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SUMMARY

The purpose of the work carried out under NASA Headquarters grant

NGR 05-003-458 was two-fold: -

1) To examine modéls of Jupiter's magnetosphere with the particulaf
purpose of preditting thé X;ray flux'that Qoﬁld be emitted in
aurofal or radiation zone processes.

2) To investigate‘the various types of X-ray detection for energy
resolution,'effiéiency, reliability, and baqufound, and then
from the model fluxes to &ecide under what models Jovian X-rays

could be detected.-

We have found that the proportional counter is best suited for an outer
planet mission bécause of its overall simplicity,‘the achievability of
IQW‘baquréund;’the ease of attaining large areas at low mass with a
counter of‘ﬁodést size, and its suitability‘for the MJS mission., It is
concludedvthat there is a high probability that Jovian X-rays will be
detectgd-at distances up to 1 A.U. from the planet. |
The report consists of a discussibn-of the models used to predict
- X-ray fluxes and the"instrumentation most suited to‘meésure them. Much

of the work reported here was carried out by Dr. Kevin Hurley.



FINAL RE?ORT FOR NGR 05-003-458 (SUPPORTING RESEARCH FOR
OUTER PLANETS MISSION - EXPERIMENT DEFINITION PHASE)

As the planet Jupiter is known to possess an activeemagnetosphere,
and Saturn is strongly suspected to have one, these two planets should be
‘sources of Xjradiation, produced by bremsstrahlung from energetic electrons
which precipitate into fhe planetary atmospheres. A study of planetary
X-rays therefore gives information about particle fluxés, and constitutes
a powerful todl_for;the remote sensing of magnetospheric dynamics. We
- had made previous estimates of Jupiter's X-ray flux, based on theoretical

considerations (1). Our goal, under NGR 05-003-458, was

First, to reQise the estimates of the Jovian X-ray fluxes, ﬁsing
any relevant new ihformatien, and to generate similar estimates for
Saturn. | |

Second, ﬁsing these new estimaees, to'defefmine the.best type of X-ray
experiment, for a G;and Tour or MJS-type spacec;aft,'which could detect

these fluxes.
Third, to ‘compare the best MJS experiment with other types of experi-
ments, such as balloon, rocket, and satellite X-ray detectors, to determine

whether a flyby experiment offered significant advantages over these other

_types.

We have summarized our work on these three phases in the following

three sections. S T T T T DA
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~goes into precipitating electron fluxes as the earth's, the Jovian |

'I. MODELS FOR PLANETARY X-RAY EMISSION

There ié at present no data on the spectrum of kilovolt élecfrons
in the Jovian magnetosphere. Thereforé, in order to calculate the flux
of Jovian Xfrays; mo&els pust'be constructed which allow the known terres-
trial electron spectra to be scaled to the Jovian magnetosphere. Once
the assumed JoViah-electron spectrum has been calculated, the X-ray flux
follows by’appIYing the formﬁlas fér bremsstrahiung CToss sectiohs{ This
is ‘explained in’Aﬁpendix A, |
MODEL IA ;

This model is based on the assumption that the ultimate source of
enefgy for all terrestrial auroral phenomena is derived from the sdiar
wind particle eﬁérgy. If the same fraction of Jupiter's energy inpht
fluxes can be found by scaling the terrestrial fluxes by a factor which
depends on the intercepted solar wind energies.

In the cases of both the earth aﬁd Jupiter, the planetary magnétic ‘
fields do not extend out into space iﬁdefinitely; they are balanced' at
some point by the pressure of the solar wind. Thus if n, m, and Vv are

the number density, particle mass, and velocity of the solar wind, and

Bd is the planetary dipole field strength, the boundary will occur where
2B,)2 '
2nmv2cos? y = ( Sd) .
L

Here, ¥ is the angle between v and a normal to the boundary, and the

field just inside the boundary has been increased to twice the dipole



yalue, due to currents flowing alopg the boundary. Since Y depends, in
turn, upon the'shape of the boundary, the above equation must be solved
by iterative teehniques, except at theﬂsﬁbsolar point, where ¥ = 0. Thus
if M is the planetary magnetic moment, and r is the distance froﬁ the
center of the planet (assumed to be the center of dipole), the radius

of the magnetosphere at the subsolar point is
r, = (M?/4mmmy?2)1/6

The quantity of interest is the cross sectional area presente& to the
solar wind, or fhe cross section iﬁ the dawn-dusk meridian. Detailed calcu-
lations (2) have shown that this cross section»is'approiimately.eliiptical
with semiminor and semimejor axes T and 1.4 L respectively. Thus the
cross sectional areas should scale as r 2 and the scaling factor relating

Jovian to terrestrial intercepted energy becomes, in this case ;

5nva3roJ2 MjREZ 2/3
&nEmvdroé? = MERJZ = 150

where the subscripts J and E refer to Jupiter and the earth, and Riis

the distance between the planet and the sun,. It has been assumed that
. -

the solar wind velocity is the same at Jupiter as at the earth, while
the number density decreaées as'1/R2; MJ has been taken to‘be 4 x 1030
~ gauss-cm3, or~5 x 10% M. roJ_is;then.approximately 50 Rj.

The total power intercepted by-the earth's magnetosphere is about
'102°‘erg$/sec; of~which'rqugh1y~101emergs/see~goes~into_auroral phenomena ...
022

of all kinds. Jupiter, then, should intercept 1.5 X 1 ergs/sec and

use 1.5 x 1020 ergs/sec for its auroral phenomena, according to this

model. (For comparison, the average power dissipated in Jovian



decimetric and decametric radiation is about 101® ergs/sec.) If the
. ) |

energy spectrum of precipitating electrons is now taken to be

g% = C e_g/EO electrons/cm? sec keV

(see Appendix A), the total. energy flux precipitated is

[-

: dN g 2 2 | 4 » I,
f E .(ﬁ dE = CEO - keV/cm sec. )
0

A question remains as to the area into which electrons are precipitated.
Although'the'earth's auroral zoneé are generally taken to be those areas
Between latitudes 65° and 70° in both the northern and southern hemispheres.
(the boundary between open-and closed field lines), precipitation at any
given time will involve only about 1% of this area, or 3 x 1015 cm? over
one hemispherg;' If the same latitudes aré assumed to define the Jovian
auroral zomes, and if the precipitation occurs over the saﬁe'percentage
of the area,'fhe size of the precipitating region will scale as fhe square
of the planetary radius. [However, see (3) for a different/épproach
which gives a slightly lower value.] Taking Ty = 7.1 x 10° cm as the

radius of Jupiter, and r = 6.3 x 108 cm as the'radius of the earth,

E
the preéipitating region on Jupiter is found to be 110 times larger than

the area on the earth, or 3 x 1017 cm?.  Although electron precipitation

shows different time structure on the earth's day and night sides, the
total X-ray energy is approximately the same for both sides; tlus these - -
calculations should apply to both sides of a planet. The total power

in electron:fluxes becomes A CJE0J2 for Jupiter, and AEC

2 _ 25
;3 gEp? = 2.1 x 10



keV/sec for the earth, whére A, and A_ are tﬁe areas of the precipitating

E J
regions on the earth and Jupiter and the spectralvparameters C and Eo have
been assumed to be different for the two planets. ‘Now, scaling the power

dissipated by the ratio of the intercepted energies,

"A.C.E .2 = 150 ALCLE 2 = 3.15 x 1027 keV/sec.

S JJ7oJ Eo

E oJ

i
From Appendix A, Formula IA, the X-ray spectrum at the earth at MJS launch,
when Jupiter is 8.25 x 10!3 cm away, is

thA(hw) A =hw/EpJ -

—Ey - 8.83 x 10-8 ELTﬁE—-— . X-rays/cm? sec keV,

1

This speétrum is plotted in Figure 1, for various values of the é-folding
-l

energy EoJ‘ ' ‘ ‘ ;
MODEL IB

One objection which can be raised to Model IA is that it is alsteady
state ﬁodel: enefgy flows into and out of the magnefOSphere withoét ‘
being stored. In reality, there'is good evidence that thé magnetié field
lines in the earth's auroral zones connect: to-a highly diamagneticisheet
of plasma whi;h stretchéé out in the antisolar direction behind the eartﬁ
(4, 5). Thus the electron engrgy density in this region is comparéble to
the.magnetié field energy density, and energy is indeed stored‘in.phe tail

of the magnetosphere. Assuming that this represents an upper limit for

Jupiter as well as for the earth, -the Jovian -electron-energy density may - -

be scaled by the ratio of the magnetic field energy densities. If

u=c é%? is the velocity of an electron with-kinetic energy E and
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and rest energy mc?, the energy density of an exponential electron spectrum
_ . : | ‘
%g - ¢ e'E/Eo is given by l

©

DB BB gp L C 07 e g
f = Ce dE = 2 5 Eo/ T (3/2)

0

where T is the gamma function. The use of the nonrelativistic velocity

is justified by the fact that, for the E_;

the contribution at energies E ~mc? is very small.

to be used in .this expression,

i
{
The scaling factor is BJZ/BEZ, where B, and By are the magnetic
field strengths at corresponding points on Jupiter and the earth; assuming

dipole fields, this becomes

M r.3\2
(—‘13--5—> = 2.5 x 103,

rJ. ME
Thus !
3/2 - 3 3/2
CJEOJV 2.5 x 10 CEEO /

E

or

24 = : 3 3/2 = 30 \fE -
CJEOJ AJ 2.5 x 10 CEEOE \’EOJ AJ 1.66 x 10 | FOJ

1

From Appendix A, formula.IA, the X-ray spectrum at the earth is

dn p (hw) oho/E 3 ,
o -5 \JE. =2 -
R 1 O N 4,66 x_107: EGJ R TS ‘v'erays[;m‘,, .
This spectrum is plotted in Figure 2, for various values of the electron

e-folding energy EoJ'
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MODEL II

Finally, it shou}d be noted that there are Jovian phenomena, such
as the decametric radiation;_which have no counterpart on earth. EXpandihg
on the calculations of Warwick (6), assuming that this is electrbnlgyro—
radiation, suppose that the flux density observed at the earth due;to
decametric radiation'is ¢ keV/cm2 sec Hz at-a frequency f (Hz), anq.that
the signal has.a béndwidth Af (Hz). If the radiatibn.is beamed ingo a
solid angle Q@ (sterad), and the earth is a distance D (cm). away, the

total power radiated by the source is
¢ Af Q D? keV/sec . .

A single electron of energy E (keV) radiates a total power ,
4 x 10~% EB2sinZa keV/sec. due toﬁgyroradiation,-where B is the magnetic
field strength in gauss, and‘ o is the angle between B and the eleciron'
velocity U. In an eiectron spectrum N electrons/cm? sec keV, the ‘total

dE

power radiated/unit volume is

4 x 10-% BZsinZa f
0

E

dE keV/cm3.

[a®

E

CEfm

Taking g%-= CJe-E/EoJ electrons/cmzlsec keV, and u = C "%57 cm/sec

(the nonrelativistic form for the velocity is justified again by the fact
that the contribution from the exponential spectrum becomes very small for

energies nga:_mcf)kfgr7§heﬁya}ue§“o§”Eo_u§ed here), the total power radiated

per unit volume becomes

R C 2 ’
4 x 107 B2sin%a X \JB- E_3/2 1 (3/2).
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The total volume into which the electrons precipitéte is AJAR, where AJ
is the area and AR the thickness of the precipitation region. Following
Warwick (6), the thickness is found by assuming that the bandwidth of the

decametric radiation is related to the change in the magnetic field as

the electrons move closer to the planet

AR = R 3 - 3 x 2.8 x 10°B

where R is the planetary radius, AB is the change in thé field strength,

and the expression f = 2.8 x 1068 has'beeﬁ used for the gyrofrequency.

]
1

Thus , , ' , '_ |
2 "9 p2.:.2 CJ mc-2 3/2 3 Af - .
¢0AfQD .= 4 x 10 B<sin<a o > EO'J T ( /Z)AR 84 x 1058 AJ

or

i

24 = D2 ‘ 24 _ ' 32 :
CJE_OJ AJ \,EOJ RBsin 3 4.5 x 10 1.4 x 10‘ EOJ

for Jupiter, usingivalues in (6):

¢ = 10719 watts/m2 Hz = 6.24 x 108 keV/cm?

Q = 8.63 x 10~3 sterad. (a cone of half-angle 3°)
B = 8.9 gauss
D=4AU. =6x 1013 cm

sinq has been taken to be 1, corresponding to a mirroring particle.

From Appendix A:”FOfﬁuIa‘IA, thé X-ray spectrum at the—earth-is --. - — — —

dn. _ (hw) . ~hw/E
IL _ -3 [ e o _ 2
—IEs) - 3.92 x 10 EoJ o X-rays/cm< sec keV
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This is plotted'in Figure 3, for various values of the e-folding energy

EoJ'

X-RAYS FROM Io

Goldreich and Lynden-Bell (7) have estimated that, since Io i$ immersed

in the Jovian radiation belts, it should be a source of kilovolt X-rays;
they give a flux of roughly 10-7 X-rays/cm? sec at the earth. Thus this

is comparable to the flux of Model IA. o !

SATURNIAN X-RAYS | |

Tﬁere have been reports (8, 9, iO, 11) of sporadic non-therma%
radio emission from Saturn; theoretical estimates of Saturn's magnetic
moment based on these observatioﬁs (12, 13, 14, 15), or on general
scaling relatidnships (16, 17) varvaidely., For the following section,

an intermediate value of M_ = 2 x 102 gauss-cm3 (or 2.5 x 103 Mg) is used.

S
This gives a surface field of about 1 gauss at the equator, and a magneto-

S
the area of the precipitating region should be 2.68 x 1017

spheric radius of 39 R, at the subsolar point. As the radius of Saturn

is r, = 9.45 TE»

cm?,
MODEL IA (SATURN)

Following the calculations for the Jovian Model IA, the scaling

factor relating Saturnian to terrestrial intercepted energy becomes

M_R_2

ERg SS

M.R.2 \2/3
S E = 9.2, so ACE 2 =9.2AC.E 2 =1.94 x 1026 keV/sec
<G S°S 0S +2 AgCeE ok . , .
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As the distance between Saturn and the earth is 10.5 astronomicél'gnits
(1.57 x*101% cm) at MJS launch, the Saturnian X-ray spectrum is about
one order of magnitude below the Jovian spectrum, or, from Formula IA,

Appendix A, |

1
|

dn, (fiw) . “hw/Eps -

- -9 € rave fom2
30 1.5 x 10 i X-rays/cm“ sec keV

I
t

This 1is plotted.in Figure 4, for various values of the e-folding eﬁergy
|

EoS' | i

MODEL IB (SATURN) ' | | |

Following the calculation for the Jovian Model IB; we obfain'é scaling

f
)

factor
3\2 '
( Y Tp ) = 8.77 |
Ts® Vg : ;
SO ' o i
3/2 - 3/2
C4E g / 8.77. CLE 3/2.
oY v

28 = 3/2 - 27
CeE gAg = 8.77 CEEoEV/ Ag ’Eos 5.20 x 10 Eos
From Appendix A, Formula IA, the X-ray spectrum at the earth is

anB(‘Hm) 8 e-rﬁm/Eos . )
—IE = 4.03 x 10 Eos 5 X-rays/cm¢ sec keV

at launch. This is plotted in Figure 5, for various values of the e -folding

energy EoS'
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MODEL II (SATURN)

| |
This is baséd on the same argument as the Jovian Model II. F¥om
(18), the value ¢ = 10~22 watts/m2Hz = 6.24 x 10-1! kéV/cﬁz is used.
 The value of B is taken to be 2 gauss near the surface of the planet
at the boles, aﬁd, as a guess, the $ame value of Q is used for Jupiter.

ThuS‘ '
| !
| , ) !

2p = 24 b .
CgBygAg = 4.5 x 1077 [E o RBgsinza : »I

5 x 1030‘} Eys _ j

From Appendii A, Formula IA, the X-ray spectrum at the earth is ‘

dn ¢ (w) e _é-hw/EoS ) ,
-—ETHBT_ = 3.87 x 10 ’EoS f"?ﬁi_f_ _X—rays(cm sec

This is plotted in Figure 6, for various values of EoS' i

17
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II. INSTRUMENTATION FOR A FLYBY X-RAY EXPERIMENT

i

Much of the work done for this phase was written up in "Instrument
Report: . Planetary X-ray Experiment'; we ﬁave therefore included this
report as Appendix B. As it seemed desirable to measure not only brems-
strahlung X—rays,‘but also fluorescent X-rays from the satellites of
the outer planets (and thereforé obtain composition information), wé
considered the possibility of'using-very high resolution Si(Li) detpétors.

Two serious problems were found, however:

! a) In the Grand Tour‘configuration,Tradiation damage from both
RTG's and planetary trapped radiation would have decreased
the useful lifétime of the detécto;s to less tﬁan the mission
lifetine. ’ - .. ;

b) The background counting rate from the RTG's would be very high.
.We ekperimented with Si(Li) detectérs and fast rise time pre-
amﬁlifiers; attempting to do'pulée shape discriﬁination, which
would helb to solve the baquround~prob1em. WQ.concluded that
this fechnique was not feasiﬁle, and turned‘ou; atfentionfto
proportional counters. On the basis of thé_upper limit calcu-
lations in the Iﬁstrument Report, we determined that a propor-
tional counter was cépablé of operating ieliébly, and witﬁ a

reasonable background rate, on a Grand Tour type spacecraft.

— -—One point which required further investigation was the ?roblem of

Compton electron production in the proportional counter walls by RTG gamma
rays. We developed a Monte Carlo program to study this effect, and to

improve on the upper limit calculations in the Instrument Report.
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At the éame time, we begaﬁgconsfruétion of a pfotbtype detector;
this is shown in Figure 7. It consisfs of a proporfiﬁnal counter with
a passive collimator réstfictipg the field of view to about 7° x 7° FWHM
and a modulation coliimator consisting:of 2:eleétrodeposited tungsten

meshes. The purpose of the modulation collimator is to provide X-ray

“source size information down to about 0.1°. We tested this double

collimator with various size light sources; the results of the test are
shown in Figure 8. As the collimator is rotated, the detector response

is a roughly trigngulér'enyelopev(the response of the 7° x-7°'collimator)
contéining a series of finer triangleéA(fhe modulation collimator response).
The peak to valley ratio of the ﬁoduiation7cqllimator'response indicates
the source size.

Finally,lwe_tested the prototype detector at JPL, in the presence of
the simtlated'RTG; the results of this test agreed well with the background
estimates we had made using the RTG description in the MJS AFO.package, in
conjunction with our Monte Carlo results.

The detector whichAwe propose to fly on the MJS mission is shown in .
Figure 9; it is‘divided into two sepapate gas chambers for redundancy,
and each gas chamber has smaller antipoincidence chambers around the
sides to eliminate the Compton electron contribution. We have estimated
the total baékground count rate in this detector to be 2.2 counts/sec on

the MJS spacecraft.
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III, STATISTfCS'AND METHODS OF OBSERVING JUPITER X-RAYS

Let n be thé’number of counts/second received by a given detector
in some energy range due to an X-ray source (formﬁla 2A of Appendix A),
and let B be the number of coﬁnts/sec, due to background in the same
energy range. . In a time T, it is desifed‘to measure both n and B, and
to derive n’with the maximum accuracy. The count rate is thus n + B
during the sbﬁr;e observation,.and B during the background observation.

Suppose a fraction a of the time T is devoted to the source, so that

C (m+B)aT= [(n+B)a T}1/2
counts are received during this observation period. Then a time (1 - o)T
is left for the background observation, and

B(1 - o)T + [B(1- o)T]!/2

counts are received during that period. The number of source counts is

derived by multiplying the number of background counts by T—%TE

and
subtracting; to get
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maTz{(m+B)aTH+

The maximum accuracy of 'this quantity is obtained for the minimum

value of the quantity:

' ) 1/2 -
o {ID +B) o T + —2— BT ! : ZCEMQ‘T
v I=—o | —

and this is obtained for

(n + B)l/2

= B "
1 +(1; B)T7Z




Requiring the number of source counts to be 3 standard deviations

above zero (for 99% confidence) means that

reo (ngp 1, B 1
n o n2l-a

We will consider only the case.n << B, to derive an upper limit

to the time needed. For this case a ~ 1 - a ~ 1/2, i.e., equal times

- are needed for source and background observations; the total time needed

is

B
T=3%m

Alternatively, in a given time T, the minimum detectable count rate is

0= 6 (%)1/2

If the detector area is Ad’ and the avepége efficiency over the energy

range of interest is ¢, the minimum detectable flux is
.6 [B\1/2
J TR AT

Using these formulas, we héve c&nsidered many possiblé methods for
observing the modelé of Jovian X-ray emission discussed in Sectibn I. The
most sensitive of these are the ekperiments which operate outside the earth's
atmosphere, in the energy range below about 30 keV; three of them are

explained below, and summarized in Table I.

~SATELLITE PROPORTIONAL COUNTER -

This is the AS&E experiment on the SAS-A (UHURU).satellite (19, 20).
The satellite is spin stabilized, with the spin axis reoriented every
day; the instrument is collimated to Sf x 5° FWHM, so the duty cycle

for observing any given source is 10°/360° = 0.028. The response pattern
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of the collimator is triangular, so the total observing time must be multi-
plied by 1/2 to obtain the effective time. As the earth occults any

given source for a total of 12 hrs/day as seen from the satellite, the
effeétive time available on a source is (12 hrs) (0.028)(1/2) = 0.168 hrs,
or 10 minutes. ‘The afeaaefficiency product is 2840 cm? x 10% = 84 cm?2.

The actual efficiency function € (hw) used in Formula 2A is given in the

literature.
SATELLITE GRAZING INCIDENCE TELESCOPE

This experiment is the ASGE grazing incidence telescope to be
flown on HEAO-C (21).. It is capable of 2 aré second resolution over
al° field of view; since the disc of Jupiter subtends about 50 arc
seconds, thevtelescope could operate iﬁ two different modes. First, a
mapping mode, in which the disc is scanned oﬁe resolution element at a
time, until all (50/2)2 = 625 elements have been scanned; second, simply
an X-ray detection mdde,:whefe all 625 elemenfs are scanned at bnée.

In the mapping mode [referred to as the point source mode in (21)],
each resolﬁtioh element gives 50 background counts in an observing period
of 5 x 10% secﬁnds (14 hours), for a background counting rate of 1073 |
couﬂts/second/fesolution element. Using equal observiﬂg times for Jupiter
and background, the total observing time must be divided into 2 x 625 = 1250
equal segmenté, or 40 seconds/segment, during which a resolution element

will contribute 0.04 counts. If we require the total probability of a

random—-error-simulating—a-Jupiter—X-ray-event—to -be~-0701for-the—625
Jupiter observations, Poisson statistics may be .used to find the required
number of counts in any Jupiter segment; for a mean of 0.04, three counts

are needed for 1.6 x 10~° probability (= 0.01/625) of random simulation.
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The sensitivity derived here for the mapping mode is much less than

the sensitivity'given in (21), where it was assumed thet the background
was well known, and that a total of 5 x.10% secs would be devoted to a
single resolution element. This type of observation would be used if,
for exampie, it were desired to correlate an X-ray source with an
opticel source whose position were well known.

In the detection mode, the total observing time would be divided
into just two segﬁents - Jupiter and backgrounq. The background
counting rate would be 0.625 counts/second. Dividing the time equally
between background and Jupiter, the total number of counts in a segment
would be 1;5 x 10%, so Gaussian statietics may be used, and the formulas

derived at the beginning of this section may be used.
MJS SPACECRAFT PROPORTIONAL COUNTER

This is a Xenon-filled counter, as described in Section III and

Appendix B, with an area-efficiency product of 15 cm?.

It has a modulation
collimator which makes possible the mapping of a planet in X-rays to about
1/10°; at entfy into the Jovian magnefosphere,vthen, its resolution is
comparable to the graiing incidence telescope operating in earth orbit.

Two cases are coﬁsidered: the sensitivity of the counter at launch,

5.5 AU froﬁAJupiter, and the sensitivify just before entry into the

magnetosphere, 0.02 A.U. from Jupiter. 'So that this experiment can be

compared to the gra21ng 1n01dence telescope, the observ1ng time has been

taken to be 14 hours, for the 5.5 A.U. case. At 0.02 A.U., all models
become detectable, and the only question is the amount of time needed;

this is tabulated in the las; three columns of Table 1.
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CONCLUSION

As the tabie shows, the most sensitive earth-based detector is the
HEAO grazing incidence telescope; by comparison, the MJS proportional
counter is not particularly sensitive if used neér the earth. The over-
whelming advantége to the MJS experiment is its ability to get very
close to Jupit§r, where the X-ray fluxes can be obserﬁed'in short
integration times. If simply the‘detection of Jovian X-rays were
desired, this Qould be theoretically possiblé for a number of near earth
experimentsi'but if time variafions, detailed mapping, and both dayside
and nightside observations are réqﬁired, it is absolutely essential to

use a flyby experiment.
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APPENDIX A: PRODUCTION OF X-RAYS BY BREMSSTRAHLUNG

A single electron of enargy E, traversing avthick target of atomic

number Z, produces a bremsstrahlung X-ray spectrum given by
dnfhw) ., . 1o g . E |

m— 1.2 x 10 Z o ‘-> 1 photons/keV .
where dn(Hw) ‘is the number of photons of energy hw - fiw + dfhw). This
result, known as the Kramers formula, is derived in detail in (1); it is
-valid in the nonrelativistic energy region, and it has been applied suc-
cessfully to the problem of X-ray production in the earth's auroral

zones (22). If the number of elgctrohs with energies bétweén E and
dN ,_

E + dE is IE dE, the number of photons/keV at an energy 1w becomes
dnfw) _ 6 (E L \aN
Tty 1.2 x 10 Z | - 1 IE dE
' Hw

An energy $pectrum for precipitating electrons which is frequently

observed in the earth's auroral zones 1is

%g =¢c e B/Bo  electrons/en? sec keV .

The parameters C and Eo (the e-folding energy) are often observed to
vary on a time scale of seconds or minutes; however, a typical spectrum
can be taken to be

-E/10

=7 x. 107 e electrons/cm? sec KeV

G




Although other functional forms can be found which fit the experimental
data (22), the exponential spectrum will be used for the.following

calculations, This gives a photon spectrum at the production region

-Aw/E
dn (iw) _ 6 2 eTWE \
dEe) 1.20 x 10 ZCE ° = X rays/cm sec keV .

To find the X-ray spectrum a distance D away, this expression must be
hultiplied by A/47D?, where A is the area.into wﬁich the electrons pre-
cipitate. The aﬁsumption implicit in this faétor is fhat the X-ray
emission is isptropié; this is justified, not by the radiation pattern
of the electron, which:becomes strongly peaked in the forward direction

at higher ehergies, but rather, by the fact that electron scattering

renders the electron flux isotfopic<in”a distance which is small compared

to the electron range (1). Thus the X-ray spectrum»becdmes

R v Jﬁw/Eo
4a8Res = 2.4 x 1076 CE 2 Tobr R Yorays/en? sec keV

adopting the value Z = 2. Values of C, Eo’ and A are derived in Section I.

Another quantity which is of interest is the total number of counts/

second which this spectrum will yield in a detector. This is obtained by

multiplying the spectrum by the detector area Ad’ andvthe detector effi-
Ciency e(lw). Thus the total number of counts/sec in a detector, in the

energy wihdowrﬁwl 4'ﬁw2, is o
Jwz Aw/E_

d o

4wD2

, A .
n(‘hw_l > Huwy) = 2.4 x 1078 ‘CEOZA — [ £ Aw) —6-—55— d fw)

(2A)

J
Hiw,
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PART 1

" INTRODUCTION




L.

The be;si'c sc':'ientif.ic rriotivati'on for an ec-ra.y .e}'cpe-rim‘ent is to a
discever ‘the dynamics of the Jovian and Satul;nian .-rﬁagnetoséheres.
lSince the Earth's magnetosphere is now rea'sonabl-).r_.lwell known,
important com-parisons‘ can be ’made for ‘three plahetary vvobjevcts.
- The x-ray e}iperiment is .in'tfenvded‘ t.o'St.udy pa.rtic]_.es“and plasmas in
the fnag.netospheres -ahd.'fhe proc‘esses >tlv1at act on _therﬁ (e.g., wave‘s,
.c.o‘nvection).' During the encounter with the m‘agn_e'ﬁép_here a profile,
essentieily at 'ene ihstant of time, is made’ by the Adirejct particle
counters. 'There are three ﬂlej'or difficulties__ with such measurements:

1. - ’I‘.he.‘_spec'ec'raft .fnovés S0 ra‘pidlyfhaAt’time variations of
plasmas, particles and fields cannot be determined except
- OVér a narrow range of frequencies. |

2.‘ The“ frajectory _cefmot explore ._a,ll regions of ix‘1t‘erest.

3, It.ivsb proi:)ably not povssible'>te‘m_easlure pfeeipitatin_g particle
fluxes. These paii'ticl'e:s carrvy informafion about magneto-
epheric phenomena (vAv-aves,_'a‘u.rolrav.s, ’sub‘sto.r.ms).’ |

vThe“.x.T-‘r_ay expefiment is intended to remedy these difﬁculties. The
hope is fhat x'-ra.y fl@es could beb d'etect'ed’ even months befo;'e
_ e'nccﬁmter,» then meaéured from that fime. until encounter and then fof
montAhsAafter.,the encounter. Inlthat way the pattern of magnetospheric
aetivity 4 couldr l?e dete rmined.

‘The x-ray experiment is one’ of‘e group of experiments that can

eontrib_mje kncwl_edge of planetary _mé,gnetospheres.- The dt_her experi-

‘ _ments are those to.measure _fielde,- particles and plasmas while in

the magnetosphere; and radio noise emission'meesured insiﬂe as well
as outeide the .magnetosphere. vA e.econdary scientifie goal is to meke
use of‘the. long' interplaﬁetary cruise times to stud; long terfn variations

and transient events in a few cosmic x-ray sources.
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Design of a Planetary X-ray Expe'fiment

Some of the design constraints that an outer plaitietary X-ray

e_xperiment must satisfy:

1.

_ Reliable operation for periods“up to 10 years,

This requirement demands that gain drifts be very low

and that they be corrected in-flight.

For very long missions ﬁsihg MHW RTG power sources,.
the detectors must be insensitive to radiation damage
by‘neutl{dns and protons., Furthermore, the '_xieutrons and
gamma rays from the 'RTG sources vm.ust' not contribute

very much to the background rate of the detector.

. The w’eigAht should be limited to 3 kg, although more

sensitivity may be gained from larger area detectors.

The detectors should have good energy (~30%) reéolution

- down to ~2 keV photon energy.

"The angular ‘resolution s__h'ould be about 0, 1° in order to

examine satellites of ‘the major planets, and ‘to find the

pattern of the x-fay emission on the planet.

The following -type-s' of instruments were considered:

b : Chann_eltroh detector (fbr x-ray énergies below 1 keV)

l. Grazing incidence focusing optics
a. Geiger-Mueller tube detector
c. Solid-state detector (small area)
d. - Proportional counter (small area) '
2.

Scintillation counter with passive collimator and modulation

collimator
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-3, .Solid istate‘ detec'tor.’ ari'ay Wiih passive and médulafion
collimators |

4. Proportional _Vcouhtér with passive and modulation
collima.fo_rs .

a. Single wire type
b, | Multiwife for backgrounci fe_jection

Channeltrons were ruled out because of their éhbrt lifetimes .
(101‘1 co‘unfs) and llarge' gain drifts which_are -difficult to correct for
béyonﬁ _év.cer‘tain. poir_lt. The s?:intillatién couﬁtez; although feasible
:fro.mbm'ost‘ points of view, does not have the énerg}_re_solutibn of
the p‘rOporti'én.al counter, . Also, the weight per square centimeter of
. sensitive area is more favorable for ‘o'ther detector%. The Si(Li)
, d.étect'_or__ app‘eared' promising at f1rst .i-ts excelleﬁt' énergy-_ res_oiﬁti’on
mig_l"'lt aliow -éuxfface /chefnistry e}:p.eri‘_mé;'xts on the outer‘;planet‘
sa;teliites ,withqut.atmo_spheres; | |

| .The' grazing .incidence' x‘-ra‘y te'l.escope.,’ (for example, the

hyperboloid-paraboloid type) would allow felatively large x-ray collec—
ting a’reas‘to be achieved with Small_area détectoré. In addition,
*the small field of view would mé.ke it possible to do rather detailed
-m.apping of x;r;y ernission regions, However, at the present state of
the art,- this type of collimat‘:or does not have a high efficiency for
x-ria_y feflecfion; ‘conventional ‘c‘o‘llifnatovrs’ give equal »effectiye :;Lreas.

for less weight, Therefore, a ‘w-ir.e grid modulation collimator, with

resolution of abouf 1/100, appears to be a better choice. In addition,
rough collimation, either active or péssive, down to a field of about

5° square, would be required.
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With the choice thus limited to two detectors, and wire grid
+ active eollimetor or wire grid + pa.ss.ive collimator, two design
studies were under’saken: one for a solid state detector, and one for
a proportional couuter. These .azl'_e iﬁtluded as P:;rts_lII and III
It was recognized from the start that the MHW R’st would be a major‘
problem for the x-ray exper&ment; therefore; the design studies con-
centrated on the'-questioln of'ba_ckg;'-ound counting rates, and how to |
reduce them to an acceptable level with a minimum of weight. At
the same .time, because the spacecraft design‘was uot finalized, and
the MHW R7TG ,fadi-ation'-leveis not known accurately, the emphasis
was p'laced'or.l ‘deri_ving upper limits to MHW RTG-induced counting
rates, and iderlf:ifyi.rig problem areas, rather than obtaining accurate
estimates’ of counting rates. This must await the fine.l-design of the
spaeeoraft and.‘ RTGs.

The design study for the solid state detector’ showed that the
background count1ng rate would be quite high, and that a 51gn1f1cant
portion of it would be caused by RTG neutrous. ‘In-add1t1on, radia-
tion damage -due to RTG neutrons, as \uell as radi.»ation--belt protons,
would be severe with currently produced detectors, Since radiation'
'har&eni_ng techniques'ai‘.e being developed, there is at least some
hope that the rediatiou damage problem can be ove_-rcome. Therefore,
it was.decided to proceed 'exoerimentally With solid state .detectors,

to determine whether rise time discrimination could be used to solve

the background problem assoc1ated with the RTG neutrons. “We

_ha.ve'tested a Si(Li) detector with two fast rise time (50 ns) preampli-
fiers; one of these was constructed in our laboratory, and the other

is on l_oah from General Electric, Daytona Beach, Initial results are
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not bromising;:.it a.ppea"rsbtov be impossible to do"rise.vtime_ discri_
minatioh in the enérg§ re»gi'on Qhere the x-ray éxpefimen’t must work
(below 30_‘ kveV‘),' ,d'ue, to the v'éry' .sh.ort- length: of tlr.1.e’ jonization fracks.

Thg. proporti'ona;.l éoupter design study is more énéouraging; the
major problem é,rea was identified as due .i:o RTG ‘gamma r#ys.
Direct interactions in the cpunter gas, as well as ._interé.ctions 1n the
" counter .bod‘y giving 'risé to electrons which deposit e_nergsr in the
go_imter are 1_b.oth 'import‘a;nt effect.sv.' 'HoWe{r'er; the :ﬁse of multiv&ire‘
. c'ounters.and/or. rise tiine_: discrimination can solve thesé problems;

both techniques are currently in use in the energy range of interest,

Some pa.ssi‘ve._sh_ielding from the RTGs will be provided by 1:}1?31 space- .

craft itself; further shielding,'eit_her active or pasSiVe, will be
required at the "'c_letector.v "Since the spacecraft design is still some-
what uncertain, -an accurate evaluation of the gamma flux at the

detector cannot be made, and the amount of 'addit,ioh'al shielding

needed is not known. 'On the basis of upper. limit estimates, however,

vt_he 'deéign studyv shows that a sh'ie-ld‘- Weighing abouf one pound will -
reduce the b‘ackg.round to an acceptable leve'l.- This .s';hi_el_ding is not
required for RTGs as they would be Opérated on MJS missions, In
order to make a more accuréte evalua_tiéﬁ of activg versus vpassiveA
shields, comparison of geometries, etc. we are currenﬂy developing
a Monte Carlo program,

Experimentally, two Xenon filled proportional counters are

btgng tested; a third, Ki'ypton counter will be dEl'ivéred shortly,”
A delay-line shaping amplifier is being used 'in conjunction with a
puise shape analyzer to do rise time discrimination. A passive,

slat” collimator with a built in tungsten wire modulation collimator is
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now being designed; this will be construéted in our machine shop

and tested in the near future.




 PART I

DESIGN STUDY'VFOR AN X-RAY EXPERIMENT
USING SOLID STATEvDETE__)CT-ORS
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L. THE DETEC_TOR -

Figqr‘e'- 1 s-h.ows the genexjal cbnfigurati_on of 4the" vdete‘ctc)r. assembly
used in this studf. Four Si(Li) de'fectorvs,' "each 2 cm thick and having
.5 'cmz. aréa,"a_.i.'éAused for thé l_.S—lO_IkeV. _rénge;ftWo Si(Li) detectors,' .
each .2 cm thick and'having 5 cm® area, are u‘s'e‘a for the 10-30 keV
range. | o |

V'I‘he_se' six ’-dé_t_ectbrs are f'plac..ed- 1nthe bbttqm of a squére, well-type
" collimator meaéuring 10 X 10 .>< 15 cv'rn,: to '.give -a.pproximé.teliy a 37°
‘ -(FWHM) field of view. " In the well _Ycovll'ima‘l‘tor, above the detectors, is
# 't@gstén wiré modulé,tion ‘collimator, with wire spacing approximately
equal to W'ire_ diameter. (P_erforménc_:e of .the mddﬂation colli'matpr,
.'selejc_:tidn _of.'wire diameter and spacin_g," etc., will be discus_sed ih_ a
later section.) “This raiv:_her-'simp'le‘ geometry »ha's been chosen to simplify
the ¢a1cu1ati6né' of the background. cou'.nfing ‘rates. Other detector con-
‘fig.gratioﬁs _s_hbuld give é,pproximately.t_he' same re'su.lj':s,_ as Iong as_tl:;e |
“surface areas and fi_.eids-éf .vieyv are app;oxima_tiely the sémer.

T_hé power ‘so“ur'ce' for th_e. G;'and Tour spacecraft, a 2200 W(Th)
RTG, l'las‘-be'en'a'.lssufned to be 10 feet _aw;.y frbm the x-ray experiment,
with nothing in between the'two, The neutron and gamma radiation levels
are th\is_‘ob'tain__e'd byl l/r_2 extrapolation of the llevels" given by Trainor?! |
a_nd Noea and A—nné;z |
A"All intéeractions in thé collimator (if it is active) are éssumed to

give rise to an anticoincidence signal. Since -such a signal will contri- -

bute to the detéct_or dead tirhe, the background has two effects, First,
,irfceractions in the detectors, if they are in the 1.5-30 keV range,
contribute to the detector background counting rate; second, shield

interactions contribute to the detector dead time. The relative importance
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Aof these two effects is as follows.‘ Supnose that an“x ray. source, whose: )
true strength is S counts/sec, must be detected in the presence of a
_ back_gr_ou‘nd who_s_e true strengt_h is B -counts/s_ve_c.. The detector dead
time is bt, 'where b ‘istheununzher.ﬁcf interactions-/second producmg' an
'ant1c01n01dence ‘pulse, ‘and t is the length of the. gate s1gna1 for such a
:pul_s_e.. Then in a“time rnterval. T, ST STbt counts are collected from .
the source, and BT-BTbt from the background . The source will be
de’te’cted'if_: sf(i" . bt) = 3%hkgd = 3/BT( - 50) . Thus T 2913,{5 (1 - bt)],'

~‘and the factor B/(l - bt) determines the time needed to detect a source.

‘I BACKGROUND COUNTING RATES THROUGH FORWARD APERTURE

"A. Diffuse Cosmic X- -ray Flux .

"The speccrum of the diffuse flux 15'd

dN _ . -1.5,

IF - 10 E ~* /cmz.sec,'sr'keV','b,. .'1.< E < 10 keV
= 16. 8 E -1. 75/cm2 sec sr;keV, 10 <EA< 40 keV

128 E -2. 3/cm2‘ sec sr keV, 40 <E < 1000 keV

. The tot,a‘l'ﬂuxes in energy ranges df,'interest to this experiment are:

.10
N(1.5-10) :J” ; gg dE = 10/crn2 sec sr.

1.5

| ‘N(10-30) = 2.5./'cr_r12 sec -sr -

.

E .N(?3d)_ l."18/cm2._sec sr

N(>200) . 0'98/Cm2“sec sr .

At
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Usmg geometrlcal factors of , 052 cmz' 'sr' for 1 5-10. ke\},"alnd '26.

- _cm2 sr for 10- 30 keV, whlch assume 100% eff1c1ency for the sh1e1d

and modulatmn colhmator, the countmg rate in the 1,5-10 keV -
:"'dete‘cto;r is . 52"counts/,second. - In the 1.5-10 ‘keV ran_ge,' the. probability
of an ihterectioh_in .2.' cm'(._4.'} g/.rcm‘z)' 'Si is close to :100%, Above

- 15 keV, .how'ever,. Ithe efficliency‘b'egvins to” fall rabidly, a.nd.the " spectrum

. must. be we1ghted by 1- exp(-pTx),_ where “’T = total attenuatlon

coeff1c1ent, and x = .47 g/cmz.
7'30. / -LLX
] gi_l%l\ T ) dE ~2'/qm2sec sr
..1.‘.0_ _ o

Thus the count -'fat_e is 2(.'26) = .5.2‘c.oun'te/secon>d.'

. ) 'The _diffuse flnix can..'al:sh ‘c.ont_:‘ribuvte to the ba'c'kgfound_ co:uht rate
by sCattering-and leaving. 1. 5-1-0 or.‘ 10-‘30 ke.V: in fhe detectors. - The
.j.graph of F1gure 2 shows for .2 cm thlck Si: | » ‘
1:‘ _ The probablhty of a photon mteractmn of ahy kind, l-e-p'Tx -

2. _ The probablhty of a. Compton 1nteract10n 1eav1ng 1, 5 10 keV,

9%Compton, 1.5-10" (1 ~ e'“T">

0total

- where the cross sections

. o ' frlo KeV do . A

s 3 o S
vCQmpton,l'l.S.’.lO J __\_ZIO_EI:’II_Qt_O:_L_ a5
L 1.5 keV | -

-Ot-otal = total cross’ section.fbr inte_rae_tion of any: kind |
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3. . The ‘probability ‘of. a‘Cqmpton intere.-ctiou leaving 10-30 ke.V,H

Compton, 10-30. (i:;_é’“rle
gtotal o '
"p,T and OT are glven by Grodstem ; p’Ctampton is given b? Nelms, ,‘
- o L F1gure 3 shows the dlffuse x-ray spectrum, and the product of

this 'spectrum'w1th the three functions of Flgure' 2. - -Integratmg the
' bottom two curves of Figure 3, the contr1but10n to the 1.5-10 keV count
rate__ls 7 X 10. /cmz‘ sec Sr, and the contrlbutlon to the 10-30 keV
couut rate is 2.5 X 10;2/ cm2 sec sr, Usmg geometrical factors of

268 o::m2 sr aud 1,04 cm2 sr- for 1,5-10 a.nd 10-30 respectlvely
‘ (derlved by assummg that the modulatmn colhmator is transparent,
wh;le the sh1e1d-1s st111 10070 efftc1ent) the c_ount rates are

| .0“145 counts/sec, 1.5-10 keV o |

. 0256 counts/sec, 10-30 keV -

While _theée contributions could be reduced by.-the' use of active
anticoincidence (since the scattered photon‘s' would have a chance of
1nteract1ng in the bottom of the well and being detected) they are already

small enough to be neglected

Table lb

. T Background Contr1but1ons Due to lefuse X- rays
N (Passive C0111mat0r)

T T T . S L “1.5-10 keV ~ 10-30 keV’

" Photoelectric interactions .52 counts/sec <52 counts/sec

. Coru_pton' scatter - o . 0145 counts/sec ".026 counts/sec



-

- will be proportibnal to A cosb (1 - e

" “shown in Figure 5. Also, since e X 2 1-x, Au,Tx > A cos 8(1 - e

12.
I,  LEAKAGE FLUXES

This section deals with fluxes originating outside the field of view

. of 'theA detectors; i.e. » fluxes which leak through the shield.

A. "R'TG. Gamma Rays
Gamma' and neutron fluxes from the RTG are given in Trainor!
and Noen and Anno?; the Agamma'spectrumz for 0° and 3 feet is shown

inAFigu:re 4 extrapolated by l/r2 to 10 feet.

The background counting rate in the detectors due to this flux

—pTx/c‘os Q)

where A is the detector arca, x the thickness, the total absorption

coefficient, and © is the angle between the incident flux and the detector
o o -p.Tx/cose
normal. As long as (uTx/cose) £.2,.1 - e o~ wx/cos®, to

-15% or better. _,Thus the counting rate becomes proportional to Appx,
‘and does not vaif.y with the orientation of the ‘detector. The range of

-validity of this 'approximation', as a function of incident flux.enei'gy, is

-ppx/cos8
)

- —§0-the—use -of the-approximation-will- give-an-upper-limit.-to. the counting .

rate even when it is hot strictly valid.
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Thus Figure 4 also 'svhows the -~product of 'the RTG gamma'spectrum-

: 'by the probabllltles of F1gure 2 and the ‘areas of the 1,5-10 and 10-30
‘keV detectors. These two graphs show the spectra whlch would be
present in the detectors if-there were no: colhmatmn at all; the total -
counting rates are 8 counts/Second, ‘1, 5- 10, and 49 counts/second 10-30.
The spectra of Figure 4 show that the 'ma1n contributions are from photons
‘with ehergies of 10-200 keV. In this 'energy range, either an active e'r‘

a pass1ve colllmator could be used. An .act'ive coliimator can attenuate
photons either by photoelectric or Compton 1nteract1ons, and the photon

can interact either before‘ or after depositing a count in the Si detector,

<— SHIELD

I |_— si peTecTORS

A

L

Thus the intensity I = I e’Zp'x,‘ and the attenuation factor f =
. ; fo) . - active

_ -Zp,x

. 4+ . ——

A passwe colhmator has only one chance to stOp an 1ncom1ng
- photon: before it reaches the main detectors, and the interaction must

be photoelectric. Thus the attenuation factor
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£ . ===
passive

‘where “’PE is the attenuatmn factor for photoelectnc 1nteract10ns only.

The welght W of a thin wall well- type shield (F1gure 1) is

W= pV, whers p is the density and V is the vo_lume_.f If A is the surface -

area anc'l't‘;is the thickness in cm, W = p At. But pt = x, the thickness
in g}/‘c-mz, so W = Ax.

For an active shield,

. | R N

X === m , _§o W = - Zu-ln(l-f)'

For a\L'passive- shield, = |
" inl1 . 2 f> | |

wm . N TEPET s A 1n<1'-ﬁ—f)

' o L s “pPE
Examgles A »
1, A S111con shield wh1ch actlvely stops 80% of 200 keV photOns
W= —BA — 1n(1-.80) = 6.35 g/cni_z A

2 X .127 em“g

'I.‘husjth'ef shield must be 6. 35 g/cm2 thick; using an area
A =700 em®, W = 4400 gm = 10 pounds.

2. A CsI shield which actively stops 80% of 20U keV photons:

W o= - A 5— In(1-.80) = 2.9A

2 x.273 em“/g
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' Th1s sh1e1d would therefore be 2 9 g/cm2 thick, and would weigh

about 2100 gm, or 4,5 pounds,

A lead shield which pass1ve1y stops 80% of 200 keV photons:

W - —A 1n('1-”",-9-§*-62_--‘80)e 3A
.942 cm’g’ S v .

This ~shie1d would be about 3 'g/cmz thick and weigh about

2100 gm, or 4.5 pounds.

" The. a.bove flgures represent upper 11m1ts, ~since the incoming
photons wereAassumed to be normal to the shield, . It would appear that
the-lead shield is preferable,' since 1t does not require any supporting
»electromcs Wh1ch would add to the weight and complex1ty of the system,

However, the ﬂuorescent x-rays produced in lead and Csl must be

compared, 'smce .they will contribute to the background counting rate,

An upper 11m1t is now derlved for this contr1but1on. Assume'

1. ‘That every photoelectrlc 1nteract1on in-the shield gives
‘rise to a K x~ray (1.e._, ignore the less energetic L, M,

"~ etc. x-rvays, and the Auger effect).

2,. That every fliorescent x-ray -leaves the a.tom”in the

direction which gives it the shortest ezcape path through

_the _shield.

i — — e SHIELD-WALL — -

ay+| -

o -- _ Ly | . ,
E/\/\/\/\/\/\M'\q ‘J\/\/\/\AL\»_E

b Xy —
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The follow'ing‘-- quéntity is now cornput_edi,'.
(Probability of an-incoming‘,x-ravy' of eﬁiergy E going a distance
-y with no photoelectric 'interactio.n)' X,
(Probablhty of x-ray of energy E photoelectrlcally 1nteract1ng
in a layer dy thlck) ‘
'(Probabﬂlty of a fluorescent x- ray of energy E' going a distance
x-y with no photoelectrlc mteractlon) |
~For any x-ray, Probability of Interaction + Pljobabiiity'of No'
llnteracti}on = 1. And. Probavbility of Interaction = Prbbab_ility of Photo-
electron In’telfac'ti‘On + Probability of Compton Interaction + Probability
of Rayleigh Interaction + (higher order croés terms), Using P(I),
P(NI), P(PE), P(C), apdl P(R) for the above prébabilities, and- neglecting
the cross terms:. ‘ |
P(PE) + P(C) + PR) + P(N_I)..=" 1, or
P(PE) + P(no PE) = 1, where '
P(no PE) = pr_obability of no photoeleciron interractioxj..

= P(C) + P(R) + P(NI)

. Since - .P(NI)

= e, P =1 - e-u}_’,:"'a.nd'
P(C) = TLC':" (r - e‘LLY)
PR) = t—B— (1 - ™)
P(PE) = _.?E(l CeHYy
A where W “*pE + U;R is the ;)Eal 7£;:t:;;;ct1on cogfifﬁlciént, ~and

X uPE’- Hes Hp are the coefficients for photoelec’;.rlc, Compton, and

Rayleigh interactions,
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Thus P(nd PE) -m.ay.be written -as
Lo B = Bpm v —uv
P(no PE) = ——=t "PE () . oY) 1 oY

‘ e B ,
_PPE _-py BT YPE
i om

The p;obability of a photoelectric interaction in a thiék’hess dy is

CBE . Yy " YPE- dy

The probability of no photoelectric interaction in a distance x-y, for

' an energy E' (coefficients p,'i) is

] . __: ' ) . 'p‘l - U‘l ‘
"PE _-il(x-y) U PE
T < S -—'—ur—‘—'

: Multipiﬁng the above tAhree'i.probabilAit'i‘es“ together, and integrating over -

y values from x to 0, we get for the probability that an incoming photon

of enérgy E ‘pro'dﬁcés a fluorescent photon of energy E' which escapes,

1 T . . | RS BTN '
{“’PE VpE X _ WX Mpg M -“PE(1 L oehx)
)

+
wo- v
- : ooyt - R TL -y} -
Potpg " tpr YT e PrE 1'-e“-x}
n Wt n W

For 'lea'd téke..E = 200 keV, E' = 80 f<eV, x = 3 g/cm , ”‘PE = .80 cm /g.f

"p, = 94 cm /g, p,PE = 1'f29 cm /g, w' = 1,66 cm '/g.’ " The probability

then becomes . 32.
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- 'E‘or c,él',. take E = 200‘keV,‘E' ' 30 keV; x =2.9 g/cm?,
bpE =l.'250_em2/g:,.p,' = 272, p.PE = 6. 33, W = 6,34, The pr'ob.abiiity'
“for Csl becomes ;02. :
| How many of these'escaping photons i'nteract in the"detectorso
To get an upper limit to this nurnber, assume that the escaping photons-
' 'are dlstrlbuted 1sotrop1ca11y, and let n be the number wh1ch escape

2
per cm per second_.

&NC\DENT FLUX

INCIDENT FLUX . |

I
I

VETECTOR

© SIDE VIEW

A th1n str1p sdl emits nsdl photons/second and'the flux at a di‘stance

2 + r )-g from th1s str1p is nsdl/4n(1 +r ) The detecior (area A)

a
presents an effectlve area A cos® to th.ls flux, and the probablhty that

a’ photon will 1ntera<_;t in the detector is 1 - e-u,x/_coscp. Thus as an

upper limit to the- contribut'ion frem the thin strip, we have '4 (?Sflr )Au,x.

.Integrat1ng ‘over 1 values from 0 to L, this becomes

nsAp_.'x 1 .tan_l AI__,
41 r . r
Typical values are rA= 5 'crrr,.,L. = 15 cm ah_d‘s = 10 'cmn, so we get

«2n Ay x.
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From'Figufe 4, thei_ncident flux of 200 keV p‘hotons is
1.5 x 10-2/<':m2 sec. Thus for a lead shi-eld n = (.32)(1, 5.X 10-2) =

48/cm2- sec, From 'Figure 2, the contr1but1on to the low energy

2) .67 counts/sec and the contribution

to ‘the high energy detectors is (48)(10)( 2)(3 x 10 2_-) = 2,9 counts/se_c.

detectors is (48)(2)( 2)(3 5 %10

For the CsI shleld n = (.02)(1. 5 x 10 ) = 3/cm2 sec and -from

‘Figure 2 the low energy contr1but1on is (3)(2)( 2)(3 X107 -2

) = .036
_ cou.nts/sec_. Since a 30 keV photon can leave at most s_eve;;al keV to an
eiectron 1n a Compton interaction, ‘the - contribution to the high energy
detectors Will. be throuigh photoelectric interactions only. From Fvigure 2;
the p.r‘o_bability. of . an'intera;ct:.'ton of e.ny kind'is 50% at 30 keV; the ratio
of photoelectri_c: to total cross_-‘section is 1,17/1.44.% Thus‘ the contribu-
tion to the high energy detectors is. (3-5(10)(.z)(t_s)(l.'17/1.44) = 2.4
~counts/eec; Hovtrev'er,- -most of the Csl'ﬂuoresce.nt xerays’ will be gated
"out by means of the initial 1nteract1on in the shield.
. : Smce 80% of the 200 keV photons 1nteract in the sh1e1d the contri-
: but1on to the dead t1me is (. 8)(1.5 X 10 (1.5 % 102 cm ) = 1.8 X 104'
| counts/sec. |
| The two sh1e1ds consudered above both stop 80% of the 1nc1dent
200 keV photons; to complete the compar1son, the leakage at other
enefg;es must be computed. Ihus the graph of Figure 6 shows the
- probability‘_of no photoelectrlic»interaction in'3 g/cr‘n2 ‘of lead, as derived
on. paée 14, and the graph of Eigure_i7 shoWs_the probability of no
interaction-at all in 2 X 2.9 g/cm® of Csl, as defined on page 21.
E Finally, _the' product of thevse;probab'ilitie's with the .1. 5-10 keV graph of

Figure 4 gives the flux of photons which leaks through the shield and
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| - scatter'sv in _the' léw energy dete'cfovr_,. &eavingf 1.5-10 keV. This. is shown .
in Figure 8, where a direct corn‘pari_svon»of'the active and passive shield
co.unting rates (excluding the effect .ofi fiupre5cent :;:-.rays)'_n-qay' be made.
Since ..thé 'coht‘ribution from l_O_O'-VZOOV ke\f photons is about an order;- of
'niagnitlide ia.rger than any other contribution, ‘and the shields have
identical stopp'ing’. p_owers‘ in the 100-200 keV r'ange,. the difference

. bet'w‘een, the two is negligible, The comparison is summarized in Table II,

j"J'."a.blle'fl.l‘ o

. RTG thotovn Count Ré.t_es

T Passi&e Shield Active Shield.
(keV) ‘ - (keV) : o
- 1,5-10 10-30 - 1,5-10 '10-~30 Dead Time
Leakage =~ libc/s 9cl/s 1l.bcls 9cls 1.8 x10%/s

Fluoresgence v .67 ¢c/s 2.9c/s. '_0 0

.'B.. RTG Neutrons: Diréét Effgéts in Si‘Dve’tectors

The RTG neutron épéctrhm of Figure 9 was obtained by 1/;'2
e;_{trapolatibn" »tov 10 feet of the spectru'mv gi;en_in Trainor.! It will
be shown in seétion‘ C that Both thé active énd passive shields are
4' aimost transpal_'éht»to'néut-rons; thus the eptire s:pectrun'i of Figure 9
n‘;ay be. considgred to be incident on the Si detectors. The poésible
interaﬁtions of neutrons with Si are: | |

1. Si28 (n, n) Siz,8 (elastic scatter)'

* ' -
2. 5i%% (n,n") 5i%%" (inelastic scatter)
.28 ' 28, - or s
3. Si (n, p) Al”"; threshold energy 3.86 MeV.".
.28 - .28 '

A1°° - 87 4 5i%°, T% = 2,3 minutes.
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' .28 , 25 . I 5 e
4. © Si"" (n,o) Mg™"; threshold energy 2.66 MeV
Figure 10 shows the cross-sections for these ‘i'nt‘eractions as a’
fp.nptioh of energy’ and Figure 11 shows the probabilities of these
interactions in ,47 g/cm2 Si (E.g., the probability of an elastic scatter

- isf(o T /o) (1 - e‘-ox) where x'is the thickness of the material,
elastic scatter « . : :

o is the total cross-section for an interaction of any kind, and
(o S ‘ is the eleastic scattering cross-section.)
elastic scatter "~ : A

2

‘1, Si 8 {n, n) Si“28 (glas‘tié scé.tter)" L
T s
i O+
R . o : .
(] : . p 4 '
. 0.
| 3

Energy _is.' left in the detector by the recoi‘l'lin.g silicon nucleus.-
Thus-t_hé Aenébrgy E4- must be found as a fuﬂcition of the neutron scattering
angle-\)_', and the form of the differential'cros.bsl—section must be known,
in order to compute the probabilif_y of an ihcident neutron leavi_rlxg a
’ coﬁntable energy in -the detector. In particular, .the values of v must be
found for which .0015 MeV < E, <.010 MeV or equivalently, E,-.010

MeV < E3 S‘El--.0015 MeV,. (a low énergy count) and .010 <E, s.030,

4
or equivalently, EAI-.03 < E; SEI-.OI (2 high energy count). The.

energies and angles are related by (Evans®)

/I cosv. Jcos,av L 27
N Ey = JE, 29 T N T297 t 390,

Differential cfoss—_section data are apparently not available |

Si;

for 1477; on the assumption that the difference between one element

and its neighbor will not be very great, the data for 13Al were used.”



The results_ are summarized in Table III. The pulse _height defeot,
due to nuclear (non-iOniiing) collisions, will i'ncrea_:sef.these ‘numbers
- slightly.®

2, 'Siz,8 M(n‘,n') Si 8 (1ne1ast1c scatter)

jFrom., Figur.e 11, the ,probab111ty is 2 X 10 2 'so the total number
rof 1nteract1ons (usmg a: total mc1dent flux of 8. 4 X 102/ cm?‘ sec) is
<17 c.:r,n2 sec, .The first exc;ted_ le‘ve‘l in S128 is 1 78 MeV above ground °
Thus ffofn Figu:re 2, the érobability ofnl_ea‘\}ing' a count in the low energy
'vt‘ieteotovz.’ is. at most ~'10-4, a‘nd for. the high energy detector, ~2 X 10-‘4.
The contnbutwns to the countmg rates are therefore |
| (17)(10 )(2) = .0034 counts/sec, 1,5-10 keV
ane x»1o‘4)(_1o), = .034 ‘co_unt‘s/‘s‘ec, 10-30 keV
3. s (n,p) A128 AVZS - +-Si?“8,: Ty = 2.3 min B
| From Flgure 11 the probablhty of this. react1on is Sé X 10 3,
and the threshold is 3,86 -MeV, For 1nc1dent neutron energles in tne
range 3 86 S E < 3.96, the proton is left w1th E <30 keV, & From
'Flgure 9, a rough estimate of the number of incident neutrons in th1s
energy range 1s.~‘3/cm2_ sec, - Thus as upper- 11m1ts to the count rates
from this.reaot_ion we have . |
| (3)(6 >.<10-3)‘(2) = . 036 counts/sec,’ ;1.5—110"ke\-/' '

(3)(6 x 1077)(10) = .18 counts/sec, 10-30 keV

The A—l'28 nucleus may. be formed in an ‘excited state; the -_first_
energy level is _.31 keV above ground and up 'to'_ excitation energies of
7.7 MeV, 'de.-excitation is by gamma emission.® The 31 keV level has
-9

a lifetime of about 2 x 10 sec; angular momenta -for higher levels are

uncertam, but de- exc1tat1on probably by d1pole transmon, so other
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lifetimes 'are' of this orde"r, of maguitude. | Thus radiative‘ de~excits1;ioh
of the A128 nucleus will be co1nc1dent with the - energy loss of the proton,
d.nd no extra counts w111 result

' The beta em1ssmn of A128'is followgd 'by a ._ra-d'iativ'e de-e,xcitaﬁonl'v
. of the 5128 nucleus. These evsnts may deposit counts in the det'e.ctofs-
since they occur several minutes affer ths (n, p) reaﬁtion.

M” '

‘- 2.3m.

1718 MeV
Sx10 “s

The ehd,poipt‘ of the beta speCtrum is 2..'8>7 vMe»V; thus a beta
' ~can deposit a bcovunt either by being ejectsd"\;vith an energy bless than
30 keV, or by being ejected wi'th‘a ‘higher energy nesr .the, surface of
the dstector, and losing less than 30 keVA‘ before it escapes. The beta
spectrum should look like the one given by Evans® .in his Figure 1.4,

Thus a very rough estimate of the fraction of betas created with an

energy less than 30 keV is ~2 X 10_3.v From Figure 9, the number of

-

,‘ir’xciderﬁ: neutrons above the threshold energy is approximately 30 cm2

" sec; since the probablhty of a (n, p) reactmn 13 about 6 X 10 . -3 th_e

number of betas created with E < 30 keV is (30)(6 x1073)2 x 10 3) -

3.6 x 10 4/'o::m sec.



For betas w1th eher.g1es areund 2 MeV, dE/dae ;—‘: 4v’i'<eV"/m‘icron1° :
~:1n s111con, thus a beta would have to traverse only 3- 70 m1crons to lose
1, 5-30~ keV. The probab111ty of a (n, p) react1on in the top or bottom
70. m1crons is . (F1gure 10) . | |
2

"2 em?/g x1.65 x1 07 %g/cm’

. .a'barns [,  _-6.4%10
Zx 3 barns- \1 Te

).

a.“z,_g'x 1074

. U51ng 30/cm 2 sec' neﬁtrons .'abOVe threshbld 'ehergy,- 'the ni;mber. of inter-
_‘ actlons produc1ng a count is roughly 84 X 10 4/<:m2 sec,

An 1nteract10n of the 1 78 gamma, since 1t is c01nc1dent with

the beta, would s1mp1y add to the energy depos1ted by the beta. Thus.

- 'these events w111 be neglected. The total number of 1nteract1ons producmg

.count.s is then 88 >< 10 4A/‘cr_nv2 sec and the contr1but10ns are |
' ..018‘counts/s-e'c, 1 5 10 keV | “
- .088 counts/sec, 10 30 keV o
from the decay of the Al28 nucleus... Addmg these to the {n, p) contrl- |
o b__utlons o.nv page 24, the totals are - ' :
' .054 counts/sec, 1.5-10 keV |
:',-27_ couhts/eec,_ 1030 keV .
'4.' . - si (n’d) Mgzs i e S
- _ The probab111ty of th1s react10n is. ~10 (Flgure 11); 'a'n"d_ the.
Hv‘..threshold 1s 2 66 MeV. Usmg an 1nc1dent flux of ZIO/cmZ _s-ec,' )
: 21/cm2 sec reactlons take place. Mg25 ie a.stab_rle 'nueieus;' up t_o--an
.éﬁergy of aheut :7 MeV above ground, de-excitation is by ga.mma emission,

and the first excited state is .6 MeV above ground.?  Lifetimes are of



\ ) o e ' | ‘- 6.
" the or,'der 4ojf 10-9 secen;ie, sothe Iga’rnma:, energy» lqss' IS eoin.cide.nt:‘with'
_ t.h'e“alpha. , | o o | . |
‘As above, thelalpha can leave. a: countable energy elther by be1ng
Aernltted with an energy of less than 30 keV or by bemg em1tted w1th a
: h1gher energy near the surface of the detector. B '
: For 1nc1dent neutron energ1es 2. 65 S ES2:9 MeV, the alpha is -
' . yemltted with less than ~3O keV, = From Flgure 9, roughly 55/cm sec
neutrons. are 1nc1dent w1th these energ_ies,- so the -contribution frem this
type of interaction is . 055 /cm2 sec.’

- At higher energles, dE/dx = 200 keV/mmron for alphas,1° to
lose. 30 keV, an alpha must traverse only 7 microns, and the probablhty
of a (n,a) reaction in the‘ top or bottqm 7 microns is appro_xrmately

.1 .barn (1 - -6.4x107% em®/g x 1,65 x 107 g/cm2>

j 2'_>< 3 barns

=7 x107°
'Ueing‘ an incident ﬂux of 210/crn2 sec above ;t-'hre‘shold', - the »con_tribution
is'..,015/cm2 sec. _’I‘hus the total number of counts/eecond is
(.07)(2) = .14 counts/sec, 1.5=10 keV
- (.07)(10) = .7 counts/sec, 10-30 keV-

. Table 1V sunim‘arizes the effects of n_eutrq'ns inZSilich.

Table IV .. .

:"lnteraictidn" R Count Rat:e‘sA Due to Interaction
© _L.5-10keV. . 10-30 keV

(n,n) - 11 /s 7 39.¢/s

-(n, ') : - .0034 c/s R .O,Z-’>4.c/s-'

(n,p) | 054 c/s 27 ‘c/s’

(o, @) - 14 o/s .7 /s
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. C.- RTG Neutrons:  Indirect Effects Due to Lead Shield

- The following neutron reactions can occur in the lead shield:

1. P2 (g, n) PB2Y7
2. b7 (n,nY) PbPO7" (inelastic scatter)

5 P2 (ay) pb208.

(elastic s cé_utter)

Th_é'crbs‘s_-séét_iéné for thes.e.r’e:actions Iar'e shown in Figure 12, and
, thé _‘pro.babilities"-for 3 ‘g/cnfxz of lead are ISh‘ow_n"‘ in-Figure 13,
' :1.  'PBZO7 (n, n) Pl;>20'7 (elastic scatter) o

|   This féaction has the effect of 'scattering neutrons, not heade‘d
for the détectbrs ihitially, “into- the detecfors. - Using the formula on
I_pa'.g'e 23, and hovti’ng that ‘the transparency. of the lead shield to neutrons
‘fne‘afns that neutfons have two chénc_es -tbov scatter, .4n ne\J.trbons/c‘m2
sec l;x_e;ad. fo‘ri.t_hev _‘detéctors, ‘where n is the nﬁmber/cmz sec which
e,laética}l_ly s_catte_f. _ Sincév 8.4 _x'ldz:/ cmzl sec are i‘n‘cident, .and'the

2, 15/_crn2' sec will be

: provb_ab_ilify of an-elastic sc#&er is 54.5 x 107

.'s‘ca-‘ttered into ’_th.e' detectofs. 'Referring to Té.ble I, the maximum

. contribufiohs are: A |
(15)(2)(. 73 % 107%) = .22 ¢/s, 1.5-10 keV.

(15)(10)(. 81 X 107%) = 1.2 c/s, 10-30 keV

207

2.0 PrY  (n,nY pp207*

(in’ela'stic scatte_r).

Since thebnp;obability of an iﬂelasfic s;céttér 1s a't‘ most about
onefhalf.the probébility of an'ela_.sti_c,_scattéi-, ~the .contributions from
scattered neutrons will be about one-ha'lfl of those given above:

| .11 ¢/s, 1.5-10 keV | |

.6 c/s, 10-30 keV
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. For excitatior_i en.e,rgies.up to about 6.7 MeV, fhe Pb.207 nucleus
de-excites by gamma emission. ‘From Fiéure 13, the ‘number of _
inelastic scaﬁ_ers' is (8.4 X 10+?)(Z.5 X‘IO-Z) =’21/cvrn2 sec., The first
excited state ibs' .57 MeV above gréund?f so from‘Fig‘ure 2, the contri-

butions are:

(.4)(21)(2)(8.5 x 107%)

S (.4)(21)(10)(2 % 107>)

fl

.014 c/s, 1,5-10 keV

.168 c/s, 10-30 keV
. Thus the totall contributions due to neufrohs and gammas from
this iinter'aét,imnv'aré: | |
e 12 c_/_s, _1.‘5—10

.23 c/s, 10-30

5. pB2Y7 (n,y) pp208

‘The Q value for this reaction, using the mass defect values
given by Leighton}! is 37.79 + 8.36 - 38,77 = -7.4 MeV, De-excitation

of the stable Pb20%

-nucleus follows by gamma emission direct to ground
in »90% of the cases.® As there are ev,idently.no neutrons with energies
above 5 MeV, this reaction can be neglected.

Table V summarizes the effects of RTG neutrons due to a lead

- shield,

Table" V-

Effects of RTG Neutron Interactions in a Lead ‘Shield

Counting Rates

Interaction - 1.,5-10 keV ~  10-30 keV
(n,n) .22 c/s - _1.2 c/s

(n,n')  .12 c/s .23 c/s
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D. RTG Neutrons:. Indirect Effects in a CslI Shield

The following interactions can occur with the 1'27 nucleus:

1. I;-27, (ﬁ, n) 1127 (ela‘Stic scatter)
2, (1127 (n, h‘:) 11274 (inelastic scatter)
3. _Il‘27 (n,vy) 1128; 1128 -8 + Xe128 (TL = 25 minutes)

z
(Beta spectrum end point is 2:12 MeV)

‘The Ilodine. cro’sAs'l-sections are’ ShOWp' in: Fi.gu‘r'e 14, reproduced ffom
Hughesi’ Cs érpss-sec_i:ions are evidently not available. Since the total
iodiné -cross_-.section is approximately 6 barns/atom = ,0285 cmz/g, :

the .shiéldl is élmost tranéparent télneuti'_ons. Noting that this trans-
'parencyugive's‘ most neutrons two chances' to iﬁteract, and each passage
through the shield (2.9 g/cm2 thick) involves apbrOXim;tely 1.45 g/cmz.

e'-z.' 9 'X - 0285 = ,0825, S_in_ce'

Iodine, ‘the ‘fi_'act jon which interacts is 1 -
the reco’iiing Iodine ﬁucieqs Wduld cause ah an_ticoincidence -sig_na.l for

mqét bof the ‘above feactions, interactions in the ‘a'c1-:ive shield would cause
" no extra counts in the detectors. .Ho'Wevé.r, the contribution to the dead

. time would be {(.0825)(8.4 X 102/cm2 sec)(150 cmz) = 104. c/s.

E. .Diffuse"Coén‘aic X-ray Leakage |

An upper ‘1irr'1_it to this ieakaée flux can be had by considering

' the total ‘nur-nbe‘r of diffusevi-rays with energies greéter_- than 200 keV
since 'the‘shield"becomes _quite‘tra'ns.pa'rént. at higher energies, From
pagé 10, this is 4approximate1y 10" Yem? sec sr. Using Figure 2, the

number of interactions is

3

< (10" Hyumy@) 3 x 1073) = .0024 c/s, 1.5-10 keV

<207y m)(10)(1.5 x 107%) = .06 c/s, 10-30 keV’
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“From page 10, the .number of diffuse. xefay’s 10 < E <200 is 3, 6/cm2'
"~ sec sr; Alrnbst all of these would interact in an active shield, giving

a dead time contribution of 1.~35 X 1‘04 counts/second.

F, ~Cosmic Ray lnter'actionsi in fhe Shield

Using a cross-section of ,0125 cm_z/‘g-fdi- ‘cosmic rays, a

e—Z X3 X.0125 2

3 g/cm? shield will cause a fraction (1 - ) = 7.5 x 10
of incident cosmic rays to ihte'ract.. Over. 27 ‘sr, there are approxi;
ma.tely"‘é;2:8' cosmic rays/cmz,. éec and .47 interaction’s/cmz- sec, Using
,vt.he argumeﬁt-of'page_: 23 and noting that there are-four v?alls of the
shield‘ producing gémma, rays, (. 8)(.475 =..38 (gammas/cmz sec are
directed towards the deteét‘ors_, .if 'e_‘veryl' césmic ray interabtion produces
a gamma ray. v“._I.Jsin'g ,j:he maxirﬁum probabilities' Of, Figure 2 to obtain
'.a,jn' upéer. 1irn-it,-v' ‘;we ha;ve o |

(:38)@)(6 x107%) = 4.5 x 107

'(.38)(10)(3 X 10'2) = ,11 ¢/s, 10-30 keV.

2 /s, 1.5-10 KeV

In an active shield, (.47)(600 cm?) = 2.8 X 10% interactions/sec would

occur,

G. . Cosmic Raj Interactions in the Spacecraft |
If N is the flux of cosmic rays (per.cm2 sec sr), Nma cosmic

.'rayvs/_sec will 'be incident on the area a .bounding a. volume V.

a.

If the volume V has a mass W, a typical path through the volume has a

‘ ' : 2 :
thickness W/a g[cmz. ~ Using a mean free path of 80 g/cm~ for, £osmic

fays, the 'probability-of an interaction is 1. - e-W/SOa. ‘Rough estimates

} : : {
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- , 5 ~ 4 2 . ,
give W. = 6,5 X107g and a = 6 X 10" cm~ for the Grand Tour spacecraft,.
‘'so W/a = 11 g/cmz, and the probability is approximately W/80a in this
case., Thus the number of interactions per second is Nma W/80a =
NnW/80., Assuming uniform prlqduct'ion,of gami’nas throughout the volume,
and assuming that each ih_teraction produces ‘a gamma ray, then a small

volume dV produces .N_ST‘_OV! %—/.Y v/sec. The flux at a detector a distance

Nnw dv 1
80 V 4n

normal makes an angle ® with r, will intercept

r from dV is = y/cmz sec. A détector Ao'f-area_ A, whose

NnW dv 1 /o -p,x/c'ose> o . NnWw dV Aux -
80V ., AL -e ) o8 = g5 5 V/sec.
. 4rr _ 4mir ,

Thus the number of counts/second due to the entire volume is

Evaiﬁatiori of this .intvegra.l for Sii’npie geometries (spheres and cylinders)
s_hqws that ij: ‘is of the ordér_ 4vr, where r is a ch#racteristic dimension
| ‘ df the object. Taking the casé ofl a sphe‘r_e,‘ with the detector at the
:centér,_ there will be |

WA

 NTW 1 Apux _ Nuw 3 : _ _N_I_T(_
.Z'Au'},{_SO a/3Ap.x

80 34+ - .80
r _ :

i
-:,-’-TT 4t r

.Using N =1, W/a = 10 g/cmz, this becomes 1.2 Apx counts/sec.

Taking the maximum probabilities from Figure 2, we get

2

(1.2)(2)(6 x 107%) = .14 c/s, 1.5-10 keV

2

(1.2)(10)(3 X 1072) = .36 c/s, 10-30 keV
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IV.  SUMMARY o

'The en.rlp‘ha‘sis has‘ Beeﬁ on the derivation -of,iupper limits; a riumbef
" of fa.c'tprs' ‘could reduce the counting-"i'ates. Arhong.them are (1) the
pr’e,se,nce'of‘mattér betvveeh the R'st ‘and the detecto_rls -(for example,
the .;A)ro‘pu;lvsion Béy rriight ca'st “a‘-'-'sh‘adowl“ on the. scie‘ﬁée end of the space-
craft); and (2) the presence of a housing around the scieﬁce portion of
the s'pacecr,a.ft". While these rhight not do much .for the neutron induced
. background, they v&oﬁld‘ éertéiﬁy reduce the 'gar'nn;la. background, In
addition, a housing 'might 'reduce-‘ the necessary shield th'ickneAss.

To complete the cbmpﬁriéon bet@éen_ the active and passive shields,
- Table VI s_ur_nm‘ariAzes' the ‘cvounting rates from all sources for ar;'active
anci fo'r'la péssive shield. - To’ comput_e the factor B-/(l-bd), a dead time
.gat:e' length. must be assumed.’ Under normal circurhétanées, a reasonable
.asédmpfion mlght be that"a 30 miéroseéond gate is ‘geherated wht_eneve_r |
~ an inte'i'acti-ohloccurs_‘in the: shield.. Inb the present ca-se, howéver, the
- shield is counting a large number of interactions due to the RTGs, and
only a small fraction of these interactions results inh a count occurring
. in the vrha.in det.ecfors.. Thus it might be feasible to send the main
detecfor éulsés through a delay line, meanwhile ,énal_yzing the main
4dgtecto'r and shield pul‘sés (p.erhapé b‘y means of a peak detector) for
cofncidence to within a microsecond. or éo, an& generate a 30 micro-
second gate only for true coincidence be_fwee_n the shield and the main
detector. . In this way, the amount of spuriéus dead time could be
' reducéd to almost zero., As Table VI shows, .the number of counts
per second in the shield is 4.1 x 10%, which is sufficient to cause 100%

.dead time with a 30 microsecond 'gate length.



Table VI
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Source

- Passive Collimator
(counts/second)

1,5-10 keV 10-30 keV  1,5-10 keV 10-30 keV

'Actifre Collimat_or-
(counts/second)

Cosmic X-rays
(Forward Aperture)

RTG Gammas

-RTG 'Neﬁ.trons'
i (Direct Effects)

RTG. Neutrons
. (Indirect Effects)

' Cosmic X.—fay
- Leakage o

. Cosmic Ray

Interactions
in Shield

' Cosmic Ray -
Interactions in
Spacecraft

TOTALS

.53

. 0024 -

. 045

.14

10,65

TOTALS WITHOUT .

NEUTRON o
" CONTRIBUTIONS

3, 01

.55

12

40

,1°5.
.06

.11

.36

. 54,58

13,08

© 2,26

.52 .52

1.6 -~ 9. 1.8 x10%
7.3 40 -
0 0 104
~0 - ~0 1.3 x 10%
0 - 0 2.8 x 10%
&O 14 ~’36 ~ Q0
9.88
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'The.:t"otal‘ background counting: ré.tes;, 'are_combuted with all intef-
actions ihcludéd, .and with all 'interactio’nvs 'exc;ept neutron interactions | A
included; -gince néutrbn interactions }aré responsible for most of the R
'backgro'uzlld: counts, some' sort ko_f pulSe.éhape discrimination should l';oe'l '

investigated to reject this contribution.



10, -

11,

YD

REFERENCES

701-101 TOPS-3-300;  a section of this report was included in
a private commumcatmn to K. A. Anderson from J.H. Trainor,
dated. April 10, 1968 .

Noen, E.L. and G H. Anno, Radiation Ana1y51s of the He11pak
Fuel Source Design, private commumcatmn to K.A. Anderson,
October 21, 1970

Silk, J., Diffuse Cosmic X- and Gamma Radiation: The Isotropic

Component, Space Sci. Rev., 11 671 1970

- Grodstein, G W., X ~-ray Attenuatmn Coeff1c1ents from 10 keV

to 100 MeV, NBS Circular 583, 1957

Nelms, A. T., Graphs of the Compton Energy- Angle Relatlonshlp
and the Klein-Nishina Formula from 10 keV to 500 MeV, NBS

-Circular 542, 1953

Bertolini, VG.‘, Sem1conductor Detectors, North-Hollaridv Publ. Co;,
Amsterdam, p. 430 1968 .

Hughes, D.J., Neutron Cross Sections, Brookhaven National

‘Laboratory Report BNL 325, 1955 and 1958 (U.S. Government

Pr1nt1ng Off1ce, Washmgton, ‘D, C. )

‘ Evans, R.D., The Atomic Nucleus, McGraw-Hill Book Co'.,

New York, 1955

Landolt—Bdrnstein, ‘H.H., Numerical Data and Functional Relation-

_ships in Science and Teéh.nolog y, Group 1, Volume 1: FEnergy Levels

of ‘Nuclei, A = 5 to A = 257, ed. by K.H. Hellwege, Springer Press,
Berlin, 1961 .

Ortec‘Instru'.'ction Manual, Surface Bai‘i’ier Detectors, ORTEC,
Oak Ridge, .Tennessee : '

Le1ghton, R.B., Principles of Modern Phys1cs McGraw-Hill

"Book Co., .New York, 1959



PART II

DESIGN STUDY FOR AN X-RAY EXPERIMENT

USING A PROPORTIONAL COUNTER

38.



. 39.
. THE DETECTOR ’
| ' The' primary purpose 'of the G'randllb'I‘l_our. X-'r'a'y Experiment
described in this report is. to measure the spectrum and time variations
of auroral zone X- rays in the range 2 30 keV, and the size and location
- of the auroral zones of Jupiter and other outer planets. Th‘e secondary
' purpo‘_se i's to measure the .spe'ctra of cosmic x-ray sourc_:es and their_ )
tixne variations. | |
| Th15 des1gn study is based ‘on the Reuter Stokes prOportional
counter RSG-'Z? (Figure 1) filled to 1 atmosphere w1th 97% Xenon, 3%

CO,, and with a 5 mil Beryllium window. ' This detector must be

23
collimated, bo_th‘to avoid the‘ problem of source confusion while viewing
an 'X—II‘,ayv_s‘ou_rce, “and to provide a _-char.acter'istic res_p_onse pattern which
'wili “allow _t.he: angula_r“ sine: of an x-ray source to be measured. The
first r.equire:m_ent is 's_‘atisfie‘d- by roughv' eollimation'to a field approxi-
mat_ely:* Eio X 50. \.'In order ._to‘ measur}e the size of Jupiter‘s auroral
zones »‘before thei.s'pacecraft enters the magne’to'.sphere .I '(and the detector
background countlng rate increases drast1cally), much finer collimation
is needed gince the Jov1an magnetosphere probably extends out to

J

the_spae_ecraft-_ente_r-s the magnetosphere, and collimation down to

.50 R in_the solar_directidn, Jupiter will subtend only about 1° when -

- ~1/10° will: be _necessar.y.. This sug‘gests‘ the use 'o'f two collimators;

_ a-".simple- slat “collimator for the _50 X 50 field, and a wire gr.id. modulation
Acolli.mat_or for the measurement of angula‘r. sizes (Figure 2). Consider
vf-ir_st t,h.e' slat collimator,_ whioh divides thebactive area of the proportional
counter into an .array of s_q'uares.l -If there are n slats/unit length,

and their height is h, then each square 'is collimated to an angle
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0 = tva-n_'-,l(ll /Znh) Since there are (n!&-+1)vslats: along fh‘e length each‘
: hav1ng dimensions w X h, and nw+l slats along the 'wi'd'th,' each having
‘d’imens.ior.ls 4 X h, the total 'area of the élats is (nf + 1l)wh + (aw + i)

Ew) + (2:_;1129). Thusl,“ for a given pro-

th = 2ntwh + hiw + 1) = (tane

pértio’nal counter (4, w) and collimation arigle VS, thé i‘nininrium to:tal area
of slats is obtained for the maximum n., A fnini_nnum‘ total area is
- d,iesirablﬂe hqt: only because it fninimizeé the weight,' vbut also because
it kéeps fhe mass in front of the active area down, thus minimizing
séattering into ,the proportional c'ounter-

For the RSG-77, a nat_ufal choice for n is 1/1.14 cm since it
" allows the c_o_llimator..slats to be._atta'c':hed to the. Befyll’iurn window

support structure, Thus for 9 = 50, h = (2n 1:an€))-1 = 5 cm, and the

total areé. is,Aﬂl = 757 cm_z. h

~Referring to the médulati_on collimatoxf re'spon»se.. pattern shown in
.Figure 2, We seg:' that if the chafacteristic_ angle ® :,1/5°,~ a di'stant‘
point source 'tr'ansiting' the collimator will cause the p"fo;mrtional counter’
to go from a maximum to a minimum count rate in 1/10°, It followsv
that, when the x-ray source pegins to dgviéte from a Point source and
subtends an angle of 1/100,., the rAespolnse pattern will start to change
notiqeably. Figﬁre 3 shows the efficiency of tungsten wire for stopping
A x-brays; Vchoo’s'ing 8 mil wire, and noting from Figl‘n‘eA ZVthat the wire
spacing shouidbe approximatél’y équai to the wire diameter in order
to block the x-rays coming from 'a‘ngles 50, %cp, etc., the height of
the "collir_nator‘ b = a/tant® = 6.1 cm. Although the. ﬁoddation collimator

is shown in Figure 2 as a separate unit, it could be incorporated into

the slat collimator to save space and weight,
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S It V&illi be é.ssﬁi’héd 'thaf 'all. interactions in the p;:oﬁoftibnal o
coimtexj Whiéh 'a;re‘_xlgi iﬁ the 2-36 'keV energy rahgtla,‘ avs well as
intei'act:ions. in the slat colliihator, if it is éctivé,_ will give rise to
an anticoincidence signail. (An active ''slat" collimator might consist,
for: exérﬁple, of a Cesium Iodide slab, viewed by PM tubes, with an
arré,'y of cylindfi;’al holes leading to the 'pr0p6rtiona1 counter,) In
additioh,' intér'actior;s in the pféportioné.l_ counter Whi_ch are in the 2-30

keV window, but are not -c_:a'used‘by'r‘the x-ray source being viewed,

. will ‘contribute to the background counting rate. The relative importance
of these two effects is as follows, Suppose that an x-ray source,

whdse' true strength is S counts/sec, must be detected in the presence

of a background count rate whose true strength is B counts/sec. The

detector dead time is bt, where b is the number of interactions/sec

‘which prddu(:‘e an anticoincidence pulse, andt is the length of the gate

Signal ’fc_)r éuch_ a pulse. Then, in a time interval T, ST-STbt counts
are collected from the s_ource_", and BT-BTbt from the background.

'i‘he source inay be .considéred' to be detecfed if ST(1-bt) 2 3Obkgd = |
3m Thus.T le (?B_’. bti , and fhev' factor B/(i-bt) determines

the time needed to detect a given source at a 99% confidence level.

F'igure 4 shows the x-ray absorption coefficiént, w, for Xenon,

- versus x-ray energy.'’? It is important to note that, up to an energy

of approximately 300 keV, the photoelectric absorption coefficient is

much greatei; than the Compton coefficient; this means that up to 300

keVv, if an x-ray interacts at all in the proportional counter, ‘it will
most probably interact photoelectrically, leaving all of it.s'energy.
Thus x-rays in the energy range 30-300 keV which are incident upon

the detector will contribute to the anticoincidence count rate b, rather
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‘than the bé.ckgrbu;ld count rate B.

This is sho§vn in greater detail in Figure 5, which gives, for °
the RSG- 77 counter, the probab1l1t1es of varlous tybes of 1nteract10ns.
. The top graph (A) gives the probab111ty of either a photoelectrm or a
Compton 1nteract1on, that is (probab111ty of no interaction in . 005’

" Beryllium) X (proba.b1111:y of 1ntera_ct10n-1n " Xenon at STP) =

éXP('HJBe XBe)' [1 - exp(-u, x_ )], where p,Be-and b are the attenuation

xe xe
'coeffic_ien'ts for -Beryllium and Xenon, and XBe: . 005" = 9 x 1073 g/cmz,,
e = 1 = 1.37 ><.10'-,2 g/cmz. The lower gra.ph gives the probability

that a photon, if’if interacts, 'will'leave between 2 and 30 keV in the
_ defectdr; In fh¢ energy range 2-30 keV, this is ‘the.same aslthe top
'graph, Above 30 keV, this is ‘ ‘ |
| N Crosé section for transferrxng :

2-30 keV to electrons
.Total .cross-section

' '(Probab111ty of interaction of any klnd) X

RO o ' o 30 docOm ton '
= g - - - _.—_L—
exp(-ugp Xpg) [1 - exp( Hxe Xl Oy ori Iz dT dT

where. Yotal is the total cross-section for a 'photon interaction of any
kind, and do /dT is the differential Compton cross-section for

‘Com pto

"a Compton. 1ptera.ct1on which leaves the electron ‘with an energy

T-T +dT; fhi.s'integ'_ral. was done numerically, using the graphs of
,Nel_ms.."A Thus fhe lowef' graph gives the probébility that an incoming

- photon contributes to the background rate B, while the difference

- between the top graph aﬁd the lower ‘graph givés the probability that
an J:.hcoming photon contributes to the anticoincidénce,ra_,te b; this
latter proBébilit_y‘ is zero for energies 2-30 keV and to a good approxi-

“ mation, equal to the top graph for other energies.
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,. In the'" follow’iné vse‘ctions'the coiinting rates b and ‘B will be o

determmed for ’ch1s detector, it is c0nven1ent to dlst1ngu1sh between two
| d1fferent types of interactions. - | |
| 1. :Cou_nting rates through the ‘f‘orward aperfure, caused by

pa_r'ticl_es and _‘photo_ns whic:'h_ enter the detéctor after

_paséing thréugh the tho collimators. |

2. ‘Leakage counting rates, caused by photons and pérticles

which originate outside the angle's, of collimatibn, but

' "_le'ak"- through the co.liiniator or thé sides of the pro-

‘portional counter,’

L. BACKGROUND COUNTING RATES THROUGH THE FORWARD
' APERTURE

A. - Diffuse Cosmic .X-i'ay Flux

~ The spectrum of the diffuse flux is*

3—%_ =10 E_'l 5/cm2_ sec sr keV, 1 <E <10 keV
= 16,8 E-1°75 /cm2 sec sr keV, 10 <E < 40 keV
-2, 3

128 E /cm2 sec sr keV, 40 <E <1000 keV

il

This speétrtim is plotted in Figure 6? aldng with
1. the product of the spectrum aﬁd the{ probability of either a
photoelectric or Compton interaction ‘(toplg‘raph.of-.Figure 5),
. : o o _ _
2.  the product of the spéctrum‘wifch the pfobability’ of an
| interaction which leaves 2-30 keV (10w§; graph of

Figure 5).
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Integration of these two graphs gi;es o

1. 7.15./cm2-sec sr, the flux whi(_:h produces the 2-30 keV

backgrouhd count'ihg rate, and |
2.> -.,162/cm2 sec sr, the flux which produces the >30 keV
. anticoincidence counting rate. |

.Usi‘ng a total effective area of 39,2 cm? fof the RSG-77, and a
field éf.view' ‘of 5° x5° = 7.6 x 1073 sr, and noting fhat the moduléfion
collimator obscures half of the cou,nter's‘ effective area, the geometrical
factor relating flux to count rate becomes ..149 ér_nz sr for the 2-30
keV background count rate. (Alth_ough the modulation collimator
becomes transparent at enei‘gies above 30 keV; the contribution to the
2-30 keV co;mt'.raté from fluxes over 30 keV is negligible,) Thus
B = 1,06 counts/sec. | |

Since the a.nticoin'ciden-ce count ré.t-e is causéd‘ by photons with
energies greater than 30 keV, an upper limif to this 'cou.nting réte may
be mad_é ‘by considering the. modulation collimator to be transparent;
the .geometri-cal factor is'the.refo.re".398 sz sr, and the count rate

is b = 6,45 X 10-2 counts/sec.

III. LEAKAGE FLUXES

‘A, RTG Gamma Rays

The‘ spectrum of RTG gamﬁlas' is shown in Figure 7; this is
the spectrum at .3 ft, 0° from the RTG given by Noon et al.§
mﬁltiplied .by 3 and extrapolate&to 13 ft, to give the effect of 3 RTGs
assuminé no matter exists between the RTG and the x-ray experiment,
To obtain the counting rates caused by this flux, consider first the

effect of the orientation of the detector to the RTG (Figure 8). To
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a first approximation, there can be three orientations:

KT

t hjew ]
) . ) 'i _ Figuré 8
1. The side H x L fac_es the RTG; photon path length through
| counter is W. 'Coun't_l;laﬂtev“'HL 1 - elxp.(.-u w)J.
2, The side H X W faces the RTG; phOtOA pat'h lengj:h L. vCount
rate o« HW [1 - exp(- L), |
..’.3.‘} .T‘he- .s.idé L XW faces the RTG; éhotdn path "lel.agth H, Count
| rate < LW [1 - exp(-p H)]. B N
bNot‘ing_ that the RTG gives no 'flu;x .‘bevlow 50 keV,. anci r.eferring to
.‘Figure 4',.thé ‘absorption coefficient for Xenon is 12 g'/cm2 at 50 keV.
Using the é.ppro:iimation 1 - e-uxjﬁ—‘ux,- it follows that all of the orien-
tations shoula give'A .-axpproxim.at-ély"'_che same cbunt ‘rate. As a worst |
o c‘as'e,' the length L = 6.25‘ inéhés = -8. 55 X 10;2 g/“cmz, so that, at
50 keV 1 - el o1 L 1002 1 g4 Ghile uL = 1.02. However,
note that since e ¥ 21 - x, the use of thisa,pprdxi%nation will give‘.-'
an upper linqit to the cou_nfing rate even when it is 'nét a good approxi-
mation.
| Also plotted on Figu’rej aré the p;pducts o_f t_he RTG flux with
the maximurm probabilities of Figur‘e' 5 for each energy 'ra.rig_e;‘ thus the
MA curve gives the flux re:s'ponsible for the'ihteractions which leave

'>30 keV with an electron, while the +++ curve givés the flux responsible

for the 2-30 keV interactions, Integrating these chrves, and using the
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_total active area of the detector, 60.5 cmZA (since the aluminum support

structure is transparent to x-rays), the counting rates are:

B 24 counts/sec

b = 5.3 x 10° counts/sec

The prevmus analysis. neglects the followmg poss1b111ty. 4

An electron with energy greater than 30 keV,’ generated e1ther
by a Compton or photoelectric interaction, could leave 2-30 keV in
the detector, if its path through the ga's were less than'.its range,
This is illustrated in Figure 9, which plots the distance which an
electron must travel to deposit 2 and 30 keV, versus electron energy
for Xenon at STP. Th.us,v for exemple, a 1000 keV electron, traveling
1 cm through the detector would leave a countable energy. On the

other hand 1t is evident from F1gure 7 that the worst offenders by

. far are the RTG photons in the 100-200 keV ‘energy range, and it

will be shown later that these can be shielded against relatively easily.
'RTG photons"ca‘n,prod\ice 'background‘ counts in yet another way,
illustrated in Figure. 10: ‘an incoming photon can ‘interact in the

counter walls, either photoelectrically or Compton scattering, thus

~ producing an electron which can enter the counter gas.

— 'f't

INCOMING: A INRE
R R
PHOTON S

Fla. 10
CROSS SECTION OF PROPORTIONAL CENTER



47,
If the incoming photon has an eneréy E, it can pr’o_duée-.a'n‘ electron -
_whose maximuin energy is (E - bindipg energy 6f atomic electron) = E,
sin¢é electron 'binding energies are small compared to RTG photon
energiés forAm‘at_‘erivals 'iike Aluminum and Beryllium., Let the range
of the électron be R(E) in thé, co@ter wall material, .ana let the wall
thﬁickne-ss. be t. Then, if the electron is to e,ntei‘ the gas before losing
all its ‘energy in the wall, it must be :prbduced a distané_e R(E) or less
from the gas. Thus the incoming photon must not interact in the wall
for a dlstance t - R(E) [probablhty exp-u. (E)(t - R(E)], and then inter-
act in a d1$tance R(E) [proba.b111ty' 1 - exp (-p.(E) R(E))]. If it is
ass,ur'nledb.that all such interactions proddce a count in the detéctor, then,

as an upper limit the counting rate will be ‘proportional to

a o BENEREN] [ | w(E) RE)

where A-is the (:ros‘s-s'ecti_o‘n érea presenf:ed to the'R'TG photon flux,
A‘ comparison of references 2 aﬁdvé shows that for all types of
n;xgter'ials ‘the product w(E) R(E) <<1 at RTG photon _energieé; thus the
counting rate té.l_ces the form Ae-p'(E)'C WwE) R(E). . The graph of

: Flgure 11 gives p.(E) R(E) “WE) versus .energy, for 1,15 g'/cm2 of
Beryllium (.25" thick) and 1.15 g/cm”® of Lead (.04" thick). Thus,
with the total wa.ll-weight‘ held constant, thé effect of high Z and low Z
materials rf_xay be seen on this ﬁgraph. Consider the Beryllium curve .
first, At energies over 50 keV; the photoelectric cross;section is‘

' negligibie, and the érpduct WE)} is smé.ll enough so that the exponential
'ferm is éiose to one; thus the éxpre'ssion simply reduces to u(E) R(E)

(independent of wall thickness). The .range R(E) « EZ, approximately,
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while the Compton cros'sl-sectio:‘zAdécreases slowly with enefgy; the
result is a curve which increases roughly as A‘EZ, tﬁrning over at
higher eﬁergies;.. | |

The case for lead is cons1derab1y different; at low energles,
: the.photoelectrlc cross-section is ‘very large, so the exponent1a1 term
is small, and the product is small up to approxirﬂately 100 keV.
Then 1n the '100-200 keV regi_oﬁ the photoelectric cross-section decreases
becoming Eomparable to the :Cor'np_t‘or‘1 cros’é-secti_o’n, bringing the expo-
nential term cldse to 1, and allowing the u(E) R(E) term fo dominate
the expression; since p for lead is still larger than p for Beryllium at
these energi_e's,' the total proba_.bilityvis _gfeater fér lead than Berylliufn.
As the energy increases further, p for léad becomes about the same
as p for '_Béryilium (which simp_ly indicatgs that the Compton cross-
sé;:tion domirié,tes, ‘and there are approximately the same number of
electrdns/g_rém fér all materials) and the two ‘curves are approximately
equal.'

| Since it is ez.s-'y' to shield aga'i,.nst.'incon.ling RTG photons with

energ1es below 200 keV, fhe’ use of a high Z wall mé.terial is ‘not'
necessary, and Beryllium appears to be the best choice.

‘RTG photons can produce background counts ir_1 yet another.
-‘rn.lamier, illustrated in _Figuré 12: a photon can pass through the
first wall and the gas of the counter without. interacting, then back-
: scatier‘ in the sécond wall and interact in the gas. A rou‘gh upper
limit to the probability for this type of event 'is; (Probability that 'photor'x
of energy E does not int.e.ra'ct' in the first wall)(Probability that photon
of enefgy E does not interact in gaé)(Probability that photon of energy

E Compton scatters in, second wall)(Probability that 180° backscattercd _
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' ‘photon of energy E' inferacts in gas). This product is show_h in' the
graph of Figu{re' 13, for 1.15 g/cr_nz- Beryllium, .and a 1.5'" path

through Xenon at STP.

Fla. 12 .

_ -'-_F’inaljly.', ‘the graph of .'Fivgu:t.“e 14 shows“the‘.RTG gaMa fluxes
é,t fhe' detector .(s'a'm‘e' as _Figur‘e"?)_ and the product‘ of Athe»se fluxes
with the‘prob'a_.l;ilities o'f»FigiJ;re'. li-' '('Bie_rylvliun.a curve) and Fibgurev 13,

Multipiying the 1;0_';51 of thé two lower curves (17 x_--ra}vrs'/crnZ sec)
by bthe"crbss-_sec‘_:.i:icinalv area '(oriithe ;)rder of 40 cmz) gives an upper
_. limit to b + B of 680 counts/sec. : Thus theée effects are potentially
as serious a problem as direct interactions of the RTG phofons.

It seems likely that the propulsion bay of. the spacecraft will
shield the ,'scahlplat'form from the RTGs; the amount of material present
is divffiéult. tb A'feAstimate, but, as an order of rnagnitudé, 40 g/crn2 might
be_.ﬁsed (this corresponds to 15 cm of Alminmn). - The effect of
Compton écatféring 6f photons is‘il_lu's'trated in the graph of Figure 15;
‘f.r.om référe‘nce 3, graphs_of'Compton’crpss;section versus photon
ene;'gy were comiained to give _thel'aver.age energy of a Compton

scattered photon versus distance traveled. = At higher energies, where
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A the_.differe‘ntial»‘ctoes-sectiojn peaks .in‘the fo.r.wax.-d'd.‘i'rection, the o
"~ distance travel’ed is more or less 'in-a stfaight line; at lower energies
the Cro_es'-seetion becernes tough_ly isotropic, and t.he"distance traveled
by t_he photen‘ is not simply related to the thickhéss of the shielding
‘material'. » However, some import,ant features can he deduced from -
this graph |
1. The 1= 2 MeV RTG photons, wh1ch are potentlally an impor-
tant source of baekground, will be reduced in e'nergy_ to
roughly 200-450 keV. |
" 2. The,_'ldo'-ZOO keV‘ photons'will be reduced in energy to
roughly 50-70 keV. |
.COmparing the photoelectric and.Comp.ten ‘cross-sections in Grodstein?
it s apparent that Alumlnum (in wh1ch the photoelectric and Compton
cross- sectlons become equal at 50 keV) will do. 11ttle to remove the
RTG photons, although it will a‘_l_ter the VSpectrurn's1gn1f1cant1y. To
rednce _the‘ detector bvac__k’gro'und, a mate'r»ialv like Lead will be neces-
s_,_ary' _(whe.t'e the _"Comptonand photoelectric cross-sections _become |
:equal.at abont-"SOO keV) or an aetive collimator,
- ‘The percentage of photons which photoelectncally interact in a
(1 u’total(E) X)
th1ckness x g/cm of Lead is [p,PE(E)]/[utotal(E)]
where .”PE(E)’ 'p’total(E) are the '_ph'otoele_ctmc and total attenuation
coveffi'cient-s in Lead.A From Grodstein® it is clear that for energies
'be'lpw' 200 keV this percentage is greater than 75%,- for 1 .cm (11.34
| g/cmz) ef Lead, and reduces to about 40% at 500 keV.' It seems likely
that, after the backscatter calculations have .been refined past' the
_upper linlit stage, 1 .cm of lead will provide the necessary shielding

against RTG photons (1 cm X 40 c:m2 x 11,34 g/cm3 = 450 gm).
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: Th1s ma).r be 'c_on-lpared to the '»we.ight of an a_ct“iv_e'. shield as _ |
foilows: aé'sﬁme that ahy ihtéi‘acﬁ’on in 'a-n active shield, either photo-
electrig ér‘_ Combton,' gives rise to an anticoin‘cidence signal. Then
‘e sttenuation factor for ohotons da 1 - o ORI o
the atte_nua._tmn f_aqtor for photons is 1.-e | »~ If we require the |
sal;ne atténuation at 5.0(‘) kéV 'as fo‘r‘ the Lead ;vshieid,_ 1 -"e--u"cotal_x= .40
ahdl px = ‘.5‘1‘.‘_ 'For Csl, this wo‘u_ldlgiv‘e .x‘ = '7._6'g/cm2, so the
weight would be 1.6 >< 40 cm?® = 300 gm. Considering the additional
eléctréhi’cs r.xeéded‘for‘ an active shield, it- appears. that the active and
passive shielas would have comparable weights., The actual decision
b.e.twe'en the tw.é will have to await mére detailed ca,lculations; it should
siinply, be hétéd he‘re.th;t shields of moderate ‘We.-ight_.are capable of
're‘du'cing the .backgrm;md to ‘an acceptabie levei.
: One';-vf_‘i‘na,lb ty.pe of RTG gamma inter.felzl'venc.e prdblem should be
‘ co'nsi.deredrher‘e': . gamrﬁas which .scatter in the slat. collimator and
: '.are rediréctéd towards the proportioxﬁ_a‘l .c'ouni:er. " The .geornet;ry for

‘this type df,"_int'eract'ion is shown in Figure 16,
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- Assume that -'the- seattereh .photons are. e‘mitte'd isotropically, and 1e1.:

N be ‘the number which eecepe/cmz. sec, Then a ‘thin strip of area
dx/n emits Ndx/n photons/sec, and the flux at a d1stance [x + 21n>2]—12-

(the d1stance to the center of the- proportmnal counter cell) is

: approximately »

The prbportional counter cell, of area A presents an. effective area

A cosi to this flux, and the probab111ty that a photon will interact in
-p,x d/COSCP

the detector is 1 - .y where d is the detector depth.

Thus, as an upper limit to the contribution from the thin strip, we have

A Ndx

4min rx 4+ (2n/ J
, | S AN ps(ed 1
Integrating over x from 0 to h, this becomes —>— tan 2 nh.

Using A = 1.308 cm®, and 2 nh = 8.75, this reduces to .3 Ny d/sec.
Consider next the effect of the -orientetion of the collimater.

Figure 17 shows the detector after rotation about an axis normal to

the Be windows; two sides make an angle 8 with the incident flux, and

two sidee_ma_ke e.n angle 90-8; thus if each side has an area a, the

number of interactions in the sides is proportional to

- ~p~ . t/cos
2a cos® \l - e Col )
_ /, -, t/cos-(90-9) .
2a cos8(90-8) \1 - e Col >2 4aucolt
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_ Figure 17

where' p,c 1 is tne a.ttenuatmn coeff1c1ent for the collimator materlal
Thus if the 1nc1dent RTG flux is F(E) photons/cmz.-sec in a given
energy interval, N(E) 4F(E) p,Col(E)t. Slnce there .are 30 cells, -
the detector counting’ rate is 36 F(E) Heo 1(E)1: bye (E')d where E' is
the energy of the scattered photon. Usmg the Xenon interaction
'probabilities of Figure 5, and choosing E' to be the energy of the
85° scattered photon (1.e., the ‘minimum energy photon, to g1ve the
maximum 1nteract10n probablhty), the results are shown in F1gure 18.
A 02 cm th;tck ( 227 g/cm ) Lead colhmator has been assumed.

The total countlng rates are

b

i

3,03 x 10° counts/sec

B = 1.22 counts/sec.

Table I summarizes the effects of RTG gamma rays.

" Table I

= . Direct T Wall Collimator

Source | Diffuse X-rays RTG Gammas | RTG Gammas | RTG Gammas

Interactions of Interactions of | Interactions of

B(2-30)| 1.06 c/s 24 c/s 1.22
: <6, 8 X lozc/s

2 2

b(>30) | 6.45x107%c/s | 5.3x10%c/s | _ 3.03 x 10
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B.I, ‘R'i‘G‘ Neutrdns: : | D1rectEffects ‘in 'Pxn'opo‘rtiiona'l Couhter
The RTG ﬁeutroh_ sp_ectrurh is shoWn. in Figure 19; this is fhe .

sPectru_rh_ givee.by Noonve_t_;a;}."s, multiplied_-by three, and extrapolated
to. 13 ft, as for the gamma spectru?n‘.: The total f1'1.1x' of-neutr'onsds
1.37 % 102/cm2 sec. From Hughes,” it is el'ear‘ ‘.that_ tofal eeutron
c_ross-‘s._ections are relatively consta_r.ltv aboife_ 10 keV _and do not differ
‘considerably .fl.'0n..'11 one element to its neig'hber; f:ovaalt and
Bé.rschal'la, the tQtal cross.—-sectioﬁ for Xef;on can be estimated at -
6.5 berhs/atom =3 X 10"2 cmz/g. By the same argur:‘ne.ntvas in
section IIIA, ,.fhe d'etectqr‘ 6rientei:ion does _V'n‘o't effeket the number of
'intera'.cti'qns, 'fo ‘a good approiifna.’cion, Thus? considering the neutrons
to be incident on the window of —the propoftional ceunter, the _inumber
'.of i,ntervac.tions/sec ie | |
i e-‘3-x'1o'2><»10'2

1.37 X 102_'/cm2 sec X 58 cm2 X (1 ) = 3.3/sec.

The neutron w111 leave energy with the reco111ng Xenon ﬁucleus. .From
'Evans” (p. A 412), the maximum energy that can be 1mparted to a Xenon
','nucleus by a 7 MeV neutron is a_bout 200 keV. The Xenon nucleus
th.en‘ l_oees ‘energy _both by ioﬁizativo'n' and nucleaf coll‘i_siop.s (Rutherford
scattering .by .a. screened potential). As- the energy lost in the latter
-process involves no 1on1zat10n, 1t is not detected in the proportional
counter.' From the pulse height defect curves given by Bertohm,

it can be estlmatedlthat only Xenon m_1_c1e1 with energies between 106
~and 200 keV will leave ‘a countable energy; rieutrons capable of
transferring this energy must have an eriergy greater than about

3 MeV, and the total number of neutrons above this energy is about
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13/cm‘2 sec, or 1/10 the total flux, Thus a rough estimate of the

number of counts. produced by direct neutron interactions is ,33/sec.

C. RTG Neutrons: Interactions in the Proportional Counter
" Body ' S |

| Ne'ut.r,ox.ls intera.cﬁng.in_the proportional counter. body can produce
heavy ibns :and' ﬁuclear '.ga.rmna; rays w_hich can go- on to interact in
the detector. Suppose, as in seétioﬁ I.IIA, that the counter body is
1.15 g/cmz‘ Beryllium. The Beryllium cross-_s‘egtion for neutrons is
‘shown in Figure 20, Consider first the back‘ground due to Beryllium
ibns; these will have a range which,can be esfcim'éted at 10 mg/cmz,11
for 10 MeV ions in Ber.y.llliu'rn. Thus an upper limit to the probability
. of an ionbbeing créated and reaching the a;ctivé. Voiﬁme of the counter
1s (probability ‘that inéoming neutron goes: (1.15-,01) g/cm2 without
intéracting)i(probability that neutron in’teractﬁs in .01 ‘.g/cmz). Taking

‘the cross-section as 6 barns = ,405 cmz/g, this is

3

= 2.55 x 1073

21,14 % . 405 -.405 x . 01
e e

(1';_ ) = .63 X 4.05 x 10~
:'Using'the.'tétal flux of 1.3-7 X 102 neut:role-s‘/cm2 sec fndident on a
éid_e of the -cc.>‘unter 40 crn2 in area, the total contribution is 14/sec;
this represents an upper limit to the_.sur_n b + B. | |

The background due to garﬁmas éan_ be estimated by.noting that
the ﬁrlst_ excited level of the Be nucleus is about 1,75 MeV12 above
ground, Thus the probability of a gamma being created and leaving

a count in the detector is (probability of neutron interaction in 1,15

g/cm2 Be)(probability that 1,75 MeV gamrna interacts in detector).
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Again, for the total flux of neutrons incident on a 40 cm? side of the
detector, an upper limit is

2

b= (1 - e 02 X5 5 00107%) 1,37 x 10% x 40

il

© 628)(5 x 10‘4)‘ -

| %X 1,37 % 1_0Z x40 = 1.7 c/s -

B = (1« e 20X 11510°51.37 x 10%)x 40

036 c/s -

D. RTG Neutrons: Effects Due to Interactions in Lead
A Shields and Collimators _ : :

Thg folloWing neutron reacti‘ons‘can take place in lead for neutrons
with energies up to about 7 MeV:.

1. sz_'o-7 (n, n) P,b207 (elastic scatter)

2. Pb*%7 (n,nt) PL2OT¥

(inelastic écatter) )
The,‘cross-gections for these reactions are shown in Figure 21,7
In the slat collimator, an enlastic scatter could direct a neutron
t.oWa_rds the proportional counter, Qhﬂe an ‘inelastic ‘scatfer could pro-
duce a gamma (minimum energy approximately 570 keV12) which could
interact .ipAAth-e proportional counter. By the argﬁfnents of section U.IA',
uppér limits to the counting rafes produced by these effects are
36 F'(E) (Probability of neutron interaction in .227 g/cmz Pb)
(Probability of neutron interaction in 1.37 x 1072
g/cm2 ‘Xe) for. neutron elastic scattering, and
36 F(E)A (Pro‘bab‘ility of neutron interaction in . 227 g/;:m2 Pb)
| . (Probability of 570 keV gamma interaction in 1.37 x 10-2

g/cm2 Xe), for neutron inelastic scattering, where F(E)

refers here to the total flux of neutrons.
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Using .10 barns- = 2.91 X 10 cm” /g for the cross-section of lead,
and 6,5 barns = 3 X 10_2 _cmz/g as the c_rosé—se_ctioh for Xe_non, the
first count rate is

2

S e Yo a1 v 1a-2 - E 2
36(1.37 x 109)(1 - o227 X291 X 1075 -1.37 x 107

X3 x10~ )

= .0134 c/s .

-And _referr_ing to Figure 5 v.thevsec,:ond is at worst . _

36(1.37 x 10%)(1 - e+ 227 X2.9L.X10 %y 3 % 1073) = 4,24 x 1072

If ab-l.c.rn thick lead shield were plaéed along one side.of the
counter, as suggested in IIIA, for. 'shieldiné against gamma radiation;
: neﬁtro_né _which"s_cat'tered inelastically in the lead could give rise to
: g’ainmas which could then interact in the counter, An ﬁpper limit to
‘the probability of this ty_pé of int‘era‘ction is (probability that a néutrdn
interacts in 1 cm = 11,34 'g/cr'nz llead)(pi'o‘bability that a 570 keV
- gamma fnteracts in proportional cou.hter), Using the total cross-section

for l_éad, and the total neutron flux incident on 40 sz, we have

| - ' )
b = 40 x 1.37 x 10% (1 « ¢ 11+3% X 2.91 X107y 5 1073
= 5.2 c/s ‘
o .2 o
B = 40 X 1,37 x 10% (1 - e~ 11+3% X 2.91 X110 %y 7 o o 1973

= .29 c/s

E.. RTG Neutrons: Effects ina Csl Shield
If an active shield consisting of 7.6 g/cm2 of Csl is used instead

of a lead shield; neutron interactions in the shield will contribute to the
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dead time counting rate b, From Hl;.g'hesﬂ the 'cross-.section of Iodine
can be taken as 6.5 Barns/atom and from Walt and Barschall,® the
cross-sectior.i-of. C'es-ium can be estimated at 6.5 barns/atom. | The
.afctenuatioh coefficient for neutrons in CslI then becomes 1.5 X 10_2
cmz/g, and the number of interactions/sec in a 40 cm2 shield is

2

2 o-Te6 XL X1075 o 2

b-= 40 X 1.37 X 107 (1 -
Table II sﬁrﬁma‘fi.zes thev effects of RTG neutrons on the proportional
counter.

' Table II

Source - b : ‘ ' ' B

Direct Interaction A . .
of RTG Neutron in 0 2 .33 c¢/s
Proportional Counter - C

(n, n) Interaction

in PC Body _ - 14/sec

(n,y) Interaction ' A

in PC Body 1.7 ¢/s : | .036 c/s
Neutron Interaction . 5.58 x 1072

“in Lead Collimator ~.c/s -

Neufron Interaction | . .
in Lead Shield 5.2 ¢/s .296 c/s

Neutron Interaction C ' - » . o 2
in Csl. Shield 0 . 5.75 X 10
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F, - Difftise ‘Cosmic X-ray Flux Leakage

The .pho‘lcon.s of the diffuée cosmic x-ray flux can '"leak'' through
the slat collivma_t.or at éngles greater than-_ 5° (it is as_smn‘ed' here that
the sides and bottqrﬁ of the pr0portip_ha1 counter will be surroun&ed by
- several g/cm2 o f electronics and mechanical strﬁctures, minimizing
leakage throﬁgh these areas). Aé'suming that: the élat ‘collimator is
made of .227 .g‘/crvn‘2 lead_ (sv_éctioh“ II.IA), and réfe_r:ing to Grodstein?
it 1s clear that this collimator is. é.t least 90% efficient up to 40 keV.
Integra;ting the curves of Figurg 6 above 40 _keV, and assuming that
the entire top. éf_.the counter (~40 cmz) is exposvedvto 2T sr, (g'eometric'al

factor 401 c,m2 sr), the upper limits
‘ 2 ' -1 2 B
b = _60 cm” X1 sr X 10 " /em”™ sec sr = 18/sec

B = 60 c‘m2 X 1M sr X 10-'3/cm2 sec sr = .18/sec

G. "Cq'smic Ray Interactiéns in the Proportidnal Counter

A minimum ionizing proton (eférgy greater fhan about 1 GeV)
will lose roughiy 2 -MeV/g/cm_Z in Xenon, Paths from 0 to 7 inches
.a.re possible,. ‘_-so energy losses of 0 to 200 kéV can occur, Using
a flux of 1 éosmic _ray/c‘m2 sec sr above 1 GeV, and considering the
A _enti_re area of the counter (200 cmz) to be éxposed to 27w, the number
of cosmic rays traversing the <_:ounter' is‘_628/sec. Rise time -discri-
: mination'must thereforeib.e used to minimize the effec»t_s“ of cosmic

rays.
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H, Cosmic Ray Interactions in the Spacecraft

If N is the'flux of cosmic rays (clzm-2 sec Sr), N a cosmic

rays/sec will be incident on the area a bounding a volume V.

If the volume V has a mass W, a typicai path through the volume
has .a thickness W/a 'g/cmz. Using avrhean: free path of 80 g/cAmA2
for .cn‘:c'>smi¢ rays, the probability of an interaction is 1 - o~ W/802
R-ough‘ estimates give W.= 6.5 X 10° g and veAx =6 X 1()4 cﬁ'xz for the
G.ranvd"I.‘o.ur spacecraft, so W/a = 11 g/cmz-, and the probability is
approximately W/80a-in this case. | Thus the number of interactions
per _éeé,ond is Nma W/SOa = Nnmw /80, -Assuming uniform production
of gammas throughout the volume, and assuming that each interaction

produces a gamma ray, then a small volume dV produces

NnW d4dVv

g0 vV v/sec.. The flux at a detector a distance r from dV is
‘N—SIIO—V'V— %Y Z?lfé— \(/cm2 sec, A detector of area A, whose normal

makes an angle 0 with r, will intercept

Now dv _1 -sx/cose, .. NnW dV Apx
80 V 4mr All - e ) cosb = Zg5= F Ingz Y/sec
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Thus the number of counts/sec due'to ‘the entire volume is

NnW 1 Apx . 4V
80 V 41, ~J'r3

Evaluation of this Ain'te'gr‘al‘ for '4simp1e‘_ geometri'es (spheres and cylinders)

shows that it is of the order 4mnr, where r is a 'charact_e'ristic dimen-

'sion_of the object. Taking the case of a sphere, with the detector at

the center, there.will be

NoW . _ 1 Aux . am (W |
80 I 3 4w A"r. = Tgo a>A“X_
Sognr | | - ,

'Using N =1, W/a = 11 g/cmz, this beéome‘s 1.2 Ap x cdunts/séc.
Taking A = 40 »cmz and ux =1 for an upper limit, we get 48 counts/

sec for an upper limit to b + B.



I, - Summary
. The following table summarizes the backgr.o'und'e.ffects from
various sources.

. L o Table IV

_Source . ' b - B
- Diffuse .x-rays .. | '
' (1A) - ’ .064/sec . 1.06/sec

" Direct Interactioné . : _ .
of RTG Gammas _ - 530/sec - 24/sec

Interaction of RTG
Gammas in PC " 680/sec
Walls (II1A)

.Interéctibn of RTG . : -
- .. Gammas in 303 ¢/s 1,22 c/s
~ Collimator (I1IA) ' o

Direct Interaction S : . :
" of RTG Neutrons - 0 ’ .33 c/s
in PC (LIB)

‘(n, n) Interaction in

' PC Body (IIIC) | 14 ¢/s

(n,y)' Ihteraétion in -
PC body (IIC) 1.7 c/s

Neutron interactic')n
in lead Collimator . . ' S
(Wip) - - .055.¢/s

Neutron Interaction C . :
in lead Shield (IID) 5.2 c/s
Neutron Interaction ) .
~in. Csl Shield (IIIE) - 575 c/s

Dif_fusé X-ray
Leakage (ILIF) 18 c/s

Direct Interaction : ) )
of Cosmic Rays (ILG) ‘ . 628.¢c/s

Cosmic Ray Interaction o
in Spacecraft (IIIH) 48 c/s
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Iv. .‘CONC_.LUSVION.

The most .serious.background problem is é;._usea by RTG gamma
radiation‘. 2 Direct inter'a.ctio‘n.s of RT‘G. gammas can be xjeducéd.by
activé' or’ paissi'ire shielding va the coﬁhtér;. as well as pliise risetime
analylsiis on. fhe counter dutpuf; .thig‘ technique can .reduce the badkground
by up to 90%, while retaining 8:O%‘of; the x-ra'.y efficiency.13’14

The problem of gamma intéracfibnsf in the proportional counter
body ca-n,bé solved by the use of multiwire proportional counters: an
-array of anode \}vires‘ is .placed inside the" c_dli.nter' next to the walls,
and pulses are accepted from the central anode wire in ahticoinciden'ce
with the wire array. Thus electrons originatin.g in the counter walls
are gated out. This technique has..been investigated byv Chérpak et al}®

Borkowski and Kopp,*®

"and Bouclier et al.” In particular, Charpak
'§__t___§;l_l.’ have shown that wire spacings down to-1 mm are poséible with
each-wir,e behaving as a iseparate pfo'portiénal counter, and wit_h no
sacrific':e 1n "ener‘gy resolution. Multiwire céu,pters will also b'e' used
..on ‘the HEAO spaCeci‘aft. . |

We conclude that, using curren’tiy proauced proportional counters,

in conjunction with proven anticoincidence techniques, an x-ray detector

is éapable of opératin’g reliably on the Grand Tour spacecraft,
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The present best choice of'instrumént thus appea.rs,to be:

1. Two separate multiwire proportional counters for
redundancy.
2'.. - Passive collimation to .restrict. the field to ~5°, wire- .

grid modulation collimationv fo‘ ~0,1° angular resolution.
3. Nb active shi.eldihg system arqup_d the counter body is
required, |
4, Light passive shielding Aa>round' any porfioh_-of the
counter body' exposed to space to _absorb most of tl;xg
cosmic x-ray background. -
- Instrumerts of this description are -‘well known in the laboratory
and are widely used in x-ray astronc_m_dy on rockets and will soon be
used on satellites such as OSO and HEAOf, Development of the

planetary x-ray experiment is therefore largely accomplished.
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