided
into two parts. The first consists of the calibration of individual
subsystems, such as the ADC response, detector parameters, etc., while
the second consists of determining the response.of the expefiment as a
whole to incident particles. The section that follows discusses those
calibrations relevent to the detection of SCR's.
1. ADC Calibration
The method and result of the ADC calibration is described
| by Mewéidt and Vidor (1974). Very briefly, the method consists
of depositing a knoﬁn charge pulse at the preamp input by means of
test pulsers built into each ADC, and noting the digital response
of the ADC. The threshold of any channel can.he dete#mined by
varying the magnitude of the charge pulse which is accurately
detérmined by an externally supplied DC voltage. The use of a
precisiqn programmable DC power supply and appropriate interfaces
permits the entire calibration to be computer controlled.
Calibration of the ADC test pulsers was established by means
of an-EXternal\test pulser whose normalization in turﬁ was fixed
by comparison to 5.486‘Mev alphas from an_zaiAm'source defected
in a 1aboratory—standard silicon surface-barrier detector.
Prelaunch ADC calibrations over 10 months ﬁﬁd a wide range of
environmental coﬁditions indicated‘that the D2 and D5 ADC gains
were sﬁable to within 0.1%. Sigunificant shifts, however, were

noted in the offset of the D2, and to a minor extent, D5 ADC's.
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For the analysis of postlaunch data, correctiom can be made for
these shiffs by using the D2 and D5 ADC offsets which are included
in the telemetry when D5 or D2 singles events are analyzed, as
shown in Table II-3 (Mewaldt and Vidor, 1974). The uncertainty in
thié correction is about 10 kev.
.2.' D11 Threshold

The threshold of the D1l scintillator-PM tube single-level
discriminator combination is set to ensure the efficient.detection
of minimum ionizing particles (Murray, 1970). Its stability during

106

prelaunéh testing was verified by a Ru calibration source.
Postlaﬁnch behavior haé indicated no significant changes to date.
3. Window Thickness

The thickness of the aluminized mylar window was determined
to be equivalent to 2.43 + 0.06 mg/cm2 mylér by exposing the window
to a beam of 8.875 MeV alphas from a 212Pb source, and measuring
their residual energy after penetration (§. Vidor, private communi-
cation).
4. D2 Thickness

The thickness of D2 was sampled in a similar manner at 5
separate positions, yielding a range of wvalues of 49,2 to 50.3
microns and a mean result of 49.7 microns{ The variations in .
thickness are discussed in'seétion II-3. Since the effective
thickness of D2 for use in analyzing postlaunch data is a weighted
average over the active area of D2 with a weighting function

determined by the convolution of the D2 radial thickness variations



31

with the angular and radial distribution of the_collimated incident
flux, the simple mean quoted above cannot be used. The effective
value of D2 thickness for postlaunch data was determined by requiring
that the alpha peak in the flare averaged helium mass plot be in the
correct position. This value, 50.8 microné,is consistent with the
49.7 microns quoted above since it includés the sec 6 factor and is
used for analysis of all postlaunch hydrogen and helium data.
5. Response to Beams of Light Nuclei

The overall response of the experiment'to‘light nuclei was
checked by calibrations at the Calteéh Tandem van der Graff
accelerator. Details of this calibration are described elsewhgre
(Hurford, 1974b). Very briefly, the telescope was exposed to
broad Beams of IH, 2H,‘BH, 3He and 4He, produced from primary
3He and 4He beams'by a variety of elastic and inelastic reactions
and rigidity anaiyzed by the 48 inch mégnetic spectrometer,
Output energies from 3 to 24 MeV were available and were set
at a series of discrete values as well as varied during a run so
that the response to both discrete and zontinuous energy distributions
would be verified. The response to beams incident frém off-axis
directions was also measured.

A typical ekperiment response ig shown in Figure II-4 where
data from separate 3He and qu energy scans are combiﬁed. The
separation of 3He and aHe is clean, except for 5 individual 4He
points, indicated by the hand drawn circles. The same déta, ex-

pressed in the form of a mass histogram, are shown in Figure I1I-5.
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Figure II-4
Combined data from two separate Tandem calibration runs. Vatiable
energy 3He and 4He beams were incident parallel to the axis of the
telescope and detected in the D25(H) range. The data points represent
the number of events as a function of their D2 and D5 pulse heights.
The separation is clean except for eventé repregsented by hand drawn

circles. Letters are used when the number of events exceeds 10.
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Figure IT-5 -
The same data as shown in Figure II-4 converted to a mass histogram,
The observed standard deviations are 0.082 and 0.12 amu for 3He and

He respectively.
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The observed standard deviations of 0.082 and 0.12 amu can be
compared to expected values of 0.077 and 0.10 amu respectively,
from predictions using techniques outlined in section II-3,

In this case the resolution is determined largely by the random
fhickness variations in D2? as discussed in section II-D, since the
statistical fluctuations and measurement errors are proportionately
less and the incident beam eliminates the sec & path length vari-

ations.
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I1II Observations and Results

A. TIntroduction
Chapter II and Appendix A have indicated the method used to

determine mass spectra for particles detected in a given time inter-
val. 1In Section B of this chapter, a list of solar acfive periods
between October 1972 and November 1973 is presented, along with the
observed number of isotopes for each period. It shows that in three
flares, finite fluxes of 3He were measured. These "3He rich flares"
are discussed in more detail in Section F. For all other individual
flares, only upper limits to deuterium, tritium and 3He could be
established. The calculation of flare-averaged ratios for these
isotopes ié discussed in Sections D and E,

In all cases, the determination of upper limits and 1isotopic

ratios requires certain corrections to be applied to the mass histo-

grams, These corrections are cutlined in Section C.

B. List of Solar Active Periods
To establish a data base from which to begin analysis_of

SCR isotopes, time int?rvals between October 1972 and November 1973

were identified during‘ghich the six hour average rate of 2.4-13 MeV/nuc
nuclei exceeded 0.03/cm2 sr sec. This level corresponds to ~ 10 times
greater than the rafe used to establish 'solar quiet time' intervals

for the study of low energy galactic cosmic rays (Hurford et al., 1973d).
The criteria thus exclude all periods during which gaiactic particles

might contribute more than ~ 10% to the observed events, while retain-

ing all but the smallest solar events. A systematic search for
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interesting small solar events is described in Section F.

Minor editing was next employed to eliminate statistically
marginal or isolated intervals{ as well as to cut off the late stage
of fhe decaj phases, in order to further minimize galactic background.
This reduced the number of events in the data base by less than 2%.
Also purged at this point was data acquired between 30 April and 17
May 1973 during which detector ﬁ4 was disabled. Such data haa a much
higher than normal background rate, due to the compromised geometry.
The remaining data, representing 98 days of observations, were grouped
into 29 solar active periods. These periods, along with 2 additional
periods identified in Section F are listed in Table III-l.

Where possible, each solar acfive period was associated with
the corresponding optical flare (Leighton, 1973). 1In mosat cases,
the basis for this association is the time of the onset of the solar
electron flux, Table III-1 also lists the optical flare parameters,
when known. For each of the 31 solar active periods, D2 and D25(H)
events were summed and a fluence and spectral Iindex for protons were
estimated as described in Appendix B. Mass histograms of D25(H) events
were produce& for each period and from these, the event count for each
isotope was determined and listed. In the absence of a prominent mass
peak, any event occurring within 4 2 (predicted) standard deviations
of the expected peak location was included., Otherwise the equivalent
criteria of 95.4% of the observed counts in the peak was adopted.

For the three 3He rich flares, for which all the peaks were well de-
fined, the entries in Table IIIL-1 represent £he total of the observed

D25(H) events., For each period, these counts were converted to iso-
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topic ratios as described in the next section. Ratiog in which the ob-
served counts of "ZH; 3H or 3He“ were likely to include significant

background contributions are listed in Table ITI-1 as B4q confidence

level upper limits.

C. Establishment of Isotopic Ratios
In order to convert the number of isotopes observed in the
D25(H) mass histograms to isotopic ratios, two corrections must be
applied.
The first is to compensate for the crosstalk problem dis-

cussed in Appendix B, whereby an average of about 15% of real D25 (H)
events are excluded from the original D25(H) mass‘histograﬁs; The rel-
ative effect on various isotopes can be estimated by using simulated
data and a sémi-empifical model of the crosstalk process. Table II1-2
shows the average correction factdr applicable to a differential E
D25(H) spectrum of various isotopes. The observed crosstalk fractions
for protons and alphas shows that over the range of spectra encountered
in the periods listed in Table III-1, the correction factors listed in
Table I1I-2 can be considered to have an R.M.S. accuracy of 2% and 11%
for hydrogen and helium respectively. With the exception of (QHeI}H}
whose crosstalk correction is handled as in Appendix B, the expected
correction to the isotopic ratios is much smaller than the correspond-
ing statistical error.

: As sﬁOWn in Table II-5, the energy‘thresholds for range D25 (11)
events are unique to each isotope. In order to take full advantage

of the EIS sensitivity to rare isotopes in the D25 (H) range the energy
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Table IIT-2. Average Crosstalk Correction Factor for E
D25(H) Isotopes

Correction Factor .

1, 1.10%
2 1.12
3 1.14
30 1.45
b 1.4 7%%
Cu/ty 1.02
Custa 1.04
(3He/1H) 1.32
e/t 1.34%
(2H/3He) - 0.77
Au/ne) 0.79
e/ *ue) 0.99

*
Estimated RMS accuracy is 2%.
Rk

Estimated RMS accuracy is 11%.

+The crosstalk correction for (4He/1H) was done on an individual flare
basis as described in Appendix B. The value quoted here is typical,

The correction factor is the ratio of the number of events (or ratio)
that would have been observed in the absence of crosstalk to the number
(or ratio) that were actually observed.
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limits for the.rare isotopes are used as the bagis for establishf
ing ratios. As the energy spectra for the more numerous primary
particles (protons or alphas) are known, this implies that the primary
spectra must be integrated between the rare isotope eﬁergy/nucleon
limits. A convenient way of performing this integration is to define a’

"Spectral Correction Factor',

=y+ 1 _ g "Y+1
Rl R2
-y + 1 E

Pl T Ep2

E

()
I H

g -y+1

where (ERI;ERZ) are the energy/nucleon limits for D25(H) events for the

‘rare isotope in question, (E ) are the D25(H) energyv/nucleon

P17 “p2
limits for the primary isotope, and y is the primary differential
-spectral index. 5 is then just the ratio of the integrated primary

flux between (E ERZ) to the integrated primary flux between

Rl
(EPl, EPZJ' Note that the value of vy, upon which the calculation of
8 is dependent, is in most cases measured over the full range of
(ERl, ER2). The only extrapolations involve 3He, where the primary

flux must be extrapolated above 12.7 MeV to 15 MeV. No significant -

error is introduced, however, because of the steep primary spectra.

The corrected isotopic ratio, (R/P), between (ERl and ERZ)
is then given by:
R _ _HE___ . C :
P N,-5 XT (II1-1)

where NR and NP are the number of observed D25(H) rare isotope and
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primary events in the D25(H) range respectively, and CKT is the

crosstalk correction fgctor listed in Table III-2.

D. Flare Sum - Deuterium and Tritium

Since no deuterium or tri;ium was observed in a single flare,
it is of interest to estimate the flare averaged values of the ratios
(ZHIIH) and (3H/1H). A sum over the flare periods in Table III-1
shows that up fo 11 2H—like and 2 3H—like events were observed, " Most
of these events are, however, background fromlpulse pileup and events of
galactic origin (Section II-E). A disproportionately large fraction
of these background events occur either during the peaks of large
flares,or during very small flares when the ratio of solar to galactic
particles is relatively low.
| 1f the assumption is made that the ratios of (ZHIIH) and
(3H/1H) are constant, then the ratio of real events (including‘ZH
and 3H) to background events (viz, the signal to noise ratio, S$/N)
can be improved by deleting the lowest and highest rate periods frﬁm
consideration. For each six hour period originally considered, the
expacted background contribution can be calculated using the numerical
parameters discussed in Section II-E. Next, the 515 six hour periods
are ordered in terms of their predicted 8/N ratios. The optimum
choice of periods in a flape sum includes those periods With”relatively
high S/N, with a sufficient number of periods so that adequate statis-
tics can be obtained. This is equivalent to determiqing anroptimum
cutoff point in the orderéd list, and.including only those periods

above that cutoff. Minor editing then eliminated 8 marginal periods
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which ﬁere either isolated in time or whose qualification was condi-
tional on the choice of numerical background parameters. The re-
sulting optimum set of 115 six hour periods, shown in Table II1I-3, is
not unduly sensitive to the numerical parameters used to estimate the
background. ‘

It should be noted that the optimization procedufe used ié
based on the ratio of observed protons to predicted background, and
is not influenced by the number of "deut»s:rcms.ll or "tritons" that were
actually observed in any one six hour solaxr active period.

The mass histogram resulting from this optimized sum is
shown in Figure III-1, It shows that 132274 protons, up to 3
deuterons and no tritons were observed; In tbe éasé of tritium, this
enables an upper limit at the 84% confidence level to be established

6 for (3H/1H) between 1.2 and 6.8 MeV/nuc,.

at 3.4 x 10;
The deuterium requires a more detailed discussion since the
possibility cannot be excluded that at least one of these events is
background. The expected o, for 2H ranges from 0.10 to 0.20-amu de-
pending on energy. By associating each event with the % appropriate
to itg energy, each event falls within 1 I of M = 2 and the total
XZ for thése three events is found to be 1.3. This corresponds at the
72% confidence level to the hypothesis that all-three events are part

of a deuterium 'peak'.

To evaluate the possibility of a background ofigin of these

events, the inset in Figure III-1 shows two observed background spectra
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Table III-3. Time Periods in Optimized Flare Sum

Time Period

D25(H) Hydrogen

Event Count

2023,29 Oct.--0304, 30 Oct. '72
0823, 1 Nov.-~1421, 4 Nov. '72

1100, 28 Nov.--2259, 29 Nov.
0519, 20 Mar.--2317, 22 Mar.

0000, 12 Apr.--2358, 12 Apr.
1200, 14 Apr.--1157, 20 Apx.

2120, 29 Apr.--1459, 30 Apr.

0551--1750, 18 May '73

'72
'73

'73
'73

'73

1201, 11 June--1759, 12 June '73

0000--2358, 14 July '73

1800, 29 July--1759, 3 Aug. '73

1200, 7 Sept.--0559, 8 Sept.
2052, 10 Sept.--2044, 12 Sept. '73

'73

0000, 3 Nov.--1801, 5 Nov. '73

Total

14678

6361
4381

24877

3336
1077
2987
2931
32108

15474

24067

132277
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Figure III-1

Hydrogen mass histogram for the optimized flare sum.

The insets show the individual‘galactic and pulse

pileup background events measured during solar quiet

times and the peaks of large flares respectively. The
vertical backgrouna scales normalize these events to the
level expected for the optimized flare sum. Note that the
background levels of ~ 0.1 are offscale on the semi-

logarithmic plot of the flare sum data.
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acquired during solar quiet times (galactic background) and during the
‘peaks of three flares (pulse pileep), normalized to correspond to the
flare sum. The flat spectral shape in each case is in contrast to thex
observed group at M = 2,

Based on the observed background which is mainly low energy
with o, R 0.1, the number of expected background events within + 2 O
of the 2H peak is 0.3 and 0.4 for galactic and pulse pileup respectively,
compared te the 3 observed. Including an estimate of backscattered
protons.(see Section II-E)} brings the expected background within + 2 T
to i.O events. The probabilities of obse;ving 0, 1, 2 or 3 background
-evenes within & 0.2 amu given an expeetation of 1.0 and tee fact that no
more than 3 were observed are 0;375, 0.3?5, 0.188‘and 0.062 respectively.
Thus there is a 94% probability that at least 1 of the three everts is
real, based on a backgroend expectation of 1,0. |

That background estimate in turn.is based on 9 events in the
Fipure III-1 inset which fall within + 2 9. of the 2H peak, plus a con-
servative esfimate of the backscatterieg component. A 95% upper limit
to the background (corresponding to 1.6 background events expected in
Figure IIL-1) still yields an 85% probability that at.leest 1 of the
three events is real. Such a significant underestimate pf the back-
ground near M = 2 is not likely in view of the observed shape of the"
expected'background and the lack of‘background events‘elsewhere in

_ Figure III-1.
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Taking into account the large statistical uncertainty in back-'
ground subtracfion, a deuterium/proton ratio can be established between
1.6 and 8.6 MeV/nuc with 68% confidence limits. This value,
7t20 X 10-6 corresponds to a level of 2fi;6 real 2H events in

Figure TII-1.

E. Flare Sum--Helium 3

With the exception of the three events of 14 February, 29 June
and 5 Séptember 1973, no Helium 3 was positively identified during
any single'solar active period. To establishla flare-averaged abundance
of 3He, the helium mass histograms for all other periods listed in
Table III-lAwére summed. Preliminary anélysis of this hisﬁogram
indicated that a éignificant backgroﬁnd existed near M = 3 ffom a low
mass tail to the alpha peak at M = 4. As discﬁssed in Séction II-E and
Appendix G, such a tail is caused by alpha particles channeling in D2.
In Appendix C a channeling calibration experiment is deécribed which
permits the résponse of the D2-D5 system to be evaluéted for an iso-
tropic flux of 8.785 MeV alphas. Because of the coﬁplex energy de-
pendence of the channeling and dechanmeling effects, these calibration
results cannot be readily extended to other energies.

Thus, the chanﬁeling calibration data cannot be applied to the.'
full D25(H) mass histogram which includes alpha particles with_energiés-

from 8 to 51 MeV. 1In the more limited range of detected energy* of

* ' :
Detected energy is the sum of the energy losses inm D2 and D5.
It does not include the energy loss in the mylar window.
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8 - 10 MeV, which brackeﬁs the calibration energy of 8.785 MeV, the
anergy de?endénce of the channeling procéss can bé neglected and the
calibration data applied directly.

The top panel of Figure III1-2 shows the mass histogram. for
8 - 10 MeV particles and the corresponding level of chammeling back-
ground. A peak at M = 3 is observed with 12 counts within a FWHM
{0.28 amﬁ). Tﬁe chanmneling background (known to high statistical
accuracy) in ‘the same mass interval is 4.6. Since the difference of
7.4 counts‘includes only those within a FWHM (ie. 76% of the total),
this should be compared to 76% of the corresponding alpha count.
Equation ITI-1 can then be used to determine a corrected isotopic ratio
with a spectral correction factor, S = 0.78 (for y = 3) and
CXT = 1,31.% The result is (3He/4He} = 6.011 + 0.006 in the restricted
velocity interval of 3.1 - 3.7 MeV/nuc which corresponds to the 8§ ~ 10
MeV limits on the detected energy for 3He.

Since this fiare sum represents a total of 4 x 106 seconds
of live time, the contribution of galactic gﬂe to this result should
be. evaluated., D25(H) solar quiet time measurements shows that in this

restricted energy interval the galactic 3He_contributioﬁ is negligible

( < 1% of the observed 3He).

%
This wvalue of C X7’ calculated from simulated data, differs

from that quoted in Table III-2 since only part of the D25 (H) matrix
is used here.
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Figure IIT-2

Helium mass histograms for the sum over all periods
listed in Table ITI-1 excluding the 3He rich events

of 14 February, 29 June and 5 September, 1973. The

top panel shows particles ﬁith detecfed energles in the
range 8 - 10 MeV. For alphas in this energy range, the
channeling background near M = 3 is known and is repre-
sented by the light smooth curve. The lower panei shows
" D25(H) particles with detected energies greater than

10 MeV. Since the channeling background is not knowm

in this case, the smooth curve represents an empirical

estimate of the background near M = 3.
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The lower panel of Figure-III-Z shows the helium mass histogram
for D25(H) events with detected énergy greater than 10 MeV. Again a
statistically significant 3He peak is observed. Although the background
level cannot be quantitatively determined from the channeliﬁg data, an
eﬁpiriéal background estimate, normalized to the-data outsid; the‘sﬁe
peak location één be drawn as shown and can account for 8 out of the |
16 events within a FWHM.

To improve the statistical accuracy, the data in both panels of
Figure III-2 are combined to yield 28 events within a FWHM of the ex-
pected 3He peak positions with 13 of these estimated to be background.
Evaluating the corrected ratio as described above, with 8 = 0.61 and
CXT = 0.99,§ie1ds a value of (3He/4He) = 0.009 + 0.004 in the velocity
intefval 3.1 - 15.0 MeV/nuc. The corresponding ratio of (BHeIIH) in the

same interval is 1.7 + 0.7 x 10-4. The galactic contribution to the ob-

3
served He is less than 10% in this case.

F. Helium 3 Rich Flares
Previously reported work by Garrard et ai..(1973a;b), Hurford
et al. (1973e) and Anglin et al. (1974) have_shoquthe existence.of
§ma11 solar particle events in which the 3He/4He ratio is rélatively
large. The 14 February event in Table III-1 is one such evenf. Since
the criteria described in Section III-B fo establish a data basé tends to
discriminate against very small solar events, a check was made to ensure
that no small events, rich in the rare ilsotopes, were o?ariookéd.
Individual mnssrhistograms of D25(H) events were construéfed fﬁr

each day between 30 September 1972 and 9 January 1974 that was not
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included in the original six hour averages, For each day, the number
of 2H H and He events* were noted with resulting daily averages

_of 0.01, 0.01 and 0.1 respectively. While the "ZH".and "3H" were
randomly distributed over the 330 days included in this study,‘over
half (23) of the total of 43 "3He" were observed on 29 June and 5 |
September, 1973. Using the PHI rate to further restrict.the time
intervals to periods of enhancement on these days the results presented
in Table ITI-1 Were_obtained. The m;ss spectra fof the three 3He rich

events are shown in Figure III-3,.

Tﬂe most feﬁarkable of these-three is ﬁhe 5 September, 1973
event in which the 3He was the dominant species of helium observed,
The fact thét the observed (3He/4He) ratio.is >> 1 rather than << 1
raises the specfre of an undetected ADC gain or offset shift as the
cause of the higﬁ "3He" coﬁponent. The possibility of a D5 ADC
ancmaly is discounted by the fact that the maximum enefgy logs for D2
éingles {the 'endpoint') corresponds to 3He, not 4He. Thus the dominance
of 3He over 4He is supported by the D2 data along, independent -of D5.
A D2 gain shift of 10% or an offset shift of 20 channels would be the only .
reﬁaining possibility. _Such an occurrence would shift the proton peak
down by ~ 15% ér ~ 50% respectively, which is inconsistent with the

simultaneously measured proton mass spectrum. A solar as opposed to

galactic origin for the observed 3He particles is supported by'their

%
Such events included background, if any.
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Figure III-3

3
Hydrogen and helium mass histograms for the He
rich events of 14 February, 29 June and 5 September,
1973, The total counts in each peak are ghown.

(The mass histogram for the 14 February event corresponds

to the D25(H) matrix shown in Figure A-2.)
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steep spectrum, their time profile and their arrival direction, whiéh.l
- was strongly anisotropic in the direction of the average magnetic
field line from the sun. |

Figure I1I-4 shows the time profile of.the 5 September event,

It shows that fhe groﬁp‘of 3He nuclei detected on 5 September occurred
during a period of constant proton flux, somewhat enhanced over quiet
time 1evels‘of <5 D25(H)'events/day. The 3He nuclel were‘acéompanied
by a small increase in the D25(H) proton flux as well as by lower energy
nuclei detected by D2Z. Note that in the abundance ratios quoted in
Table III-1, no allowance was made for thg 'steady state' proton
activity. The EIS did not detect any accompanying electron activity
duriﬁg this period. In the hours preceding‘this event, there were
several subflares observed, so that the assoclation of any particular
subflare with the 3He flux is not possible.

Figure III-3 shows that a common characteristic of all 3 events.
is the absence of a detectable deuterium or tritium flux, compared to
the 33 3He observed, In the restricted energy interval of 2.9 - 6.8
MeV/nuc, common to all three isotopes, 27 3He nuclei were observed.
This sets an 84% upper limit of 0.053 to the ratios (2H/3He) and
(BHISHe), averaged over these three events.

A second common characteristic 1s their relatively small proton
fluence as shown in Table III-1. The 3He fluence for each of these
events is similar at about 3 x 102/cm2 sr between 3.2 and 15 MeV/nuc.,

This is about a factor of 3 above the threshold for detectability in

this study.
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.Figure‘III-4
Time prbfile of the 5 September 1973 SCR évenf.‘ The
first five panels show the numbef of events analyzed
in each one hour period. lThe analysis #robabilitf,
pldtted in the last panel, can be considered the
fraction of the hour in which the exﬁeriment was 'iive'
to such nuclei.- The D2 Z = 1 events are prédominantly
protons (1.23 - 1,87 MeV) with some conﬁamination by
alphas (1.06.- 1.17 MeV/nuc) and 3He (1.06 - 1,22 MeV/nuc).
The D2 Z = 2 events are 3He (1.36 - 2.86 MeV/nuc) and alphas
(1.26 - 2,39 MeV/nuc). The energy limits for D25(H)\event§
care 2.45 - 12.74, 2.86 ~ 14.99, and 2,39 - 12.77 MeV/nuc
for protoms, 3He and alphas respectivelf. The geométrical
factors for D2 and D25(H) events are 0.2 and 0.07 cm2 sr
respectively. The bar along the timeraxis-indicates the

period included in the mass histogram in Figure III-3.
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IV, DISCUSSION OF RESULTS

A, Comparison of Results

In this section ﬁhe isotopic ratios obtained above will belcome
pared to‘previous observations of SCR's by other workers. Table IV-1
summarizes these observations along with current valueé of the' ambient
solar abundances. All of the SCR results were obtained by satellite-
borne dE/dx-E telescopes, with the exception of the four earliest
measurements which have been reviewed by Lingenfelter éﬂd Ramaty (1967).
The data summarized in Table IV-1 will be considered below in three
groups.

1. Deuterium and tritium observations

The-flare averaged results of (2H/1H) and (BH/;H) repﬁrted by
Anglin.et_al” Garrard et al., and the present work are summarized in
Figure IV-1, along with the Rothwell et al. upper limits‘forlthe 30.
October 1972 event. The most striking feature of ﬁhis comparison is
the fact that the upper limits of Rothwell et al. and the present
results are significantly below the ratioslreported by Anglin et al.
at 10 MeV/nuc. Since the lower results were obtained wi;h average
proton energles less than 10 MeV, this suggests that (zHllH) and
(3H/1H)‘decrease with decreasing energy below 10 MeV/nue. If
differential power law spectra are assumed for all the isotdpes,
Figure IV-1 then shows that the softer proton spectrum muét have a
spectral index which differs by at least 1 from that offthe‘deuterium .

or tritium spectra below 10 MeV/nuc.
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Figure IV-1

Summary of selected (ZHIIH) and (3Hf1H) observations.

The dashed upper limits were obtained by Rdthwell et al.
(1973) for the 29 October 1972 flare. The sqlid squarés,
open- and closed circles are flare<averages feportéd by
Garrard et al. (1973a), Anglin et al. (1973b) and this
work respectively. The photospheric and solar wind results
of Grevesse (1970) and Epstein and Taylor (1972) are upﬁer

limits.
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It should be noted that the different observations shown in
Figure IV-1 refer to different flares.* However both the present
results and those of Anglin et al., refer to flare averéges which should
minimize the effects of flare-to-flare variations:+

Another possibiiity which cannot be excluded is that experiﬁentalr
erfor has contributed to the observed differences., The observational
differences are sufficiently significant , however, to require gross
experimenfal errors to account for the fﬁll range of reported‘ratios.

2; Flare averaged 3He observations

. The.ﬁide flare-to-flare variation in:the relativé abundance
of 3He has been‘independently'established by Dietrich,.Garrard et al.
and the present results, Table IV-1 show; that‘the.observed values of
(3He/4He) for individual flares varies over 3 orders of.magnitude from
0.002 for the large August 1972 events to ~ 6‘for-the small event.of
5 September, 1973. Thus the same éaqtionary note-applied to comparisons

of flare average ratios based on different sets of flares. 1In particular,

* E

The 30 October 1972 event, measured by Rothwell et al. and pre-
sumably included in Anglin et al,'s IMP-5 flare sum constitutes only 119
of the data used in the present work, : :

+The extent of flare-to-flare variation in the deuterium or tritium
"abundances is difficult to estimate since observations of finite fluxes
have previously been reported for omnly two flare averages. The two sets
of data were consistent to a factor of 2. The present results for deuterium
are at least a factor of 4 below the average of those higher energy

measurements.

iIf the present experiment had measured ratios of (ZH/1H) and
(3H/1H)'at the same levels as observed by Anglin et al., then in Figure
I1I-1, the deuterium and tritium peaks would have contained 23 and 11
counts respectively instead of the 3 and 0 observed.
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flare averages which contain known "3He rich events'" are discounted helow.
Below 15 ﬁeV/nuc then, the present result of (3He/4He) = 0.9% can beé com-
pared fo the remaining flare-averaged upper limit§ of 1% of Hsieh and
Simpson, 2% of Garrard et al. and the value of 1%% for 7 3He poor flares,
reported ﬁy Anglin et al. (1973a). This value of 1%% should also be
considered an upper limit since it is based on 5 3He events, and "some
or.all of these five events could be background” according to Dietrich
(1973). fhus, the present result is consistent with previous measure;
ments of flare-averaged (3He/&He) below 15 MeV/nuc but is higher than the
Wébber et al. result for the August 1972 flare.

The preseﬁt result must be regarded with great caution; however, .
since the possibility exists of significant contamination by small 3He rich
events discussed below. The inherently poor spatial and temporal res-
olution of SCR observations would permit such contémination to occur

undetected, particularly during complex solar active periods.

3, TIndividual 3He rich flares

The raw helium observations.from Table III;l are presented in
Figure IV-2 to correlate the number of observed 3He nuclei in.each
solar event with the corresponding alpha count. With the exception
of the largest solar flares, the relative event count pfovides an
indication of the relative fluence. The effect of channeling is seen

‘ 4 2
by the trend of the data parallel to the (3He/‘He) ~ 10 7 line.*

!,

"Note that since a + 2 ¢ criteria was used to identify "SHE“ in
Table ITI-1, the channeling background will be greater than the 5%
suggested by the results in Section III-E, where a more restrictive
FWHM criteria was used.
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Figure IV-2

; ) \
Correlation of the number of “He and He counts in each
solar event listed in Table III-1. The solid circles
represent the 3He rich events of 14 February, 29 June
and 5 September, 1973. The diagoﬁal lines suggest the
corrected (3He/4He) ratio assuming :m'E_3 spectrum, which
is not appropriate in all cases. Channeling effects are

reflected in the trend of data parallel to the 10H'2 line.
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The four events with (3He/4He) > 0.1 but only 1 "BHe” count might con-
tain a significant 3He component but cannot be go identified here be-
cause of statistical limitations. The events of 14 February, 29 June
and 5 September 1973 represented by the solid circles are seen to be
distinctive not only on the basis of their high (3He/4He) raties, but
also because of the large absolute number of 3He counts. In fact the
number of 3He counts observed in each of the 3He rich flares was
comparable to the 15 real 3He events observed in the sum over the re-
maining flares in Table III—1.+ Because of their.(3He/4He) ratio
( > 0.1), and observable number of 3He events these flares are similar
to the ié October and 24 November 1969 SCR events reperted by Garrard
et al. (1973a, 1973b) and the 30 July 1970 event discussed Anglin et al,
(1974). | |

Although significant amounts of 3He was observed in each of these
3He rich events,* 2H and 3H were conepicuously absent. Averaging over the
1973 events,.upper limits to (ZH/3He) and (BH/BHe) are set at 0.053.
Anglin et al. have set corresponding limits of 0.05 for the BO‘Jely '70
eveet a£'10 MeV/nuc.

The relative abundances for the events are compared in Table IV-2.
(SHE/IH) varies over 3 decades from event to event from 9 x 10_'!+ to the

order of unity for the 5 September 1973 event.  That is, up to half of

*The term "3He rich events'" has also been used by Lietrich (1973)
to refer to the 5 out of 12 large SCR even*+ in which 3 or more “He
nuclel were detected by the University of Chicago telescope on IMP-5,
None of these events would have been detected as "3He rich" by the present
experiment since at 10 MeV/nuc, Dietrich found that (3He/4He) was signif-
icantly less than 0.1.

Dead time effects significantly reduced the number of observed
events during the large flares of 29 October 1972, 11-22 April and 7
September, 1973.
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Table IV-2, Selected "He Rich Fvents

69

: 4 1
Date _ (3He/1H) (3He/4He) ( He/ H) Reference
14 Oct. '69 0.003 + 0.001 0.26 £ 0,08 0.013 4 0,002 Garrard et gl,, 19733
24 Nov, '69 0.0009 + 0.0004 0.28 + 0.14 0.0032 + 0,0007 Garrard (private communi-
' cation, 1974)
30 July '70 0.14 + 0.05 0.54 £ 0.09 - 0,2 Anglin etal., 1974
14 Feb. '73 0.05 = 0.02 0.21 + 0,07 0.27 % 0.03
29 June '73 0.09 £ p.04 ~ 2 0.06 + 0.02 this work
5 Sept. '73 1.0 7 ~6 | ~ 0.1
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the observed SCR's in such an event can be 3He. The (3He/4He) and

(4He/1H) ratios also vary over 1% decades. The data in Table III-1
and Figure IV-2 suggest ‘that a significant part of this variation
is due to the range of proton and alpha fluences, with the "He com-
ponenf reméining relatiﬁely constant. Further systematic observations
are needed, however, to evaluate the impoftance of selection effects
in this regard.’

Anglin (1974) has established that at least for the 14 October
1969 and 30 July 1970 events, the ratio of (3He/4He) is not strongly

energy dependent.+

Table IV-3 swmmarizes the current status of SCR isotope ob-

servations discussed in this section and Chapter III.

B; Flare Models

Table IV-1 shoﬁs that the abundance.ofrzﬁ and 3He in SCR's
can be significantly greater than the ambient abundance of these iso-
topes in the chromosphere or solar wind; The easiest way to account
for this enhancement is in terms of models in which primary SCR's (re-
flecting the ambient solar abundances) are accelerated to sufficiéntly
high energies (> 30 MeV/nuc) that they undergoe inelastic nuclear cmlli-

sions with the smbient atmosphere te produce secendary 2H, 3H @nd 3He.

The relevent reactions, listed in Table IV-4 are discussed by Lingen-

felter and Ramaty (1967). Assuming ambient solar abundances of

+This is in contrast to the 2 November 1969 and 25 January 1971
events discussed by Dietrich In which the e spectrum was significantly .
harder than that of %le. '



Table IV-3. Current Status of SCR Isotope Observations

. Flare Averages: * (ZH/IH) (8 £+ 2) x 10°

5 .
} 10 MeV/nuc

* Caslmy = 2.1 % 1.0) x 107

with ratios dropping at lower emergies to
« (Custmy = 7'_*20 x 107° 1.6 - 8.6 MeV/nuc
* (3H/1H) < 3.4 x 10-6 1.2 « 5,8 MeV/nuc
- I S
3 (3He/lHe) = 0.009 = 0.004 9 3.1 - 15.0 MeV/nuc’
* ("He/ ™H) =1.7+0.7 x 10

3

* He/aHe) ~ 0.04 - 15 - 100 MeV/nuc

4'(These 3He results should be viewed with
auti.., since contributions from small
e Tich events may have been included

in the flare average.)

3He Rich Events: * (3He/4He) in the range 0.2 to ~ 6 not sfrongly
* (3He/1H) in the range 10-3 to n*l.} energy dependent
w 2,3 ‘
% (BH/3HE) < 0.05 } 10 MeV/nuc and below
* ("H/ "He) < 0,05

3 AR
* "He Fluence in range lO2 - 103[cm sr), > 3 MeV
* No analagous 2H or 3H rich flares detected.

3He in Other Individual Flares:

* (3He/4He) in the range 10-3 to 0.03 below 10 MeV/nuc and rising
to the range 0.02-to 0.3 at ~ 50 MeV/nuc.
(2 Nov. '69, 25 Jan. '71, Aug. '72)

+ See Tables IV-1 and IV-2 for references.

TL
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Table IV-4. Selected Nuclear Reactions Yielding 2H, 3H and "He,

Reaction Threshold (MeV/nuc)+ Ui(mb)
P+ % + 3ﬁe‘ 23,0 ‘ 40
p + d 4-3H + p+p 24.9 17
p+a-— 3He +p+n 25.8 46
p+ oo H+ 2H+p 29.8 | 5.
P+ Q- 2H +p4+p+n | 32.7 _ 10
p+p~ 2H + ﬁ+ 286.5 O

+In all cases either primary nucleus can be statibnary in the lab

frame.

* ‘
In addition to these cases, there are many channels by which
(¢ + @), (p+ CNO) and (x + CNO) can yield 2H, °H and SHe.

Total cross section at 50 MeV/nuc (Meyer, 1971).
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H:He:CNO = 1:0.()7':10_3 (Cameron, 1973), the dominant reactiéns involve
alpha-proton colligions, with alpha-alpha and CNO-proton interactions
playing a lesser role. Among the alpha-proton reactions in Table Iv-4,
the first reaction dominates below incident energies of ~ SO‘MeV/ﬁuc,
with the other four reactions becoming important at ﬁigher energies.
The lH(p,ﬁ+)2H rgaction, although important in the production of 2H in
galactic cosmic rays, i1s not significant in this ca#e due to the high
_'thresholﬁ energy. Cross section data have been reviewed recently by
Meyer (1971), but in a context of galactic cosmic rays where 3H pro-
duction can be assimilated into 3He production, Jung et al,

(1973) have developed a theoretical treatment of the differential
cross sections for alpha-proton reactions and have presented the results
as semi-empirical formulae. Finally, Ramaty and Kozlovsky (1974)

{R&K) have reevaluated the production of gH, qH and 3He in the solar

atmosphere paying due attention to the reaction kinematics.

Calculations of expected yields of 2H, 3H and 3He generally take
the form of propagating a known primary spectrum of particles through
a 'slab' of solar material. Given the nucleai'croés sections, the
productioﬁ spectrum of secondafy isotopes can be calculated. In thick
target quels, the primary beam loses energy due to ionization energy
loss and the producfion of secondaries is summed over its entife range,

In thin target models, the primary beam passes through a thin target
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(or travels for a short time)* so that there is no appreciable change
in energy of the primary beam., The observations ére then interpreted
in terms of the thickness of the slab requifed to produce the observed
fraction of secondary isotopes.+

A factor which is not taken into account in ‘comparisons of ob-
servations with such models is the adiabatic energy loss of the SCR's
during their propagation from the sun to the earth. The magnitudé of
this energy loss, which may be ~ 50%, is strongly dependent on the
radial dependénce of the diffusion coefficient used to describe the
propagation process, (Palmer 1973, Marshall 1974a). The neglect of such
factors suggests the caution with which numericél results of model cal-

culations should be treated.

C. interpretatioﬁ of Flare-Averaged Results

Using a thin target model and an E® primary spectrum, with
2 =8 5 3, R&K can account for the abun&ance of gH‘and 3H at 10 MeV/nuc
by a path length of 0.08 to 0.2 g/cm2 for 10 MeV/nuc particles, or
equivalently X, = 0.5 to 1.5 g/cmz, Figure IV-3 shows the R&K pre-

dictions for s = 2 and s = 3 and an assumed path length, Xy = 1 g/cm2

< _
Note the distinction. In case of a 'time slab' higher energy

particles pass through more matter. The path length of a particle of

velocity, Bc, is x = Bxl, where % is the path length for relativistic

particles.

fSee for example Anglin et al., 1973a.
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Figure IV-3
Isotopic ratios predicted by B&K using a thin target
'time slab' model and a path length for relativistic

: ‘ o7
particles, x, = 1 g/cm2 {or x = 0.3 g/ecm” at 30 MeV/nuc. The

1
(3He/1H) curve is‘adopted from their calculated (3He/4He)
curve by using their assumed value of (QHe/IH) = 0.07.

In each panel the upper and lower smooth curves aséume

E“2 and E-3 differential primary spectra respectively,

The open circles are the flare-averaged results of Anglin

et al. (1973b). The solid circles are the pfeéent results for

the flare sums discussed in the text which do not ihclude the

3He rich events of 14 February, 29 June or 5 September, 1973.
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(or x ~ O.B'g/cm2 at 30 MeV/nuc), which is appropriate for the 10
MeV/puc_reSults. Such a pathlength is also éonsistent with the present
2H and.BH'results, but the 3He observations suggest a pathlength at
least 3 times 1oﬁger. This discrepancy may be:due to the contamination
of the flare averaged data by small 3He_rich events, as discussed in
Section III-E. In all cases the observations were made a 1 A.U.
whereas the calculated curves refer to the solar surface. The effect
-of adiabatic deceleration would be toréhift the calculatgd curves to
the left and smooth the spectral features. Such effects ﬁight also
account in part for the 3He discrepancy. Finally, ;he possibility
cannot bé excluded that the R&K thin target model is not appropriate
in this comtext. |
b. 4Heliuﬁ—3 Rich Flarés
VThe 3He rich flareé provide a‘éomewhat more interesting test for
flare models. The reaction cross sections predict a total &ield of
2H, 3H and 3He roughly in the ratio, 2;1:3 (R&K, fhick targetj. While
these ratioé are not independent of the assumed shape of the primary
energy spectrum, inspection of the total cross sections‘(Jung et al.,
1973) shdws that the total yield of 2H must be at_laaéx %.that oflaHe;
This contrasts to the observed rqtio,‘(zH/BHe) < 0;05. Since alpha-
proton reactions are the dominant source of both 2H and 3He, sensitivity
to the assumed soiar abundances cannot account for this discrepancy.
R&K have prqposed an explapation in termslof the angular di%tri—
_butioﬁ of the secondary products. They point ouﬁ fhat the yield of
3ﬂé in the Backward lab hemisphere greatly exceeds the ﬁackward yield

. . -
of "Il or 3H, especially at sccondary energies below ~ 2 MeV/nuc.
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Figure IV-4
Production spectra of secondary nuclei in the'backward
lab hemisphere.' The primary beam, containing 93% hydrogen
and 7% helium, is incident on a targét of similar composition.
The energy spectrum of the primary beam, normglized to 1
proton above 30 MeV, is either exponential in rigidity
with characteristic rigidity of 150 MV, or.a kinetic energy
power law. The 2H and He curves are from‘R&K. The proton
curves are for elastic alpha-proton scattering (Equation D-1}.
The dashed curves nieglect the secondary protons produced in
the first Eycmz- In all cases the curves répresent the
energy spectra before any reacceleration of thé-sécondary

nuclei oeccurs.
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Figuré IV-4 -shows the spectrum of backward moving 2H énd 3He. - (R&K do
not explicitly calculate the backward spectrum of 3H, but argue that it
is small and easily destroved by the 3H(p,n)3He Teaction). Tﬁus the ab-~
éence of 2H and 3H in 3He rich flares can be explained if the primary beam
igs directed down towa;d the sun, and only upward moving secondaries are
subsequently accelerated and escape. An additional upward directed
accelefation mechanism is essential to this model since the range of the
secondary isotopes when they are produced is small cpmpared to their
average depth in the éolar atmosphere. Note that such a three stage
process (acceleration, interaction and reacceleration) would be much
less efficient than if the primary beam were simply directed upward,-

so that the total 3He fluence of such events would tend to be small, in
agreement withlobservations.

If the 3He are produced and acceleratgd as described by R&K, then
there must be a proton component which ig backscattered into the baclk-
ward 1ab.hemisphere and reaccelerated along with the secondary 3He. in
Appendix D an estimate is made of such a backscattefed proton spectrum,

assuming a thick target model, with a result of the form:

_ 1l = 0.43
NS(ES) = 2.6 x 10 Eg _N( >ES/0.§) | (D-2)

where NS ié the differential spectrum of backscattered protons,'ﬁs is
the energy of the backscattered protons, N( > E) is the integral number
of primary protons above energy, E, normalized so that N( > 30 Mev) = 1.
Assuming the same exponential rigidity primary spectrum (R0‘= 150 MeV)
used bf R&X to calculate the flux of 3He, the corrésﬁonding proton

gpectrum can be estimated from equation D-2. Also plotted in Figure
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IV-4, it shows that.at a few MeV/nuc the backscattered proton spectrum
is about a factor éf 4 greater than the 3He. Note, however, that 2 MeV
backscattered protons are produced by 3 MeV primaries, whereas

2 MeV/nuc 3He secondaries afe made by protons above 23 MeV. Thus the
(1H/3He) ratio at 2 MeV can be expected to be dependent on the shape
of the primary spectrum. Since the results shown in Figure IV-4 are
normaiized to the‘integral primary spectrum above 30 MeV/nuc, the
estimated proton spectrum plotted in FigurerIV~4 will be much more
sensitive to the shape of the primary spectrum.than will the 3He
calculation. To illustrate this sensitivity, Equétion D-2 was re-
evaluated for the cases of E“2 and E—q power law priméry spectra.
These results are also shown in Figuré IV-4 along with additional
cases in which backscattered proton secondaries produced in the first
g/cm2 éré_excluded.* Such cases might be relevent if the reaccelera-
tion mechanism opérated only after the primary beam had passed through
~1 g/cm2 (ie, only in the photosphere) so that backward moving secon-

daries produced in the chromosphere would be lost.

* s+1

Given an E incident integral spectrum and a proton range-
energy relation of the foim R ~ E**Y, it is easy to show that after
passing through 1 g/em”, the integral spectrum becomes

-s+1
1.8 1.8 '8 o
N{ > E) = \E + Eo » where E0 = 50 MeV is the proton energy
corresponding to a range of 1 g/cm .  Substitution in Equétion D-2

is equivalent to neglecting the secondaries produced in the first g/em”.
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Note that these estimates neglect the protons and neutrons produced

along with the 3He by inelastic protdﬂ;alpha reactions and which will
also contribute to the observed SCR proton flux. These estimates do,
however, illustrate that the backscattered proton yield is indeed
sensitive to the assumed primary spectrum gnd can be made to approach
the range of observed 3He/lH ratios.

These estimates should also be considered only as lower limits
to the proton SCR flux, since a fraction of ﬁhe'dowﬁ#ard moving primary
beam will be'redirected upward due to mirroring iﬁ the solar magnetic
fields. In addition the primary beam may not fully satiéfy the assumption
that it is completely directed downward. Therefore the observed SCR's
will consist of an admixture of primary and backscattered or secondary
particles, The proportions of this admixture will undoubtedly vary
from flare-to-flare, and along with the shape of the primary spectrum,
provide a mechanism which could account for.the wide variation in the
observed (:%E/IH)ratios. In such a picture, the 5 September 1973
event, in which this ratio was of the order of ﬁnity,_would be a case
in which the primary beam component was largely absent. Other events,
such as the 14 February 1973 flare, would require a contribution from
the primaries in order to account for the abundance of alpha particles,
rfor as is showm in Appendix D, backscattered alphas'alone_could not
suffice.

To summarize then, the R&K model provides an explanation o£ the
3He rich events which are-characterized by a relafive absence of 2H and
33. Inclusion of backscattered and mirroriﬁg protdns'in the reaccelera-

tion process can also account, in a falrly natural manner, for the
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flare-to-flare variébility of (3He/1H).

There are some potential difficuities, however. First the cross
section data used as input to these calculations are ﬁot in a completely
satisfactory state (Jung et al., 1973), so that the numerical results
of such models may be subject to revision. In the case of a 150 MV
exponential rigidity primary spectrum, the model can explain an inte-
grated ratio of ~ 0.1 for 2H/3He. Whilé this is significantly less
than the total cross sections alone can account for, it is still a
factor of ~ 2 higher than the uppér limit ﬁo the observed ;atio of
0.05. While the factor of 2 is not significant inlitself, RZK do show
that the enhancement is sengitive to the shape of the priﬁary spectrum.
Spectra thatlare softer'tﬁan 150 MV or.E-2 are‘not as effective in en-
‘Hancing tﬁe (3He/2H) ratio. Further‘SCR measuremenfs.to establish
the actual ratio of (3He/2i{) and (3He/ 3H)'t‘muld provide aA pérticularly
useful test of this point.

A further difficulty isAthe need for two distinct acceleration
stéges to 59 operable for these 3He rich flares: the first to
accelerate primaries downward with very little upward leakage; the
second to reaccelerate the backward moving secondaries upward, with
good rejection of downward moving particles. While such a tandem
acceleration process cannot be excluded a pr;ori, there is no other
evidence at present to support it. Perhaps the X-raﬁ or radio |
characteristics of such events can provide an insight into whether
these events have uniqué characteristics which_wogld be consistent with
such a process. In addition opticalzobservations might illuﬁin&te the

magnetic configurations which could be associated with this type of flare.
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‘Finally R&K have shown that for each 3He nucleus released into the
interélénetary medium, ~ 1 2.2 MeV y ray would be produced by the
reaction, p + n — ?H + y. Observation of such y rays for these 3He
rich flares would provide important confirmation of the source of these

rare igotopes.
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V. SUMMARY AND CONCLUSIONS

The Caltech Electron/Isotope Spectrometer has been used to measure
the isotopic composition of SCR's. As paft of an evaluation of the response
of the dE/dx-E chargéd particle telescope, alpha particle channeling
in thin detectors was identified as a background mechanism which can'
affect the measuremént of low values of (SHgfaﬂe).

Observation of 31 solar active periods between October 1972 and
November 1973 failed to yield an observable 2H or 3H flux in any single

period, but the following flare-averaged results'were obtained:

( H/ H) - +10 -6

(1.2 - 6.8 MeV/nuc), Che/%He) = (9% 4) x 10°2 and (Cma/l H) =

(1 6 - 8.6 MEV/nuc),( H/ HY<3.4 = 10

(1.7 + 077) X 10- (3.1 - 15.0 MeV/nuc). The relative 2H and 3H
abundances were somewhat below previous observations at higher energies
suggeéting that the 2H énd 3H sﬁectra are harder fhan.that of the protons.
The results were congistent with the thin target pathlength for
relativistic particles of ~ 1 g/cm2 (ot equivélently N'O.3 g/cm2 at

30 MeV/nuc).‘The 3He result, which is consistent with previous obser-
vations, would suggest a pathlength at least 3 times as long, but the
flare-averaged 3He measurement may be contaminated by small

'"3He rich events,'" thus voiding such an interpretation. In addition
the effects of adiabatic deceleration may also account for part of the
discrepancy. It is also possible that the thin target model, used to
calculate the effective pathlengths, is not appropriate for'such flare

averages.
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During 1973 three “3He rich events" containing much more
3He than 2H or 3H were observed on 14 February, 29 June and 5
September. The latter event was particularly significant in that
much more 3He than 4ﬂe was observed and the fluxes of 3He and protons
were about equal. The three events were compared'to three previously
reported-BHe rich eventg and the ratios of (3He/4He) and (3He/1H) were
found‘to range from 0.2 to ~ 6 and from 10~3 to ~ 1 respectivelf.
Averaging over the three 1973 events,'én upper limit to the ratios
(ZH/BHe) and (3H/3He) was set at 0.053. This is marginally consistent
with fhe calculation by'Ramaty and Kozlovsky of (2H/3He):e 0.1, in which
only the béckward moviﬁg secondaries in the lab frame are reaccelerated
and escaﬁe éfter beiﬁg cfeated by a downward moving pfiﬁary Beém. Such
a dovmward moving primary beam ﬁoﬁld alsﬁ result in protons bﬁck;catter-
ing from the ambient helium and being reaccelerated alopg with the
secondary 3He. Estimates of the backscattered proton component show
it to be sensitive to the spectral shape of the primary beam, but it
can be made as small as the 3He component in some cases, and so might
account for similar proton and 3He fluxes of the‘S Séptember 19?3 eveﬁt.
Other 3He rich events can be accounted for by the inclusion of a
larger backscattering-proton component as well as contributions from

primary protons and alphas that mirror in the solar magnetic field.
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APPENDIX A.  DATA REDUCTION

This appendix describes stages of the data reduction process
which atre unique to the present study. A guide to the routine analysis
procedures followed for the ELS experiments on IMP-7 and IMP-8 can be
found elsewheré (Garrard, 1974¢c). This routine analyéié regults in
tﬁe,production of Abstract TFapes (Garrard, 1974b), which are analyzed
By a program, ATS (Hurford, 1974a) to provide an overview of experimgnt
operation and to identify transient evenfs. This appendix describes
the subsequent‘steps, outlined in Figure A-1, which result in the mass
histograms from which isotopic ratios can be obtained as described

in Chapter IIT.

Using the ATS output and criteria discussed in Séction III-B,
time pericds are chosen in which there is an enhancement of 2-12 MeV/nuc
particles.. For these periods, a set of five.'Strip,Tapes' (Gérrard
and Petruncola, 1973) are produced from the'Absfraét Tapes. Each file
of a Strip Tape contains all relevent rate information, averaged over
a six hour period, a list of events¥, plus aﬁpropfiate time and.sta;us

information, all in Fortran compatible form.

The Strip Tapes ave produced on the SRL PDP-11, but analyzed
by the campus IBM 370/158 batch processpf, by a program, HARVEST. The

HARVEST program sums over any combination of files (for example, those

*The choice of events is under operator control, so the program
which produces the Strip Tapes is not limited to this type of study. -
In this case, events with ranges such as D2, D25(H), D25(H)6, etc
‘were included. '
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Figure A—l;
Flow of TMP-7 data processing associated ﬁith the
present work. Except for Strip Tape production,
~ all computing shown here is done on the campus
IBM 370/158. ihe crosstalk correction and energy
specfra are di$cussed in Appendix B. The corrections

to the isotopic ratios are discussed in Section IIIL-C.
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cdrresponding to a single flare or those chosen by criteria such as
discussed in Section III-D). In addition to averaging rates, HARVEST
sums all events of a given range on the basis of their A and B pulse
heights to form a matrix, N(A,ﬁ). An example of such a D25(H) matrix
is shown in Figure A-2, The non-zero elements of such matrices are
encoded on punched cards or disk for use as input to subsequent pro-
grams,

The D2 and D5SH siﬁgles matrices yield values for the D5 and D2
offsets, respectively; which are used to correct the prelaunch cali-
bration data; as described in Section II-F.

Protons above ~ 12 MeV.which almoét reach Dé will occésionally
fail to leave sufficient energy in D2 to be identified as a D25H event.
Instéad ﬁhey have a range bSH, but the B registefrstill containg a |
Qalid D2_pu1§e height. Theée events are easily distinguished from
true D5H singles since the B (D2) pulse height is several channels
above the D2 offset. At this 8tage such events are transferred from
the D5H to the D25H matrix.

Next the D25(H) matrix is converted to a mass histogram ﬁy a
program, MASH. For a given pair of pulse heights, (A,B), the minimum
and maximum possible energy loss (neglecting‘ADC and detector noise)
in D2 and D5 are determined from the corrected calibration data.- Then

for a given (8E,E') pair, values of M and Z are calculated® using an

- *Assuming 2=1,2,etec, corresponding values of M. are calculated.
‘Only one of these (M,Z) pairs is reasonable and so M and Z are 'uniquely'
determined,
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Fipure A-2
Parf of the D25(H) matrix for a 24 hour period
including the flare of 14 February, 1973. The
digitized A and B pulse heights, along wifh an
approximate energy calibration for D5 and D2 form -
the X and Y axes resﬁectively. Distinct 1H, 3He

and 4He tracks can be seen. The correspondiﬁg mass

plot is shown in Figure ITI-3.
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iterative scheme’'., This M characterizes that mass contour which
passes through the (GE,E') coordinate, This is dome for (ﬁEmin,E'miﬁ)
and (6Eﬁax’Elmax) to yleld Mmin and Mﬁax' If both values of M lie
within the same predetermined mass bin of the final mass histogram,
that bin is incremented appropriately. If the (A,B) channel pair
could correspond .to more than one mass‘bin, cqunﬁs are divided among
the bins with the assumption tha£ all wvalues of (5E,E') compatible
with (A;B) are equiprobable.

Before incrementing the bins, a 'range test' is performed.

Since the energy, charge‘and mass are assumed known at this stage, the
expected fange in siiicon can be calculated. The test is to verify
fﬁat.this.calculated fange is physicall& possible, cons;dering the
thickness of D2, D5 etec. If it is, the appropriate mass bins are
incremented. If not, the events are disregarded.

Note that with the scheme described above, integral masses are
not favoured in any way. In additionm, mass histograms from differeﬁt
flares can now be summed without further regard to calibration shifts,
etc. |

The calculation of energy spectra from the D2 and D25 (1)

matrices is described in Appendix B.

The iterative scheme assumes a range-energy power law to speed
convergence, but the final M value is consistent with Z=1 or 7=2
range-energy tables, as appropriate, ' '
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APPENDIX B. CALCULATION OF ENERGY SPECTRA

In this appendix the calculation of proton and alpha energy
spectra from the raw D2 and D25(H) matrices is discussed.‘ The method
used is not designed to take full advantage of the excellent energy
resolution potentially ayailaﬁle in the data, nor to give én unbiased
flare-averaged energy spectrum. Rather the purposé is to provide an
energy spectrum that can be integrated over the velocity limits that
are appropriate for 2H, 3H énd ;He, as in@icatedlin Table II-5 so that
meaningful isotopic ratios'can be determined.

As indicated in Séction I1-3, the gnalyzed events constitute
a sample of those detected during a flare. The effective live
tiﬁe is dependent upon the instantaneous.particle flux, but is the
'ééme for D25(H) isotopes with similar time depeﬁdence and anisotropy.
The relevént éne:gy spectrum for this work'is ohe‘which reflects the
energy.spectrum of analyzed particles rather than detected particles.
For this reason the D2 and D25(H) matrices are'ggg corrected for the
sampling bias which results in the analysis of larger fpaction of
particies-arriving during the later stages.of a flare ﬁhen the rates
aré lower. Thus, the spectrum calculated below is not an unbiased -
flare-averaged spectrum, but rather is the one which is most appro-
priate for the analyzed isotopié sample.. The flaré—averaged analysis
probability is taken inte account in the estimate of the fluence values
,shown in Table‘IIIﬁl. ‘

Before proceeding with the calculation, it ié necessary to corfect

for an instrumental crosstalk problem., Occasionally, during analysis
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of a normal D25 (H) pafticle that stops in D5, the ﬁ6 ADC will be
triggered electronically. The event in the.telemetry then appears
with a D25(H)6 range, a correct A pulse height (D5), and a B pulse
height (D6) of zero. Although these events are readily ideﬁtifiaﬁle
by the zero B pulse height, the information on thelénergy loss in D2
is lost. For typical flare spectré, about 15% of D25(H) events are
affected. 1In limited'energy regions, characterized by approximately
equal D2 and D5 pulse heights, up to ~ 50% of the events are affec;ed.
For example up‘to 50% of protons betweeﬁ 2.8 and 4.1 MeV trigger D6 _
whereas less than 5% of bZS(H) protons outside this interval are
affected. Since the condition of equal A and B pulse heights corre-
sponds to the same range in silicon for the various isotoﬁes, the
crosstalk does not, to first order, sefiously bias the isotopic
ratios (see Section III-C). Nevertheless, to establish meaningful
energy spectra, allowance must be made. The problem is qualitatively
understood so that a seﬁi—empiritél correction, no;malized to the
data itself,-is straightforward (Gérrard, 1§74a)- The correction
process transfers the crosstalk events from the D25(ﬁ)6lmatrix back
to the D25(H) matrix. |
Figure B~1 shows the responserof D2 to protons and-alphas.
There are three factorg which complicate this fesponse. |
1. The energy loss in the window. This is iliusfrated‘in
Figure B-1 by the vertical separation of the diégonal.line
‘(representing the case of no window energy 1633) and tpe D2

curve for protons or alphas. This window energy loss

1
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Fipure B-1
Average enefgy loss in D2 as a funétion:of incident
protoﬁ and alpha kiﬁetic energy . Thé discontinuities
in the curves océur when particles just penetrate D2
so that thé curves to the left of the disconﬁinuities
correspond to particles which stop in D2, while the
curves to the right correspond to.partic1ES which
penetrate D2. The light'diagonal line is the responsé
for D2 protons and alphas in the ébsence éf a mylar
window. The light dashed lines relate the labeled

enérgies discussed in the text,
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dominates near the D2 threshold.

Alpha-proton:ambiguity below 5 MeV. Figure.B-l shows that
the maximum energy loss in D2 produced by a proton is the
same as the energy loss in D2 by a 5 MeV alpha. If a D2
event has a pulse height corresponding to a smalle; energy
loss, such-as &,, it could have been due to either a proton
of energy, El’ or an alphé'of energy, E3.

Foiﬂback of-penetratiﬁg protén 6r alpha spectra. In most

cases, 1f a prdton or aipha has sufficient enérgy to pene-

“trate D2, it will either trigger D3 or D& and be rejected

by thé experimént iogic, or trigger D5 and so_not affect tﬁe
D2 singles reapénse. If, however, a proton (E2) penetrates
D2 and stops in tﬁe epoxy on the immer annulus in D3 or bﬁ
without triggering any other detector, if can be misiﬁter-
preted as a lower energy proton (El).. Since the lowest energy
stoppipg protons are affected by the highest energy pene-

trating protons the 'penetrating' spectrum is, in effect,

folded back and added to the stopping spectrum. This

"foldback" of the proton spectrum is most serious near théf
highest energj-in the D2 fange where it can account for ﬁp to
~ 25% of the observed evénts. In thé same way, the alpha

spectrum can foldback upon itself with similar conéequenceé.
The:éngrgf dependence and geometrical factor fﬁr this effect

has been determined from tandem calibration data (R. A.

Mewaldt, private commﬁniqation) so that a correction can
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easily be made. . In principle, high energy alphas (E4) might
also affect D2 protons'(El) but in this case the correction
is negligible (< 1%) and so is neglected here.

The steps involved in the calculation of the energy spectra aré

now outlined.

1. The first step is to preselect the boundaries of incident
energy bins into which the D2 and D25 (H) protons and aibha?
are stored. Separate bins for protons and alphas arelused
and energies near the-maxima orrmiﬁima.for each fangerare
‘avoided, as are alpha energies below 5 MeV,

2. Evénts in fhe ﬁZS(H) matrix are sorted into‘bins on the basis
rof tﬁeir detected energy. The boundaries of these detected
energy‘bins correspond to fhe bouﬁdaries of the incidént. |
enefgy bins when the energy loss in the mylar window is
.takén into account. The identificatioq of protons and glpﬁas '
is simplified by the éssumption that no other isotopes were
present (except for the 3He rich flares, which afe dealt‘with
by hand).

3. Separate fits*'ﬁo the D25(H) proton and alpha spectra are

then made.

*Throughout this discussion, "fit" refers to a 1east square fit
of a kinetic energy power law, dN g . g Y Two success1ve fits
d&E '
are made such that the power law index, v, found in the firat fit
determines the effective aVLrage energy for each bin uged in the
final fit,
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4. The D2 events are sorted into energy bins on the basis
of their detected energies.

5. The foldback corrections to the D2 alphas and protons
are made using the fitted D25(H) spectra obtained in
step 3. - |

6.l A fit is made to the D2 alpha spectrum;

7. The alpha spectrum obtained in step 6 is extrapolated
to energies below 5 MeV to correct the D2 protoﬁs for
the proton-alpha ambiguity.

8. A fit is made to the D2 proton spectrium,

9., Finally, combined fit is made to the D25(H) and corrected

D2 data for protons and also for alphas,

To illustrate the resolution of the resulting fits, thé energy
spectra for the 19 March, 1973 event are shown in Figure B-2 along

with the least squares fits.
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Figure B-2
Energy spectrum of analyzed events during the 19-25
March, 1973 SCR event. Points above 2.4 MeV/nuc are

measured with range D25(H). Points below that energy

are from the D2 data.
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APfENDIX C THE EFFECT oF CHANNELING ON THE RESPONSE TO ALPHA,‘ PARTICLES
1, Intrdduction | - |
The phenoménon of channeling of fast moving charged particles
in a crystal lattice is well known. (See for examﬁle, Morgan, 1973,
Gemmel, 1974).7 ~The aspect of channeling releveﬁt ﬁo this wﬁrk is the
large reduction (uprto ~ 65%) in the rate of ionization eﬁergy loss of
an incident ion that penetrages a thin'crystal along a path par#ilel
to an important crystal axis or plane. For aﬁ isotr?picralpha flux
incident on D2, it will be shown that ~ 2% have an abnormally low energy
loss in D2, Figure I1I-2 shows that this'may provide a significaﬁt
background affecting the'méasurement of low values of (BHe/QHe).

fhere are several reasbns why this phenomenon has generally

been neglected in pre?ious'work on the response of'coémic ray telescopes.

a. It is of cbnqern only for the.measﬁrement of rare isotopes

Awith a mass (or charge) slightly less than that ﬁf aﬁ‘
abundant specie (e.g, 3He, 4He).

b. Channeiing is more impoftant for  the low energies and thin
detectors ponsidered here than for higher energies where
thicker &E detectors are used, |

c. Unless the resolution and background 1evéls of the
telescope are sufficiently good, chanpeling.may‘not p;ovidé
the dominant backgrdund-source.

As a.reSult of‘thesé factors, the basic da£a required to eva1ﬁate the =

role of channeling for this application are not available in the

literature. o : : :
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Figure C-1 shows the patternlof‘plgnes and axes of a .
face-centfed4cubic lattice such as silicon. The.smali circle at the
centfe iﬁdicétes the stahdard orientation of the axis‘of symmetry.of the
detectors, This orientation was verified for several detectors by a
Laud X-ray transmissioﬁ measurement. fhe large circle indicates the
range of incident directions of particles which can have.range D25(H).
The problem to be solved is to determine the distribhtioﬁ qf gnergy'
1DSSESVf0r incident alpha particles whose directions ofrincidgnce form
a smoothly varying distribution within the large circle in Figure C-1.

| Section C-2 describes an experimené whose purpose is to
measure the response of a 50 micron detector to an 'igotropic' flux
of monoenergeticralpha particles. In Section C-3 the application of

“these results to D25(H) events is discussed,

2. .Channeling Experiment

| The approach taken in this expefiﬁen; is to measure thé
.rééponse of a 50'm1§ron detector to 8.785 MeV aiphas from a > 2py
éoﬁrce, whose directions of incident are uniformly‘distributed in the
- azimuthal component, but collimatéd in tﬁe polar (8) component. After
measuring_thé response to several differénf‘e distribqtions, weighted'
aﬁerages of-these responSés can be made to simulate the D25(H) response
to an isqt:opic flux.

Figure C-2 shows a skétch of the experimentél setup.

Bl and B2 are two baffles, which cqllimate,alphés'frqm a squrée, 8,
along the edge.of an imaginéry cone of half angle, 5. Df and ﬁ"

are flight spare detectors similar to D2 and D5 respectively. By
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Figure C-1
The pattern cof planes and axes in silicon Within 30°l
of the (110} axis with Miller indices of 3 or less.
The small circle at tﬁe centre indicates the orientation
of the D2 axis of symmetry. The lérge circlé of radius, .
230, indicates the fapge of incidenf directions of partij

‘cles which can have range D25(H).
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Figure C-2

Schematic cross section of channeling experiment setup,
showing alpha source, $, baffles Bl and B2 and detectors
D' and D". The entire setup is cylindrically symmetric

about the horizontal axis.
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varying the distance between Bl and 32, the angle & can be adjusted.
By removiné the solid centre of baffle, B2, all angles up to & can be
included in the beam. In all cases the beam illuminates only the fully
éciive areas of D' and D", _D"and-D" érg simultaneously pulse height
analysed by the "PACE system' electronics (Maréhall, 1974b), with
individual pulse height pairs recorded on tape. -The effective channel
widths of 40 kev are similar to those used for D2 and D5. o

Figure C-3 shows a typical raw_plot of the observed
nuﬁberqu events as a function of the D' and D" energy loss. ABy fe-
stricting further consideration to those.éﬁénts which fall bétween.‘
the double diagonal 1ines‘(i.e., particles whose total detected energy
is 8.785 4+ 0.12 MeV), background events such as thdsé due to sc#ttering
off. the ¢ollimator, a-a, B-andy - a coincidence= are eliminatéd.
. The remaining data can be expresséd as a mass hisfogram.

Such histograﬁé for fyﬁi&al‘runs afélshdwn in Figure C-4.
:8ince the histog;ams for all runs are calculated gSsuﬁing # fixed
' average D' thickness, the peak‘positioﬁ for a given‘run_will depend on
-thélD‘_?athlength approfriate to that run. The peak shift to higher
masses as Q:increases ﬁerely rgflects the 1ongér‘path1ength‘iﬁ D' due
to both secant O and the thicker part'of the D' radial profile fhat is-
sampled.- Moré significapt, however, is the rise of therloﬁ mass
Backgroﬁﬁd due to alphas which éhannel-along:one of the planes. As
‘Figure C-i sqggests, larger values of 8 permit morégof the;gajo;

- crystal planes to be 11luminated.
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Figure c-3
Raw plot of the numﬁer of observed events as a function
of tﬁe D' and D" energy 1653. Letters* are'ueed in a
logarithmic scale when the number of events exceeds 9‘
so that the highestlletter; ﬁ, reeresents glmost SOOQ‘
events out of'the total ef 21276 Plotﬁed..‘e was coe;'
sfreined‘to the raege 6;4f8,6 degieQS; The double di--
lagonal lines represent ceﬁetaht”velues ofatee_(Di + ﬁ“i
' energy loss sum of 8. 785 i O 12 MeV, 'Events oﬁtside these
',11m1ts are dlsregarded in subsequent analySLS steps.,-
Chamneling extends the distribution_of‘energy losses in
Df down to 2 MeV coﬁpa;ed to an averege energy‘loss'of
almost 6 MeV. 7 _ ' e, |  -7 . 7~_”2 o

The average number of events assoc1ated with each
letter is as follows: :

. 2766 .
"B
o
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Figure C-4
Mass histograms for typical channeling experiment'runs;
Only the events with total detected energy between
1 8.785 & 0.12 MeV are included. ‘The © limits ais;'spciated

with each histogram are shown.
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Constructing a weighted average of 11 such histograms
for angles from 0O to 24° leads to the mass histogram shown in Figure C-5,
which represents the D'-D" response to an isotropic flux of 8.785 MeV

alphas; with collimation similar to that provided by DO and D4,

3. - Application to Flight Data
The alpha stimulus of a 50 micron.detector whose Tesponse

is shown in Figure C-5 differs from that for flight data in two re-
spects. First, Figure C-5 represents the response to 8.785 MeV alphas
whereas the corresponding energy for flare particles varies from 8 to
51 MeV. Second the mass résolution of the 1aboratory experiment
, (Eigure 6-5, o = 0.25 amu) is noticablﬁ worse ﬁhan tha£ for flight
data (Figuré ITI-2, o= 0.17 aﬁu). This is due to thelcombinéd‘effécts
of secant @ and the radial thickness dependenceé of D2 or D'.. Whereas
in Section II-D it was seen that these effects tend to cancel for the
flight configu;ation, in the laboratory experiment they tend to combine
lineaxly (viz, at larger 6's, the thicker part of D' is sampled).

. The role of this resolution difference can be evaluated
by means of a Monte Carlo program which siﬁuia;es‘the response of D'
‘ahd D" ?o incoming alphas, with due alloﬁance paid to all the contri-
butibns.té mass resolution ou;lined in.éec;icn II;b'(excépt fof
chaﬁneling)- The output is aﬁa;agous to that of the ex-
periment itself. Analyzing such data in an jidentical manner yields
the smooth curve shown in Figure C-5. Tt is seen that except for the
tails of the distribution, the mass response of the expgriment is well

-3
understood. The high mass tail, containing ~ 10 ~ of the total is due
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Figure C-5

Weighted average of 11 mass histograms to simulate the

D' - D" response to an isotropic flux of 8.785 MeV alphas,
with collimation similar to that provided by DO and D&.
The smooth curve represents the expected response of the

D' - D" system allowing for all factors except channeling.

The low mass tail, containing about 2% of the total is

due to channeling.
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to elastic o - Si nuclear collisions in D'. Since it does not affé&t the
response Below M = 4, it will not be considered further. -About 2% of the
particles have an abnormally low calculated mass (viz, low D' energy
loss) due to channeling. This component,rwhich dominates below M = 3.5,
can be used directly to predict the channeling response of the D2-D5
system to an isotropic flux of alphas with energies nearVS.fBS MeV.
Abqve M = 3.7, the channeling component canrbe neglected compéred to
o;her resolution mechanisms, and the respbnse of the D2-D5 system dan
be -adequately modelled by the Monte Carlo_program.'

While the alpha response for D25(H) events near M. = 3 is given
by the channeling data in Figure C-5 for energies‘nearls.?SS Hev; thé;
chénnéling response to alphas of other energiés.danpot be estabiished
withoﬁt either further-calibraﬁicn data or a model ﬁith ﬁhich to deter-
mine the energy dependence of this response. While certain aspects of the
energy dependence of the chaﬁneling process aré,ﬁeli-established,* any
model apﬁlicable to the D25(H) system must also include dechanneling

effects.+

-1/2 *For example, the acceptance angle for planar channeling has an

E dependence on the energy of the incident ion (eg. Barrett, as re-
ported in Chapter III of Morgan, 1973). For an isotropic flux this might
be interpreted as the energy dependence of the channeling probability.
Also Eisen et al. (1972) has shown that above ~ 5 MeV, the ratio of the
ionization energy loss rates for channeling and randomly oriented parti-
cles is only a weak function of energy.

+After traveling a distance, D, a channeling particle may de-
chammel (ie revert to random motion through the crystal). Several experi-
menters (eg. Campinsano et al., 1972, Davies et al., 1968) have established
that the distribution of D is exponential with a characteristic half depth
which {8 proportional to energy. For 10 MeV alphas, this half depth is
~.10 microns. : : ‘ '
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Although models of the energy dependence cen be constructed
on such a basgis and normalized to Figure C-5 at 8.785 MeV, their
application to alphae with energies as high as 51 MeV is not sufficiently
accurate to justify their use for quantitatlve background eubtractlon.
Further isotropic channeling experiments are necessary to determine the

chammeling response at other energies.

iThis is because of the inherent resclution of 0.25 amu in -
Figure C-5 and the lack of channeling response data above M = 3.5,
While these limitations are not important near 8.785 MeV they become
SLgnificant when scaled to hlgher energies. :



119

APPENDIX D, ESTIMATE OF BACKSCATTERED PROTON AND ALPHA SPECTRA

In the R&K thick target model of 3He production, a primary beam
of ﬁrotons, alphas aﬁd CNO nuclei is incident on an ambient solar at-
mosphere of similar composition. They calculate the spectrum of ZH
and 3-He produced in the backward lab hemispﬂere from inelastic proton-
alpha collisions. In this appendix, an estimate is made of the
corresponding backscattered proton spectrum, produced by elastic

scattering of incident protoms by the ambient helium.

| Following R&K, the production spectrum of secondary particles
can be expressed as,
N E) = (/) NGB o® . /a0l £, a8 (0-1)
o : m ‘ ‘ .
°p : :
wheré (nt/ﬁH) is the number fraction of 'target nuclel'; N(>E) is the
number of'particles in the primary beam with énefgy-greater_than E,
normalizéd to N{>30MeV) = 1;70(E) is the total cross section that re-
sults in backscattered protons, as a functioﬁ bf primafy energy, E;
m_ is the proton mass; dE/dx is the rate of jonization energy loss;
aﬁd f(E,Es) is ;he probasbility in the léb frame that the energy of the
secondary particle will be in dE_ around B | Implicit ‘in this for;‘
mulation is .the well satisfled assumption that only a small fractlon of
incident particles suffer a nuclear collision. |
To estimate NS(EB), each term iq Equation;D;l‘can be approxﬁnafgd-

ag discussed below.
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Meyer (1971) has summarized the diff;rential cross section '
data for proton-alpha elastic collisions between 2 and 1000 MeV. From
this summary the total cross section for écattering inqident protons
into the backward lab hemisphere has been found to decrease with in-

512 ey,

creasing energy according to the relation, g(barns) = 3.2
which is accurate to ﬁithin 20% betwéeri 2 and 30 MeV.

| From classical kine@atics, the energy, ES, of the backséattéred
proton, is constrained to the range, 0.36E < ES < 0,76E. Meyer's
differential cross section summary further éhows that the-éverage
recoil energy is in tﬁe rangé, O.SSE < (ES) < .65ﬁ for 2 < E é 30 MeV.
Therefore sétting f(E,Es) equal to 6(ES > 0.6E) eliminates the integral
in Equétion D-i while preserving the average energy of the béckscattered
protons, The shape of the resulting spectrum is not sériouély compro-
mised since both the primary and backscattered spectra are expected
to be smooth.

Using the Janni range energy data for neutral hydrogen* (Janni,

1966), dE/dx can be set equal to 684 E-O.SZ

(MeV/g/cmz) between 1
and 100 MeV. Finally nt/nH is set equal‘to 2% to cqmpleté the corre-
spondence with the R&K model.

SﬁbStitutiﬁg these numericalrparameters into Equation D-1 resulﬁﬁ
in

_ -4 _ -0.43
NS(ES) = 2.6 x 10 E N> Eslo.s) | - (D-2)

Although neutral hydrogen does not necessarily provide the most
appropriate range-energy relation, it is used here in order to be con-
sistent with the R&K model.
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Thus Fhe yield of backscattered protons at eﬁergy; Es’ is proﬁortionai
to the integral flux of primary protons above energy, (Es/0.6). The
results for specific functional forms of the primary spectrum are dis-
cussed in Chapter IV, |
Similar estimates might also be made for the yield of backward
moving alphas. 1In ﬁhis case there are two processes which should be |
considered. The first is the elastic scattering of alphas from the
ambient CNO nuclei, Thé cross sections for this process are character-
ized by numerous resonances {(John et al., 1969, Marvin and Singh, 1972,
qulefsruﬁ and Jolivette, 1970). The average value of ~ 0.7 barns
at 2‘% MeV/nuc incident energy is aboﬁt the same as 1 barn for the
corresponding pfoton-alphé elastic scattering cross section into the
backward lab hemisphere. Compared to the proton backscattered yield

at 1 % MeV, the corresponding alpha yield can be written

Backscattered alphas . 1 ‘
_ oo %g-cio N(* > 2 5 MeV/nuc) (0-3)
Backscattered protons e Up-a N(p > 2 % MeV)

Substitution of the cross section values given above and the ambient
abundance ratioé, nCNolnHe‘z 0.001/0.07 shows that Fhe albha-proton ,
ratio in the backscattered beam at 1 % MeV/nuc is about 102 lower than
their integral ratio in the primary beam. Thus even in the extremé
case of primary o/p ~ 50%,backscattered ratios of only ~ 1/2% are
possible from thig mechaniswm. Note that this cne péint‘estimate is not.

sensitive to the primary spectral shape.
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A sécond source of backward moving alphas is CNO(p,x) reactions.
The cross sections for this process is somewhat larger than that for
CNO(p,BHe)* but the yield of the latter is ~ 2 orders of magnitude
lower than that of proton-alpha reactions (Lingenfelter and-Ramaty,
1967). Therefore the tétal yield of alphas from proton-CNO reactions
will certainly be smaller than the total yield of 3He, and so be un-

important in most cases.

* ' -
For example at 8 MeV, o 4.~ 60 mb (Dangle et al., 1964)
" "He ' :

compared to Oy 11 mb (R&K).
He
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