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PART 1

' INTRODUCTION



1,

The _ba’.sic 'sc'ientific rhotivation for an k-ra‘y ekperiment is tq ,
discover the dynamics of-:the Jovian and Satul;nian rﬁagnet-osbheres.
‘Since ~tﬁe 'Ea.rth’s r_nagnet;)sphei'e is now reasonabiy_,well known,
irhportaet co_m-parisons. can be made for .three planetary objects.

The x-ray experiment is infended te éfudy pavrticles‘ and plasmas in
the ‘magnetospheres .and"the processes that act on _tl}e@ (e.g.» wavevs,
eonvection). During the encounter with the magne’fOSphere a profile,
ess'entielly at ene instant of time, is made"‘b;r the direct particle
counters. There are three major difficulties_ with such measurements:

l.- The spacecraft moves so r_apidly'tha.t.time variations of
plasmas, particles and fields cannot be determined except

- over a narrow range of frequencies.

Z.A The trajectory cannot explore'a,ll regions of interest.

3. 'It.‘is prolea.bly not po.ssible'td.meas.ure pi‘eéibitating particle
fluxes. These particles carry information about rhagneto-
s,p'heric phenomena (v>v-aves,k ahferas, substqrms).

' _The--‘.x-ra_)’ expefimenf is intended to remedy these difficulties. The
hope is that x-ray Aflu-xes could be detected- even months befo;'e
e'ncdunter,- thed measured from that timel until encounter and then fof
months"after the encounter. In‘that way the pattern of magnetospheric
alctivityl could be _' determined.

The x-ray experiment is one of e'group of experiments that can
_eo_ntrib_ufe knc':-\;rvliedge of planetary magnetospgheres.vz The other experi-
_mehts are those t-oAmeasure :fields,‘:particlee' and plasmas while in
the__.magne_tbsphere;‘ and radio noise emission'meesured insi:de' as well
as outeide the .magnetosphere. A e‘econdary scientifi‘e goal is to make
usebof-the_leng. ‘interplan'etary cruise times to study long term variations

" and transient events in a few cosmic x-ray sources.,



'Désign of a Plaﬁetafy X—'ray“‘ Experiment
Some of ._fhe design constraints that an oﬁter_ pl_;irietvary x-ray
experiment x;nust satisfy:

1. Reliable éperation for periods up to 10 years.,
This requirement demands that gain dr.ifts be very low
and that they be corrected in-flight.

2, F;)r very long missions using MHW RTG power sources,'
the detectors must be insensitive to radiation damage

. by néutrpns and protons, Furthermore, the neutrons and

gam'ma rays from the;RTG sources mﬁst not contribute
very much to the background rate of the aetector.

3. .- ';'L‘he, \.Neig‘ht should be limited to 3.kg, although more
' sensitivity may be gained from larger area detectors.

4. The detectors should have good energy (~30%) resolution
cown to ~2 keV 'photonlenergy. |

5. "The angular -re‘sclutio,n.‘should Be about «.0.. 1° in order to
examine satellites of the major planets, gnd to find the
pattern of the #-fay emiséion on the planet.

The folldw‘ing'typels of instruments were t:onéidered:

L. Grazing incidence focusing optics
a. Geiger-Mueller tube detelctor
b. Chaﬁneltron detgctor (for x-ray energies below 1  keV)
c. Solid-sfaté detector (small ?.rea)
d. - Proportional counter (simé.ll area)_<'

2, Scintillation counter wifh passive collil;nator énd modulation

collimator .
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3.  Solid 'state‘ deteciof ari‘ay' with passiv'e' and médulaﬁon
collﬂ_natoré

4.,  Proportional counter with passive and moduiation
collimato_rs | |

a. F.Si'ngle wire t)';pe
" b. | Multiwife for backgrounci feject_ion

Channeltrons were ruled out because of theif ;hOrt iifetimes, :
(101‘1 co'unté) and large gain drifts which‘are difﬁéult to correct for
beyoﬁd aA.cer.tain.' point, The scintillatién couﬁter; alfhou_gh feasible -
Afro.m’mbst_points of view, does not have the énerg');,resolutibn éf
the 'p‘roporti'c')nal counter, - Also, the weight per square centimeter of
'sensiti\}e area is more favorable for 'other de’tector_-s.. The Si(L1i)
. detector app’eared promising at firs}c:' -i-ts excelleﬁt' energy. resoiﬁfi'oﬁ
mig‘.}-ltA allow surface chefnistry ex'p.erimer-ns on the outer.‘fplanet',
séfe_llites without atmovspherési. |

| AThe grazing‘inciden‘ce-.x.-ra‘y te-l.éscope;' (for example, the

hyperboloid-paraboloid type) would allow felativeiy large x-ray collec-
fing areaslto be achieved with s'mall‘area detectoré. In addition,
o the4.smla11 field of view would méke it possible to do rather detailed
.mapping of x;ré.y erhiss.ion regiqn‘s.’ However, at the present bs‘tate of
the art, this type of collimat.:or does not have a higﬁ efficiency for
x-ra_y- reflection; conventional édllifnator_s give equal _efféctiye areas
._for‘less weight, Therefore, a wire grid modulation collimator, with
r’esoluﬁon-of about 1/10°, appears :t'o -bé a better choice. In addition,
rough co.llimatibn, either active or passive, di)wn -,to é_field of about

'5° square, would be :'equired: :
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With the choice t'h-_u:s' limited to two ‘detectors, and wire grid
1 active éoll;métor or wifé grid _+ pass.ive collimatAor, two design
.studies were'undert'akgn: | one for a solid stéte detector, and one for
"a proportional counter. These -ax;e _iﬁt:luded as Paflx'tsjll and iH.

It was recognized from the start that the MHW ‘R'I“Gs would be a ma.jor.
problem for the x-ray experiment; therefo;'e; the design studies con-
centrated on tihe“questicv)ln of 'backgq&ound_ counting rates, and how to |
reduce them to' an acceptable level with a minimurﬁ of weight. At

the same ‘time, because the spacecraft design-was x-lot finalized, and
the MHWRTG .'radiation_-levells not known accurately, the emphasis.

was placed on ‘cieriving uppéi‘ limits toMHW RTG-induced counting

: ra’;eé, and idex;fifyi,dg problem areas, rather than obtaining accurate
estimates of counting rates., This i‘nuét é.wait the final design of the
spaé_eéraft and RTGs. ‘

The dés_ign study for the solid staté detector showed that the
background cpdntiﬁg rate wo.'ul.d be qﬁite high, and that a significant
portion. of it would be caused by RTG neutrons. - ln-addition, radia-
tion damage due to RTG neutrons, as Qell as ra.di"ati‘onv belt protons,
would be severe with currently produced detectors, Sinpe radiation.

'ha'rdening techniques are being developed, there is" at least some

. hope that the rédiation damage problem can be ovefcome. Thereforé,
' it was decided to .proceed ‘exp.erimentally with solid state detectors,

to deterr_nine.whether rise time disériminé.tion couid be used to solve
the-background problem a..ssAocAiated with the RTG négtro'ns’. " We
hav‘e'test:éd. a Si(Li) detector vwit‘hl two fast rise time (50 x‘is.)v preampli- -
: 'fier's; .on'e of these w-as'constructed in our labbrafory, and the other

is . on loan from General Electric, Daj'tona Beach. Initiall results are
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not p-r:omising_::‘it avppea'rs‘to be impossible to dolrise‘ time d‘iscri-’
rhination in the enérgy region where the x-ray éxpefiment must work
(beléw 30 keV.),: 'd'ue to the very short length of tl;1‘ex ionization frac_ks.

The-_proportionéi éounter -design study is more encouraging; the
major problem 'ar.ea was identified‘ as due to RTG 'gamma ra.y's.
Direct interactions in the counter gas, as well as interactions 'in the
counter ,bodly giving rise to electrons which deposit 'e_nerg‘y in the

counter are _bbth important effects; 'HoWevér; the use of multiwire

. counters and/or rise time discrimination can solve these problems;

both techniques are currently in use in the energy range of interest.
Some passi've._shielding from the RTGs will be provided by the space-
craft itself: further shielding, either active or passive, will be

required at the detector. “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 additional shielding

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

~‘the 'deski'gn study shows that a shield weighing about one pound will -

reduce the background to an acceptable level. This éhi’elding is not
required for RTGs as they would be operated on MJS missions. In

order ‘to make 'a more accurate evaluation of active versus passive

shields, comparison of geometries, etc.. we are currently developing

. a Monte Carlo program,

Experimentally, two Xenon fil-le;d ';')r:ovpb‘rtionéli counters are
being tested; a third, K..r.-ypton counter will be _deliv'er.ed shortly.'
A delay-l_ine shaping a_rr_l'pliﬁei' is beiﬁg used in conjunction with a
pul'se shape analyzer to do rise time dis'c_:r'iminat_ion.. A -passiy"e,'

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

and tested in the near future,



 PART 1

DESIGN STUDY FOR AN X-RAY EXPERIMENT

USING SOLID STATE DETECTORS



. : _ 8.
‘I. ' THE DETECTOR ~ .. |

: Figﬁr'é. 1 s.h‘ows the genex’:al cbnﬁguraﬁon of -_the: .dete'ctor. assembly
used in this >stu'.dy-. Four Svi(‘Li)> detecto'rs,'.'each .2 cm thi‘ck and having
.5 cm? area, are used for thé_ 1.5-10 keV. range; two Si(Li) detectors,
e,ach .2 .cm. thick é.nd'haVing 5 cm? area, are used l'fOIf the 10-30 kéV
range.. _ : S

Thesé' siﬁg dét,eétbrs are -"plac_éd' .-i;x.i‘}the Bottom of a square, well-type
‘ collin‘iatpr meaéuring 10 X 10 .x 15 c_rn,' to_l.give -approximately a 37°
.(FWHM) field of view. | In the  well _céllimator, abové the detectors, is
ﬁ t@gsten wire r.nodulation collimator, with wire spacihg approximatély‘
equal to wire diavrneter:. (Pefforménce of thé mddﬁlation collima’ﬁor,_
,Selé,ctibn of.'wire .diarn.eter and spacing,v"etc., will be '&iscussed ih_ a
lé.ter section. ) ‘This rat.her-Asimple’ g’é’ometry _haé been choéen to simplify
' the éalculatidné" ,Of the backgréund counting -rates., ~ Other detectokr"con;
figu_ra.t_:ions s'hbul‘d give approximately the same reSulf:s,_ as iong_as_the
~surface ar.ea.'.s' and.’ fieids of .view are approkima_t'ely ti:xe same.

_ T‘l"leA'power‘ sourcé for the Grand Tour spacecraf;:, a 2200 W(Th) '
RTG, has-been_ assumed to be 10 feet _aw;y from the x-ray ‘experiment,
-with nothing in between the two. The neutronv and gamma radiation levels
are thds.obtai_n_‘e‘d by- l/r_2 extrapolation of thé vflevelisl' given by Trainor!? -
a_nd Noea and Annc-n.‘2

- Al inferactions in thé collima_tlor- (if 1t is a.éfcivé) are és'sumed to
give"_rise'. fb-‘ar; anticoincidence signali. Sin;é such a signa;l_ -§vi11 contri-
‘ ButeA to the 4det4ect‘tl)'r de.ad-tirr.le, the bagkground has two effects, First,.' ‘
A'ihltera.ction-s. in the detectors, if the,sr ar.é 1n the 1. 5-30 keV..rang'e-, '
contribute to t.he'd'e-tector backéround cou.ntihg' rate; second, Ashielc-i 4

interactions contribute to the detector dead time. The relative importance



S
Vof these two effects is as follows.‘ Suppose that an”x-ray source, whose“
true strength is S counts/sec, must be detected in the presence “of a- |
backgr‘oun_d whqse true_ strength is B _-counts/s_e,c.,‘ The detector dead
time is bt, 'where 'b 'is'the4nun:1t.>er':ot.interactiolns-/second producmg an
'antlcomc1dence pulse, ‘and t is. the length of the gate s1gnal for such a
.. pulse. _ lhen in a tim _rnterval , S"r ':""b'r counts are_ _collected from |
the source, and BT -BTbt from the background _ The s'Ource ‘willvbe
blgd = 3/BT(T - bY) Thus T 293,{52(1 - bt)],

and the factor B/(l - bt) determmes the t1me needed to detect a source.

detected 1f ST(l - bt) 2 30

- IIe BACKGROUND COUNTING RATES THROUGH FORWARD APERTURE

'A_. D1ffuse Cosm1c X-ray. Flux .

'I‘he spectrum of the d1ffuse flux 1S'd

AN - o .=1.5

Wo-roe -/"cmzvsec.'sr'ke'V‘," 1 <E <10 keV
= l() 8 E. -1. 75/cm2 sec sr_-.keV,"l'O <'E'_< 40 keV

128 2 3/cm2A sec sr keV, 40 <E <1000 keV

. The total fluxés in energy ranges of interest to this experiment are: .
20 an
J‘ ' dE

© N(1.5-10)
| | 1.5

dE = 10/<:m2 sec sr.

N(10-30) = 2.5/cm” secwsr

N(>30) 1,18/¢m® sec sr . -

.AN(_>2-OO) .Q98/'cm2._-sec sr .
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Us1ng geometrlcal factors of , 052 cm2 'sr' for 1,5-10 keV‘ and . 26‘

- Acmz sr for 10- 30 keV, whlch assume 100% eff1c1ency for the shield

v,'_‘and modulatmn colllmator, the count1ng rate in the 1 5-10 keV
.."detector is .52 counts/second In ‘the 1 5 10 keV range, ‘the. probab111tyv
of an interaction in .2 ‘cm‘(. 47 g/cm‘ ) Si is close to '100%. Above

15 kev, -hoWever; .the efficiency‘b'eg.ins to" fall rapidiy, and the spectrum
. must- be welghted by 1- exp(-p.I.x), where u.T = total attenuatmn

coeff1c1ent, and x' = 47'g/cm2,

-_'30 |

mlz
—

-uTx> a ~2/cmPsec sk

10 | -

Thus the count rate is Z'(.'26) = .5.2_‘.cl:loun'ts'/second.'

o 'The diffuse fldx can -a'l's.o cont.ribui:e '_t0-'the. ba'ckgl;ound, count raté_
"by scattenng and leaving. 1.5- 10 or 10-30 keV: in the debtectors}. The
.4>graph of Flgure 2 shows for .2 cm th1ck Si: |

| 1‘. The probab1l1ty of a photon mteractlon of aﬁy kind, l-e“uTx

2. _ The probab111ty of a. Compton 1nteract10n 1eav1ng 1.5-10 keV,

" %Compton, 1.5-10 (r - e'”Tx)

%total
- where the cross sections

10 keV

%Compton, 1.5:10 = ' _Compton gp

1.5 keV

Oiotal -~ total cross’ section for interaction of any kind
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3.  The "p_robaia_i_'lity. of a- Co_napton' _ihferactiéu leaving 10-30 keV,

- SCompton, 10-30 (1' ;_é"“rxj |
~ %otal .
u.T and OT are glven by Grodstem ; p’Cdm;dtori is given by Nelms, _'
rzgure 3. ohows ..he d1f£ase x=-ray spect*urn, aud the product of
this - spectrum w1th the three funct1ons of F1gure 2. . Integrating the
bottom two curves of F1gure 3, the ccntr_;butm_n to the 1.5-10 keV count
rate is 7 X 10 /cmZA sec sr, and the co.nf‘ribution tc tlde 10-30 keV
count rate is 2.5 x 10~ /cmz ~sec sr. ‘UAs'in.g geomefiica_l factors of
.208 cmz sr and 1.04 ,crn_z sr'for-1.5-10 and 10-30 rlespect,i\.rely -
‘ (de'rived by a‘ssumirig that the modulation' coliimator ie traneparent,
wh11e the shleld is st111 100% eff1c1ent) the count rates are
.0145 counts/sec, 1.5-10 keV |

.0256 counts/sec, 10-30 keV -

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

small enough to be neglected
T.able 1

Baclgground Contrlbutlons Due to lefuse X- -rays
(Passive C0111mator)

. 1.5-10 keV - 10-30 keV.
‘VPhotdelect'ri.c interacti_one | .52'.ccunts‘/sec .52 counts./sec'_

) ) C_orﬁpton’ scatter - S . 0145 counts'/se_c ".026 counts/sec
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II.  LEAKAGE FLUXES
This section deals with flu;k_es originating outside the field of view

~of the detectors; i.e. . fluxés which leak through the shield.

'A." _RTG'. Gamma Rays

Gammg‘ and neutron flukes from the R'I.‘G‘a.r‘e given in Tfai.nor1
and Noen and Ahﬁoes the :ga..mma-spectrumz for 0° and 3 feet is shown
in.Figu:re 4 extrapolated by l/r2 to 10 feet. |

| The background counting rate in the detectors due to this flux-

—pTx/cos Q)

~will be proportibnal-to A cos 0(l - e

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

b

coefficic:nt? and 6 is the angle between the incident flux and the detector

-u.Xx/cosH
epT'

normal. As long as (uTx/cose) £.2, 1 - ~ ux/cos®, to -
15% or better. 'I'hus the counting rate becomes proportional to Au.Tx,
‘and ddes ‘not va.ify with the orientation of the detector. The range of
-validity of this approximation, as a function of incident flux. energy, is
' ‘ - Cx , -p.Tx/cose _

" “shown in Figure 5. Also, since e 7 2 1-x, Appx 2 A cosb(l - e )s

'$0 the use of the approximation will give an upper limit to the counting

rate even when it is not strictly valid.



_ Thus Figure 4 also 's‘hqws thelp'll'o',dvucvt ‘of the 'RTGV ‘g-amm.a. spectru-m.
by the proBabilitie's of Figuré 2 '_aﬁd the ‘areas of the 1,5-10 aﬁd 10-30
’;kj‘eV“detjecto'r‘s. ' ~'i‘he§e two graphs shdw the -'sp:ectra;.whi'ch would be “
bresent in the defécfors if~ti’1ere.were no _collifnation at all; the total
counting rates are 8 éouﬁts/second, 1.~5‘-10, ,and' 49 counts/second, 10-30,
The spect.ra of figure 4 show 'that -the.'rn"a.in contributions are from pﬁotons
with en.ergi‘es of 10-200 keV. In this éne.xjgy range, .ei-ther an active o;-

a passive cblli;hafcor could be used. An .a.‘cﬁ.ve cbliimator can attenuate
bhotéhs either b;} photoelectric or Corript.c;n' iﬁteractions; and the photon

can interact either beforerlor after depositing a count in the Si detector,

h

o o
Io~ |
N

<+— SHIELD

/—— 51 PETECTORS

Thus the intensity I = I e.-Zu.x', and the attenuation factor f .
: S N o : : active
) 1 :" e—z_u'xo .
A _pa_ssivé collirﬁator 'ha.'s only ‘one ‘chance to stop an incoming |
~ photon: " before it reaches the main detectors, and the interaction must

be photoelectric. Thus the attenuation factor
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.pg§s1ve “'T ' - b

where pPE 1; the attenuatmn factor for photoelectnc 1nteract1ons only,
| The welght W of a thln wall well type sh1e1d (Flgure 1) is
w =0 V, wherz p is the denslty and V is the vo_lume‘..‘ If A is thg surface
area and't";isi thé thickness in cm, W .=. p At. But pt ,=v x, the thickness
in'g./'c'mz, so W = A}_,c. -
_: For an active shiéld,
Cx = -1—‘2‘%—‘-9- : .so’w = --zéfu_ln(ll-.f).‘

) For a 'passive; shield,

) : o /. \
X = - — s soVW’Fe—é* ln’\l -————f)
Examgles ' _
I A S111con shield which act1ve1y stops 80% of 200 keV photons:
Wom - A 1n(1-,80) = 6,35 g/crri_z'A

2 X .127 em”g

Thtis'th'e-' shield must be 6. 35 g/cm2 ‘thick; ‘using an area
_ A 700 cmz, W' = 4400 gm = 10 pounds.

2. - -..A CsI shield which actively stops 80% of 200 keV photon5° 2
A

W o= - =i T - In(1l-.80) = z..,c)A
' 2 Xx.,273 em™/g -




This shiel‘d v‘}o'uld therefore be 2.9 g/,cm2 thick, and would weigh

about 2100 gm, or 4,5 pounds.

- 3. A lead _shield which passively stops 80% of 200 keV photons:
W= —A 1,'1(1;%%--480>z_3A.
. 942 cm™g St ,

This sh_iéid ‘wo'uld'-be about ‘3'g/crlnz Vthlick and .wei.gh about

2100 gm, or 4.5 pounds.

The above figufes i‘ep.re',se.:nti “upper 1.ir'n'it_s, since the incoming
photons were assumed to bbe_ normalbt'ol the shield, It‘ wQuld éppear that
the lead shield is pfefer’_a.ble, since it does not r.eq.l.lire any supporting
elec_trohics whic_h would add tb the weight and complexity of thé system.
However, the ﬂuérescent x;rays produced in lea.d and- Csl must be
comparéd, since they w_ill" contribute to the background counting rate,
An upper limit isv now derived for this contribution. Assume:

1. 4’.A[‘hé,t ev'ery" photoelectric interaétioﬁ in the shield gives

‘rise to a K x-,-ra'y (i. e., ignoi'e the less energetic L, M,
etc. x~rays, and the Auger effect).

2. .~ That e‘v'ery fluorescent x.-ray-leaves. the atom in the

direction which gives it the shortest ezcape path through

the shield,

e e
| dy+|k—

Xy —™
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The follow-ing‘. q‘u-antity' is how con;puted‘ﬁ,"-
(Probability of an-incoming-_x-ra;yl of e.nlergy E ‘going'. a distance
- .y with no photoelectric interaction) X

(Prob;bilify of x-ray of energy E.p‘hotoelec-trically interacting |

in a layer dy thick) X | |

(Probability of a fluorescent x}-fay of>'energy E' going a distance

X-y with' no photéelectric fntefaction).

For any x-ray, Probability of Interaction + Pr_obability of No'
Interaction = 1‘ v And-Probability'.qf Ir;teracj:ion = Probability of Photo-
electron Interaction + Probability of Compton Interaction + Pr'oba.bility
of Rayleigh Int'eract'ic_)n + "(h‘igher order croés terms). Using P(I),
P(NI), P(PE), P(C), an‘Ld. P(R) for the above probabilities, and»negle‘cting

" the cross terms: . | -
| ’P(P.E) + P(C) + P(R) + P(N_I):,_=v. 1, or .
vP(PE‘J)‘ + P(no PE) =1, where. |
P(no PE) = probability of no photoelectron intelr.actior}'

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

Since PN} = ™Y, P@ = 1'- ™Y, and
PC) = = (1-e™)
P(R) = u—&‘- (1 - ™y
'P(PE) = ~“-§£ (1 - e-.u}") .

--.whére po= LLPE + gc + e is the total interaction _coefficient, and
'.'“‘PE" U'C; uR are the coe.fficients fqr photoélec’;;ic, Comptc.m, and .

Rayleigh interactions,
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:Thus P(ne PE) may be. written as

CetpE Ly iy

_YpE ,-p..y LY T HpE
= ————g + —
" T

The probability of a photoelectric interaction in a thickness dy is

UPE o -p,dy _‘
T—(l - ) IJPE dy .

The pro_babilit‘yvof no ph_‘otb‘electric interaetion in a distance x-y, for
' an energy E' (coefficients p.'i) is -

‘l. ‘ _: ‘ o 'p‘l - ux ’
YPE T -il(x-y) 4o PE
T e B _-_L_LT_—— .

Mu1t1p1y1ng the above three probab111t1es together,' and 1ntegrat1ng over
y_values from x to 0, we get for the probab111ty that an 1ncom1ng photon

of energy E produces a fluorescent photon of energy E-' wh:tch escapes,

. ' 1 -'_. P IR B 'V'.. v '
bpp VP pE e WX . o HX Hpp W " Vpp ~ux\
' - T ' L-e™)*

B =7 ol L—’LPEX+ R 5 R =) 1 .¢,“?‘}
o u.l L o ] .uf . . U" .

For lead, take E = 200 keV, E' = 80 keV, x = 3 g/cm?, bpg T 80 em®’/g,

u'lpE_.:- .29 szj& w! =.':1-66 sz'/g. " The probability

then becomes .32,

" : .94 sz/g,
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. For C_sI',‘-bt_ake. E = 200 keV,‘E' . 30 keV x -.2 9 g/cmz,

bpg :}.—250.¢m‘2/g,vpfi= 272 6.33, W' = 6.34.  The probabﬂity

s p'PE
“for Csl becomes . 02, o
| HQW m}eny. of these escaping .pho_t_on's _i‘nteAr.act_ ip the‘-detecto‘rs?
To get ae upp_er limit to this numeer,_ eeeume tha‘cv_th'e escaping photons-
- a,rei distributed isetroi)icaily, and let n bb-e the number which escape

: ] 2
per cm.- per second.

INCIDENT FLUX |

I
L

-

T | VETECTOR
A»T’OP vV»lEW - F—F—"

ik

A .619{—: «V'l_E_W |

A thm str1p sdl emits nsdl photons/second and ‘the flux at a d1stance

' (12 + r )-g from this str1p is nsdl/41‘r(1 +r ) The detector (area A)

presents an effectlve area A cosq> to th:ts flux, ~and the probab111ty that

a p‘hoton w111 mteract in the detector 1s 1 - e—px/coscp. Thus as an
' ‘upper limit to the contr1but1on from the thin strip, we have ‘ Il silr %) Apx,

Integratlng ‘over 1 values from 0 to L, th:ls becomes

BEARX L otan!
41 r )

H

"‘tTyp'ieal ‘values ‘are' r.=5 'c'm.,v“_L', = 15 cm and’'s = 10 cm, so we get

W2n Ap X,
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From Figure 4, th_e'inci..dent flu:i of 200 keV p‘h'ofons is
1.5 X 102/c4rn2 sec. ,Tl-ms for a lead shield, n =A (.32)(1.5.% 10~2) =
48/cr-n2 sec, From 'Figure 2, the cont';-il‘)utri'on‘ to ’?he léw energy

2) = .67 counts/sec and the contribution

detectors is (48)(2)(-2)(3.5 X 10~
to the high energy detectors is (48)(10)(.2)(3 X 107%) = 2.9 counts/sec.
 For the Csl shield, n = (.02){(1.5 x 10%) = 3/cm® sec and from

2y = . 036

'Figure 2 the. low enefgy contribution is" (3)(2)(. 2)(3 x 10~
‘ counts/seé_. Since a 30 keV photon .c.an leave at miost #eVeral keV to an
eiectro'n 1n a Compton interaction, the contribution to the high energAy
detectors 'W'.'l].l. be through photoelectric interactions only, From Figure 2;
the p'ro_babilityb of an interaction of ény kind is 50% at 30 keV; the ratio
of photoelectric to total cross-section is 1. 17/1.44.% Thus the contribu-
tion to the high energy detectors is. (3»5(10)(.2)(-._5)(1.'17/1.44) = 2.4
-counts/sec. However, most of fhé CsI'.fluorescent x-rays will be gated
out by means-of the initial interaction in the shield.

- Since 80% 'c:‘)fithe‘ 200 keV phbtdns‘ infér.act in the shield, the contri-

2 ecm% = 1.8 x10*

bution to the dead time is (.8)(L.5 X 10%)(L.5 X 10
' ;:_ount,s‘/sec. N | | | o
| The. two shields conéiaefed above both stop 80% of the incident
200‘ keV photons; to complete the co,‘_rnp'arison, the léakage at other
.energies. must be conﬂpute_d. "Ifhus the graph of Figure 6 shows the
:.probability.‘o‘f no photo'electric'-iﬁteractio_n in 3 g/cr'n2 of lead, as derived
oh. page 14, and the graph of Eiguré‘.? shows _the- probability of no
.'ihfefaétibn'at all in 2 X 2.9 g'/cm2 of Csl, as deﬁnéd on page 21,
: Finally, the product of the.se ‘probabilities with thevl.5-10 keV graph of

‘Figure 4 gives the flux of photbns which leaks through the shield and
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scatters in the 16w energy detevct'or, >A1eaving- 1. '5-10 ke'v This. is>shown
in Figure 8, where a direct compar1son of the active and pass1ve shield .
count1ng ra.tes (excludlng the effect of fluorescent xX-rays)’ may be ma.de.
Since the contrlbutlon from 100- 200 keV photons is about an order of
m_agnitude la_,rger than any other contribution, and the shields have
identical stoppihg" powers in the 106-200 keV range, the difference

_ between the two is negligible. The comparison i_s summarized in Table Il

Table I

" RTG Photon Count Rates ‘

Passive Shield Active Shield

- (keV) © (keV) o
- 1,5-10" 10-30 1,5-10 10-30 Dead Time
- Leakage "~ 1.6 c/s 9.c/s >' 1.6 ¢/s 9 c/s 1,8 X 104c/s
'Fluoresg:enc_e .67 ¢c/s 2.9c/s. . 0 0

VB. RTG Neutrons: Direct Effgéts .in Si.Détectors_

The RTG neutron 'sp-ectr'um Qf.Figuré. 9 was obtained by 1/.1'2
ex‘trapolatién to 10 feet of the spectrum gi;/en in Trainor..1 It will
be shown in se.étion’ C thé.t both the: active ,a;nd passive shields a'.ré
i aimost _tra_.nspalféht to'néutrons; thus the éptife s:pectruni of Figﬁre 9
_rr;ay be cgnsidered'to be incident on the Si detectors. ,The possible
intera;ctions .of neutrons with Si are: | |

1, S:'L28 (n, n) Siz48 (elastic séatter),

2. 8128- (n, n") Si?g* (inelastic .sca.tt'e'r),
28

3. 5i%® (n,p) a1%8; threshold energy 3.86 MeV.®

A]‘.ZB'—» }B- |- Sj_zs,- T% = 2,3 r_nimltcs.
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.28 , . 25 . . e
4, - Si"" (n,a) Mg""; threshold energy 2.66 MeV
- Figure 10 shows the c¢ross-sections for these ‘interactions as a-
' function of -energ'y'7 and Figure 11 shows the probabilities of these
interactions in .47 g/cm2 Si (K, g., the probab1l1ty of an elastic scatter
-~ isfo /0)(1 - e ) where x'is the th1ckness of the material,

Oelastic scatter

o is the total cross-section for an interaction of any k1nd, and
Oelas'tic scat-ter 15. the_ eleastic scattering cross-eectlon.)'

1, Sizs (i, n) Si28 (elast1c scatter)

v ._ 04
o__. 4’.-- |
O\g .

Energy is left in the detector by the recOlling silicon nucleus."

Thus -t_heI energy 'E4 must be found as a funCtiOn of the neutron scattering
angle- v, and the form of the differential.',cross-section must be known,
in order to compute the probability of an _in‘cident neutron leaving a

‘ .counta.ble energy in the detector. In particular, the values of v must be

found for which 0015 MeV < E, < .010 MeV or equlvalently, E, -.010

1 .
< . 030,

4

MeV S E, < E - 0015 MeV (a low energy count) and . 010 < E

3
or equ1valently, El- 03 s E

4

3 <E;-. 01 (a hlgh energy count) The.

_energies and. angles are related by (Evans?®)

Differential cross-section data are ap'pa'rently not av’ailable -

Si.

for 14%77; on the assumptmn that the d1fferencc between one element

and its nelghbor will not be very great, the data for 13Al were used.’
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The results are 'summarize'd in Table III. The pulse h.e_ight defect,
due to nuclear (non-ionizing) collisions, will increase these numbers
- slightly.®

2. 5% (o) 6i%% (inelastic scatter)

-»From-_F:igure 11, the probability is <2 X 10_2;_ ‘so the total number "
.o'f 'inter.action:s‘ (osing a total incident ﬂux of 8.4 X 102/ emz- seo) is

< 17'cnr1'2 sec. . The f1rst exc1ted level in 8128 is 1.78‘MeV above gro.und._9
Thus from Flgure 2, the probab111ty of lea'v_ln'g" a count in the low energy -

detector is at most ~ 1‘0-4, and for. the high energy detector, ~2 X 10-4.
The contrlbutlo.ns to the counting rates are therefore |

C(17)(10” )(2)_ . 0034 counts/sec, 1. 5-10- keV

ane x 170'4)(10)4 = .034 counts/sec, 10-30 keV

3. (n,p) a8 a1%8 L g+ 528, Ty = 2.3 min

From F1gure ll, ‘the probab111ty of this. react1on is $6 X 10 3
and the threshold is 3.86-MeV, For 1nc1dent neutron energies in the
rarnge 3 86 S E < 3,96, the proton is left w1th E S 30 keV.® From
'Flgure 9 a rough estimate of the number of 1n01dent neutrons in this
energy range is ~3/cm2 sec, - Thus 'as upper: 11m1ts to the eount rates
from this reaotion we have
B)6 x 1073)(2) = . 036 cour_;ts/éec,‘ 1.5-10 keV

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

~ The A«l‘28 nucleus may be formed in an exc1ted state; the first
energy level is 31 keV above. grou.nd and up to excitation energ1es of
1.1 MeV de.-exmtatlon is by gamma emission,® The 31 keV level has
-9

a 11fet1me of about 2 x10 sec; angular momenta for. hlgher levels are

uncertam, but de exc1tat10n probably by dipole transmon, so other
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lifetimes ‘a_.re> of this order. of maéhitud_e. " Thus radiative de—excité;igil
of the A128 hucleus w'illj- be- coincident with.i':he energy iéss of thé protvon,
agn.d no extra cour;fs will result.

' ’fhe‘ beta err.lis‘éior; of AAl‘28 ‘is follow‘ed.'by. a fé&iativé de-excitation -
. of the Si28, r;ucle_us. Thege e.vents may deposit counts in the det'evctoi-s

since they occur several minutes after the (n,p) reaction.

The ehd..pbipt of the b‘etaAyspec"trum is '2."‘87 .Me'\'/‘; thus a beta
. can de;iosif a bco.u_nt éit_:her by being ejécted-'with an energy Ales_s than
30 keV, or by being ejected wi;ch a _higher -energy nea;r 1the, surface of
the dgtector, and'loéing less than .30 keV before it escapes. The beta
spectrum should look like the' one gi?en_ by Evans® 1n his Figure 1l.4.

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

3

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

_:_-incidehf'neutrons above the threshold ene'x;gy is approximately 30 cm2

{ sec; since the probability of a (n, p) reaction is about 6 X 10-3, the
number of betas created with E < 30 keV is (30)(6 >glo'3)(z x 10‘3)_ =

3;6 x 1',().'4:./-c:m2 sec.



For}betas.with ene'rgies around 2 MeV,‘: dE'/dxj .‘2‘ o4 1'<eV/mic.ron1°v '
\'ln s111con, thus a beta would have to. traverse only 3- 70 m1crons to lose
1., 5-30 keV. The probab111ty of a (n, p) reactlon in the t0p or bottom

70" microns is . (Flgure 10)

-2 -2

. . .4 barns /[ o -6.4 X10 _crnzlg': ><‘1:,'65>_x10-2'g/cm_\
" 3 barns \" 7% . . /
= 2,8 x107%

: Us1ng 30’/cr'_nz. s._ec.'b neutrone '_ab‘o.v'e threshold '_energ.y,v 't_he: ,numbe;' | of :‘inte‘r'_
actions produeing'a count is roughly.: 84 % 10"%/cm? sec. :
| An interactiIOn of the 1,78 ”gamrna, vsince it' 1s coincident" _With
the beta, would sxmply add to the energy depos1ted by the beta. Thus.
v ‘these events w111 be neglected v The total number of - 1nteract1ons producmg
.counts 1s.‘then 88 x 10 4/c;ﬁ2 sec and the contr1but_1ons_a1je
' -'v.01.8, -._counte/se'c,_ 1.5—'10‘_'keV | o
| 0'8.8 eount‘s-/sec, 10 30 keV | .
.from the decay of the A128 nucleus. » Add1ng these to the (n, p) contrl- |
- butlons on page 24 the totals are.
| 054 counts/sec, 1.5-10 keIV:'

'._27_ coun_ts_/sec, 1_0;30 .keV .

4. s (n,oz) Mgzs.- o o L o — 2y
._ ,‘ The . probab111ty of th1s react1on is- ~10 ‘(‘Fig‘ui"e 11),~~ and the
”-'-._threshold 1s 2 66 MeV. Usmg an 1nc1dent flux of 210/cm2 _secgl'v

' 21/cmz» sec reactlons take . place. Mg25 is a Stable nucleue;. up' tO“an

energy of about 7 MeV above ground de- exc1tat10n is by gamma em1ss1on,

~and the f1rst exc1ted state is .6 MeV above ground ® Lifetimes are of
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the ordet 'o:f .1:'0_-“.9 secqntle, so‘v the gamme_ enefgy- loss is eoincide_nt'f‘with
' t_heualpha. , S o | |

As above, the.alpha can leave a- countable energy e1ther by being
'.emltted .with an energy of less than 30 keV, or by belng em1tted with a
.'hlgher energy near the surfa.ce of the detector.

For. 1n<,1den.. neutron e“erg1es 2.65 < E <$ 2,9 MeV, the alpha i's/
4 _ “em1tted with less than ~30 keV., = From F1gure 9, .roughly 55/c:m2 sec

neutrons. are 1nc1dent w1th these energies, soO the contribu_tien frem this
type ‘of interaction is . 055 /c:m‘2 sec, " ‘

. At highe',r_ energies, dE/dx = 200 keV/micro;i for alphas;'® to-
lo:s'e 30 .kéV‘,i an alphé. must traverse  only 7 mict‘one,. and the probability
of a (..n,_cy.) reaction in the top or Eottqm 7 microns is approximately

v : _ s

.1 barn (1 - ~6e4 X10

,sz'/g X 1,65 X 1073 g/cm2>
3 barns ) .

2 X
a7 x 1070
.Us.ing" en iricidei_ut ﬂux of 210/cm2 sec "abOVe,thre'shold', the - contribution
is ...01_5/cm2 ‘sec. Thus the tota_.i number of counts/second is
(. 07)(2)_‘ = .14 counts/sec, 1,5=10 keV
(.07)(10) = .7 counts/sec, 10-30 keV"

. Table 1V ,surrim‘arizes the effects of n_eutro_hs ih'-silic(_)n.

Table IV ..
"'Intere."ct-i.on‘- v' " Count Rates Due to Inte-ractmn
| - T 1.s-10 keV. . 10-30 keV
(ﬁ,n) . 7.1 /s ' 39 . ¢/s
(n, ) - .0034 c/s o ’ﬁ .034,¢/s=
(n, p) o _ | .054 ¢/s . .27 ’c/s,' -

‘(1_1;0') o ’ .14 c/s . W1 /s
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C.. RTG Neutrons:  Indirect Effects Due to Lead Shield

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

‘, I -APb'Z_O? (n,n)_Pb207 (,elastic scatter)
20 szo? (n,n'") szp%z (inelastic- scatter)'_
207 ,208

3,  Pb (n,v) Pb’

The cross=~sections for these 'reaction's are .shown in F’igure 12, and
the Apr’obabi'lities for 3 'g/c_rnz of lead ‘are _s'hown' in Figure 13,

1. P’Z (n,n) sz 7

(elastic scatter)

Th1s reactlon has the effect of . scatterlng neutrons, not headed
for the detectors initially, "into the detectors. - Using the formula on
_- »page 23, and noting that'the transparenc.y of the lead shield to neutrons
means that neutrons have two chances to scatter, .4n ne_u.tr.ons/cm2
sec head for the detectors, ‘where n is the number/cmz sec wh1ch
elast1ca11y scatter.‘ Slnce 8.4 X 102/ cmzk sec are Jnc1dent and the
. probab111ty of an elastlc scatter is S4 5 X 10 2, 1_5/cm sec will be-
‘s_ca_ttered 1nto ‘the .detectors. 'Referrm_g‘to Table III, the maximum
.contributions .are:- “ N ‘ | | | |

(15)(2)(- 73 x 107%) = .22 c/s, 1.5-10 keV

;('15_)_(10)(.81 x107%) = 1.2 ¢/s, 10-30 keV

2 '-‘Pb.2‘07 ( ') Pb207' (1ne1ast1c scatter)
: 'Since the probab111ty of an 1ne1ast1c_ scatter 1s at most about b-
: one- half the probablhty of an e1ast1c scatter,‘ the contr1but1ons from_
scattered neutrons will be about one- ha.lf of those g1ven above
._ll,c/s,.‘ 1.5-10 keV

.6 c/s, 10-30 keV
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: For excitation ene_réies up to about 6,7 -MeV, the Pb.2'07 nucleus

de-excites by g'amma emission. From Figure 13, the number of
inelastic scatters is $(8.4 x 10+?)(2;5 X‘VIO-Z) = Zl/cm2 sec. The firsf
excited state is .57 MeV abo‘v_e grou.nd," so from Figure 2, f.he ‘contri-

butions are:

%)

i

(.4)(21)(2)(8.5 x 107%) = . 014 c/s, 1.5-10 keV

(HEDE0E X 1073

.168 c/s, 10-30 keV
‘Thus the tota_.l contributions due to neuv'trohs'.and gammas from
this i_nter.a‘ctio'n-‘.é,re: | |
.12 c/s,v1;5-10

.23 c/s, 10-30

BZO? 208

PBY (n,y) PO

w
. .

 The Q wvalue for this reaction, usihg tile mass de'fect values
given by _L.ei'gk.ltqn-,l.l is 37.79 + 8. 36 - 3'18.77 = -7.4 MeV. ]lDe-excitati'on A
6f the 'st.a,ble szos-nucleus follows by gamma emission direct to ground
in 2 90% of the vc_:as.e's.g As'there are Aebvidently:no' neutrons with energies
aboye 5 MeV, this ijeaction can be ‘neglected.
Table V summariz'es ‘the ef_fects_'of. RTG neutrons due to a lead

shield,

Ta.bl'e'V-

Effects of RTG Neutron Interactions in a Lead Shield

Counting Rates

Interaction. . 1.,5-10 keV 10-30 keV
" (nyn) . W22 ¢/s‘ R »1.2"c/s.

(n,n%) .12 cls .23 c/s
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D. RTG Neut'rons:».--lndirect Effects in a Csl Shield
127

The ‘foilowing interactions can occur with tl-'xe' I nucleus:
1, ; 1127 (n, ) I 127 (elaStie SCatter) ‘

'2-.: E 112_7 (n,_n’) I 127% (inelastic ,seat‘_ter')

3. ,11?7 (n, ) 1128 1128“_‘ B + 'Xelzs (T%; 25 minutes)

(Be'ta spectrum end lpoint_ is 2,12 MeV_):
“"The Iedine- 'cros‘s-lsections are shown in Figufe 14, reproduced from
Hngnesi’ Cs er‘ess-sec_ticms. are evidently not available. 'Since the total
iedine'v cross-section is approximately 6 barns_/atom = .0285 cm_z/g, :
the ehield_ is almest tran_eparent te_neuti'_ons. Not_i_ng that this trans-
Apareney gives most neutrons two chances to interact, and- each passage
through the shield (2.9 g/crn2 thick) involves apiaroximately 1.45 g/cmz.
Iodine, the fractlon wh1ch interacts is 1 - '-2 9 x.0285 ., . 0825, Since
“the rec0111ng Iodine nucleus would cause an antlcelnc1dence signal for
mqst of the above reactlons, interactions in the 'actlve shield would cause
' ‘no extra counts in the detectors., .Ho'Wever-:, the‘ contribution to the dead
. , S . 1 )

time would be (.0825)(8.4 x 10°/cm® sec)(150 cm’) = 10% c/s.

E. .' Diffuse: Cosmlc X~ ray Leakage

An upper 11m1t to th15 leakage ﬂux can be had by cons1der1ng |
- the total number of d1ffusev‘x-rays w1th energ1es greater than 200 keV
."smce the sh1e1d ‘becomes quite transparent at hlgher energ1es. From
page 10 thlS is approxlmately 10 /cm2 sec sr, Us1ng Figure 2, the

number of 1nteract10ns is -

<(10” )(4n)(2)(3 x 10 =3y = .,00‘24_&/5, 1,5-10 keV

<(07)(4m)(10)(1.5 x 107%) = L 06 c/s, 10-30 keV’ |
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~ From page 10, the .number of diffuse. x-_'r'a)is 10 <E <200 is 3.6/cm?
." _sec sr, A_lrﬁost 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 Interactions in'fhe Shield

Using a créss-section of .0125 'cmz/'g for cosmic rays, a

o™ X3 X.0125, . o 02

3 g/cmz_.shield will cause a fraction (1 -
of incident cosmic rays to inté'ract.. Over. 2m vsr, there are approxi';
mafely 6.28 cosmic rays/cmz, sec and .47 inferactions/cmz sec. Using
.-the argumen’c.of 'p.age': 23 and_notiqg that there _are.fou,r walls of the
shield‘ producing gémma rays, (; 8)‘(.547) =..38 ga.mrn‘as/'cm2 sec are
directed towards the dete(f;tors, if 'e'very"c'qsmic ray interaction produces
a 'gvam‘rn.a ray. . Using _the maxirﬂﬁm prbbabilities' of. Figure 2 to obtain

- aﬁn' u.lpber. lirn.it,’v' .we héve o

(:38)(2)(6 x 107%) = 4.5 x 10

2

2 c/s, 1.5-10 keV

(.38)(10)(3 X 10™%) = ,11 ¢/s, 10-30 keV
"In an active shield, (.47)(600 'c‘:rnz) = 2.8 X 102 interéctions/sec would

. occur.

'G.  Cosmic ‘Ras} Interactions in the Spacecraft
If N is the flux of éosmic-rays (per,cm2 sec sf), Nma cosmic

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

If‘t'h'é' 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/c.m‘ for, cosmic

: ‘ ' . . -Ww /80 - . :
rays, the probability of an interaction is 1-- e w/ 2, Rough estimates
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give W =:6,5 %10 g_.and_ a = 6 Xx10" cm” for the Grand Tour spacecraft,.
'so W/a = 11 g/émz, and the prob'ab‘ilityAis approximately W/80a in this
case. Thus the number of interactions per second is Nha 'W/80a' =
NnW/80. Assuming uniform production of gammas throughout the volume,
and assuming that -each interaction produce’s'a gamma ray, then a small

volume dV produces NSTTOW %Y y/seé.. The flux at a detector a distance

' : .. Nowdv 1 2 : " ;
r frqm dV is =35 ¥ I y/cm~ sec. A detector of area A, whose |

normal makes an angle 6 with r, will intercept

NnwW dV Aux

cos® = == <= 5> v/sec.

NnW dv 1 /- -p,X‘/COSG)
86 v ,2AU--°

47r 41 r

Thus .the number of counts/second due to the entire vdlume is

Evaluation of this i-nt‘egra'ml for Sifriple geometries (spheres and cylinders)
shows that it is of the order 4vr, where r is a characteristic dimension
of the object. Taking the cas.e of a spheije, with the detector at the

'center,, there will be

NoW 1 Apx _ NnW _3 . _ _l}I_j(W\
80 4_ 3 4n 80 2 AwX T g \3)? Avx
3- '. 4 r
;-Using N =1, W-/a = 10 g/cmz, thls becomes 1,2 Aux counts/sec.

- Taking the maximum probab111t1es from Flgure Z we get

-2

_(1-2)(2)(6. x107°) = .14 c¢/s, 1.5-10 keV

(1.2)(10)(3 x 1072) = .36 </s, 10-30 keV



34,
IV,  SUMMARY o
| The empha51s has been on the derivation of upper 11mrts, a number
" of factors could reduce the countlng rates. Among them are (1) the
presence of matter between the RTGs ‘and the detectors (for example,
the propulsmn bay m1ght cast a "shadow“ on the. science end of the space-
craft); and (2) the ‘presen‘ce of a hous1ng around the. science portion of
the spacecrraft; While these might not do much for the neutron induced
- . background, _tne"y. '\t/onld' certainly reduce the gamrna background. In |
addition, a housing 'mignt red‘ucev the necessary shield th'icknepss. |
Io complete the comparison bet\’k/een‘the active and passive shields,
Table VI Survnm_arirzes the .counting'rates 'frorn all sources for an active
and. for.“a passive 'sbield. - To compute the factor B'/(l-bd), a dead time
gat_e length must be assumed, Under normal c'ircurnetances, a reasonable
.aseomption Ami'g»ﬁt be that”a 30 microsecond éate is ‘gener_ated whenever
. an interacti.on:occurs in the shield. In. the present ca‘se, however, the
: sh1eld is- countmg a large number of 1nteract1ons due to the RTGs, and
only a small fract1on of these 1nteract10ns results ih a count occurrmg
' in the main detectors.: Thus it might be feasible to send tne main
detector pulees through a delay line, meanwhile ,_anal_yzing.the, main
'detector and shield pulsee (perhap‘s b‘y m'eans of a peak detector) for
c01nc1dence to w1th1n a microsecond or so,_ and generate a 30 micro-
second gate Only for true c01nc1dence between the shield and the main
' detector. In this way, the amount of spurllou's ‘dead time could ‘be
- re_duced to almost zero, As Table VI _show-s, the number of counts
per second 1n ‘the: sbield is '4.'1 k104, which ie sufficient to cause 10_0%'

.dead time with a 30 rnicr_osecond-gate length. -



" Table VI

35,

-~ Passive Collimator '
(counts/second)
1,5-10 keV 10-30 keV

Source

A'cti\}e Goliim_at_or
(counts/second)

1,5-10 keV 10-30 keV

Dead’ Time

Cosmic X-rays
(Forward Aperture)

RTG Gammas

RTG Neutrons:

-+ (Direct Effects) . ,

RTG. Neutrons

 (Indirect Effects)

" Gosmic X-ray
Leakage '

Cosmic Ray
Interactions
in Shield

" Cosmic Ray
Interactions in
" Spacecraft

TOTALS

.53

2.3

7.3

. 934

.0024

. 045"

.14

10,65

TOTALS WITHOUT |

. NEUTRON ,
' CONTRIBUTIONS.

3.01

.55

12

40

1,5

.06

W11

.36

. 54,58

13,08

2,26

.52 .52

1.6 9 1.8 x 10%
7.3 40 -
0 0 10
~0 . ~0 1.3 x 10%
0 - 0 2.8 x 10%
o~ 14 ~.36 ~0
'9.88 -
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‘The‘-t'ofal' bac,k:gr'ound counting- :ateé-are coiributed with all inter-
actions incluc_ied, .and with all 'inte.ractio'ns except neutron interactions |
included; since neutron interactions are responsible for most of the
'backgro'u.ﬁd't counts, éome sort of pulse Shape discrimination should l.)e- '

investigated to reject this contribution.



9 o '

10,

11.

37.

' REFERENCES

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

Noen, E. L. and G H.- Anno, Radiation Analysis of the Helipak
Fuel Source Design, private communication 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 Attenuatzon Coeff1c1ents from 10 keV
to 100 MeV, NBS Circular 583, 1957

Nelms, A.T., Graphs of the Compto'n Energy-Angle Relationship.
and the Klein-Nishina Formula from 10 keV to 500 MeV, NBS ‘

-Circular 542, 1953

Bertolini, G., Sem1conductor Detectors, North-Holland Publ, Co.,
Amsterdam, p. 430, 1968 o :

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

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

Printing Offxce, Washington, D.C. )

' Ev_ans, ‘R.D., The Atomic Nucleus, McGraw-Hill Book Cd.,

New York, 1955

Landolt-Bornstein, ‘H,H., Numerical Data and Functional Relation-
ships in Science and Technology, Group 1, Volume 1: Fhergy Levels
of Nuclei, A = 5 to A = 257, ed. by K.H. Hellwege, Springer Press,
Berlin, 1961 S :

Ortec Instruction Manual, Surface Barrier Detectors, ORTEC,
Oak Ridge, Tennessee - ' '

Lelghton, R.B., Principles of Modern Phys:.cg, McGraw-Hill -
Book Co., New York, 1959




PART II

DESIGN STUDY FOR AN X-RAY EXPERIMENT

USING A PROPORTIONAL COUNTER

38.



39.

I.  THE DETECTOR

' The pfimary purpose of the Grand T'our-X-'r‘ay .Expéfiment
desi:r_ibed in this‘ reportAis to rheasufe the spectrum and time variations
of auroral zone k-fa‘ys in the range 2-30 bkeV, and the_ size and location
.of the auroral zones of -Jupiter and othér o‘uter planets. The secondary
~ purpose is to measure the spectra of cosmic x-ray soﬁrc_es and their '
tirﬁe ' variaéiOns. | .
| This Vde_sig_n»study'is based on the Réuter-Stokés proportional
counter RSG{Z? (Figure 1) filleci to 1 atmosphere with 97% Xenon, 3%
COZ,' and with a 5 mil Beryllium window. ‘Thi-s détector must be
collimated, both to avoid i:he_ problem of source confusion while viewing
an x-fay' s_ou;éé, and to provide a ,char.acterist'ic response pattern which
‘will ‘allow the angular- size cﬁ an x-ray source to be measured. The
first r.eq‘uire'm_gnt is satisﬁed by rough collimation to a field approxi-
mé.teiy 5% x 50. ‘In order ‘_to meaéure the size of Jupiter's auroral
zones'».bef‘ore the s'pacecraft’ enters the magne‘tosphereh(and the detector
backgrOund‘cc‘)'unting raté increases drastically), much finer collimation
is nét_eéieti: sihce the Jovian magnefoépher;e probably extends out to
. 50 RJ in the solar._direction, Jupiter will subtend only about 1° when
the spaqec;raft enters the magnetosphe-re, and collimation down to
NI/IQO will - be necessary. This suggests. the use qf two collimators;
. afsimple.. slat 'c_ollimator_ for the 59 x 5O _fi’eld, and a wire grid‘ modulation
.c'ol.limatc:)r fqr the measurement of ahgula’r sizes (Figlire 2). Consider
first tﬁe slat collimator, which divides the.active area of the proportional
counter into an array of sq'uares.'. If there are n slats/unit length,

and their heAight is h, then each squaré is collimated to an angle
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1
(

6 = ta.-n_'-, 1 /Znh).‘ Since there are (n£-+1)‘s1ats along the length each

having dimensions’ w X h, and nw+l slats along the width, each having
'dimensions £ X h, the total.area of the slats is (nf + l)wh + (aw + i)

'QW) + <2V: t‘;n29>° ' Thus; fo_f a given pro-

th = 2nlwh + hw + 1) = (tane
pértio"nal counter (4, w) and c'qllimation aﬁgle 6, thé mininiurh total area
of slats is obtained for the maximum n, 'A- minimum’ total area is
d,'esirable not only because it bx-ninirnizes. the weight,. 'but also because
it kéeps the mass in front of the active area down, thus minimizing
séattering into _the proportional counter.. |

| For the RSG-77, a -na.{:ural choice for n is »1/1. 14 cm siﬁce it
allows the colljmator.slats to be_atta;c’hed to the. Befyllium windov& .

support sfructure. Thus for 9 = 5o

total area is,A = 157 cﬁlz.

. h = (2n tan‘e)_l = 5 cm, and the.
~Referring to the mddulation -coliirﬁator response.- pattern shown 1in
Figure 2, we see that if the characteristic angle o = 1/50,‘ a distantv-
point source transiting' the collimator will cause the p:f0portiona1 counter’
to go from a maximum to a m1n1mu1n count rate in 1/10°, It follows.
that, when the x-ray source _t%egins to d_evié.te from a point source and
subtehds an angle of 1/100, the'r‘espo_nse battern will start to change
notiqeably. F_igﬁre 3 shows the efficiency of t;mgsten wire for Stoppihg
x-'rays; Achoo's'ing 8 mil wire, ~and noting from FigqreA 2 that the wire
spacing shoulvdtbe approximately equai to the Qire diameter in order
-to. block the x-rays coming frém angles 3¢, 20, etc., the height of
the .colliilnator b = a/tany = 6,1 cm. Although the rﬁoduiat_ion coilimatbr.
is shown in Figure 2 as a separate .uni.t,_ it could be incorporated into

the slat collimator to save space -ahd'w_eight.
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It 'w'illﬂ be essumed thé.t ali interactions  in the p'-;'op.ortional o
. counter wh1ch are not iu the 2-36 lkeV energy range, as well as
: intel"actionsA in the ',sla.t coilifhator, if it is a'ctive, will give rise to
an anticoincidence signafl. (An active "slat' collimator might consist,
for: exémple,‘ of a Ces.ium Iodide slab, viewed by PM tubes, with an
ay of cyhndvlcal holes leading to the proportional counter.) In
addltlon, interactions in the pr0port10na1 counter wh1ch are in the 2-30
keV window, but are not caused byv, the x-ray source being viewed,
’ 'wlill ‘éontricute to the back’g_roun‘dicounti'ng rate, The relative importance
. of these two effect,s is as follows. Suppose that an x-fay source,
hose' true . strengfh 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 1nteract10ns/sec
which produce an ant1co1nc1dence pulse, and t is the length of the gate
31gna1 for such a pulse. Then, in a time interval . T, 'ST-'STbt counts
are collected from the source, and BT BTbt from the background
The source ma.y be considered to be detected if ST(l-bt) 2 3obkgd = |
3‘m. Thus T 2 —-5-—(-9—2———~ y and the factor B/(l1-bt) determines
the time needed to detect a given source at a 99% confidence level. |
Figure 4 shows the x-ray abscrption coefficieut, w, for Xenon,
- vefsus x—ral_.'y'.en‘o:—_:rgy.l’2 It is- important -to note that, up to an energy
of api)roxima'_cely 300 keV,.'the photoelectric absorption coefficient is
much greater than the Compton cocfficient;' this means that up to 300
blée\Af, if an x-ray interacts_ at all in the proportion'al counter, 1t will
most probably interact photoelectrically, leaving all of it's'energy.
'I".hus» x-rays in’ fhe 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 b‘ackgr.o'ur‘ld count rate B.
| This is 'shov"-m 1n greater detail in Figure 5, which gives, for -
the RSG-77 counter, thé proba;bilities 6f'various types of interactions,
.: The top graph (A) g1ves the probab1l1ty of either a photoelectrlc or a
Compton 1nteract10n, that is (probablhty of no interaction in . 005!
- Beryllium) x (probability of mtera:ct_lonjl_n IR Xenon at STP) =

exp(--u,Be xBe) 1 - exp(-u x_ )], where ”’Be'and, bye aTE the attenuation

xe xe
‘coef»fic_ien'ts for Beryllium and Xenon, and Xpe = . 005" = 9 X 10-3 g/cmz..,
xx-e = 1" = 1.37 X 10"'_2 g/cmz." The lower graph .giires- the probability

that a photon, . if if interacts, 'will'leave between 2 and 30 keV in the
- detector, 'In. thevener.gy ra.hge 2-30'keV," this is.tl"xe same as.the top
| 'g._r_'aph. Above 30 keV, this is B |

Cross sect1on.for transferrmg

2-30 keV to electrons
Total .cross-section

(Proba,bility of ihtevractid.ﬁ of any kind) X

= le.J;: (- X ) .[1 - ex ( | )] ..1. >0 —-——-R*docom ton dT |
T eXPHpp *pr/ P\l e *xe Crotal IZ dT

where o, is the total cross- sect1on for a. photon interaction of any

total

kind, and do /dT is the d1fferent1a1 Compton cross-section for

"Compton
‘a Comptdn mteractmn which leaves the electron with an energy

T T + dT; this 1ntegra1 was done numerlcally, using the graphs of

_ ANelms. ' Thus th(, lower graph g1ves the proba.b111ty that an mcommg
photon contributes to ’_che background ;'ate B, while the difference
between the fop gré.ph aﬁd ‘the 1oxl;§er"g‘raph gi\;es the prob-abillity‘ that '-
an inicoz-'ni.ng photon’ contributes. to. the anti.coi'ncid‘ence_rate b; this

K latter 'proﬁéﬁility' is zero fo'r energies 2-30 keV and to"a good approxi-

" mation, equal to the top graph for other energies.
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" In the fqllbwing._seétions the counting rates b and B will be o
def:erminedf. for this detector;. it is convenient to distinguish between two
Vv_differér.lt types 'Qf interactions.-? |
| 1.».. Counting rates through the fbrwérd épe‘rfure,' caused by
'p‘a‘rvt_iclgs and :'phot‘ons which-_ enter the detéctor after
_paééing thrc;u_gh the tho collimators, |
2. ‘Leakage counting rates, caused by photons and pérticles
which originate outside the angles of -collimatibn, but
”_1e'ak”. through the co‘l‘lin.lator or thé sides of the pro-

po rtional counter.’

II. BACKGROUND COUNTING RATES THROUGH THE FORWARD
‘ APERTURE :

A. Diffuse Cosmic .X-fay Flux

. The spectrum of the diffu‘se' flux is*

%%I;: 10 E»'l.'s/cm? sec sr keV, 1 <E <10 keV
= 16,8 E™! 75 fem? sec sr keV, 10 <E <40 keV

23

128 E /cm2 se(_:_'_sr‘keV, 40 <E <1000 keV

This sp_e.ctru;m is plotted in Figure 6_, ' aldng with
1, the product of the spectrum and the_ prob;ability' of either a
photbelectfi'c_ or Compto-n' i_nteravction '(top‘g_raph. of Figure 5),
and : . S . :
2. the product of the spectrum with the p‘;bbability' of an
| interaction Which »1eéve$ 2:-30 keV (10wé_r graph of

‘Figure 5).
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I.nteg:ration.of these two graphs gi;res |
| 1. 7.15./cm2'sec sr, the flux wﬁigh produces the 2-30 keV
background cdunting raté, aﬁd
2. ‘.162/cm2 sec sr, the flux which produces the >30 keV
~ anticoincidence counting rate,

Using a total effective .area. of 39.2 cmz for the RSG-77, and a
fiéld éf view of 5° X'SO = 7.6 X 10-3 sr, and noting that the moduiaﬁon
collimator obscures half of the counter's effectivé area, the geometrical
factor relating ﬂux to count rate becomes ., 149 éx_nz sr for the 2-30
keV background count ré.te.' (Although the modulation collimator
becomes transparent .at energies above 30 keV; the contribution to the
2-30 keV count rﬁte' from fluxes over 30 keV is negligible.) Thus
B = 1.06 counts/sec.

Since the anticoincidence count ré.te is ca"uséd by photons with
--energies greater than 30 keV, an upper limif to this counting rate may
be made by considering the modulation c;ollimator to be transparent;
the -geometri-cal factor is the.refore .398>cm2 sr, and the count rate

is b = 6.45 X 10'2 counts/sec.

' LI LEAKAGE FLUXES

A. RTG Gamma Rays

The spectrum of RTG gamfnas' is shown in Figure 7; this is
the spectrum at 3 ft, 0° from the RTG given by Noon e_t_a_._}.E,s
multiplied by 3 and extrapolated to 13 ft, to give the effect of 3 RTGs
assumi_né no matter exists between the RTG and the x-ray experiment.
To obtain the counting rates caused by this flux, consider first the

e‘ffect'of the orientation of the detector to the RTG (Figqre 8). To
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a first approximation, there can be three orientations:

RTQ o .

17
H
| Je
Shjew

_ . - Figure 8
1., The side H x L faces the RTG; photon path length through

“counter is W. Count _rate‘°= HL [1 - evxp'(.-p, w)].
2. Thé side H X W faces the RTG; photon pat.h length 1., Count
rate < HW [1 - exp(-p L)]. |
3. The .side L X W faces the RTG; photon path 1e1"1gth H. Count
rate « LW [1 - éxp(-u. H)]. ‘
Noting that the R’I"-AG gives no fl_ux.below 50 keV,l and referring to
 Figure 4, the absorption coefficient for Xenon is 12 g/cm2 at SQ keV,
Using the approximation 1 - e X = x, it follows that all of the orien-
tations. should give_ approx.imkately“‘th.e same count rate. As a worst
case, the length L. = _6.25_.inch'es = 8. 55’)(_10-2 g/_g:mz, so that, at
50 kev 1 - e =1 - o71+%% = 84, while uL = 1.02. However,
note that since e > = .1. - x, the use of" this approximation will give :
an upper -limit to the counting rate ev.en_‘ when it is not a good épproxi-
mation, |
| lAlso plotted on Figure 7 aré the Apx_"oducts of the RTG flux with
the maximum probabilities of Figur-e. 5 for each en_ergy. rarige;. thus the
M curve give_s the flux responsible for' the'ihte;‘actions which leave

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

for the 2-30 keV interactions, Integrating these curves, and using the



‘total active area of the detector, 60.5 cm” (since the aluminum support
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structure is transparent to x-rays), the counting rates are:

B

24 counts/sec

b

5.3 X 102 counts/sec

The previous analysis. r1eg1ects the following possibility.
An electron with enAergy greater than 30 keV, generated either
by a Compton or photoelectric inte'raotion,' could leave 2-30 keV in
the detector, if its pafh through the gas 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. Thus, for exemple, a 1000 keV electron, traveling
1 cm through the detector would leave a countable energy. On the
other hand, it is evident from Flgure_ 7 that the worst offenders by
far are the RTG photons in the 100-200 keV Aenergy 'range, and it
w111 be shown later that these can be shielded against relatively easily. .
' RTG photons can produce background counts in yet another way,
illustrated in Figure 10: an incoming: photop can interact in the
counter walls,. either photoelectrically or Compton scattering, thus

producing an electron which can enter the counter gas.

—~] e t

"’v GAS "‘.
INCOMING '/f“‘f‘e S

RTG g L
PHOTON R

Fia. 10 .
CROSS SECTION OF PROPORTIONAL CENTER
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If the incoming photon has an energy E, it can pro,duée‘a'n'electi'on |
. whose maxixnuf_n energy is (E - binding energy 6f atomic electron) = E,
sinée electron .binding energies are small compare& to RTG photon
epergies for lmat'eri_vals ‘iike Aluminum and Beryllium. Let the range
of the electron be R(E) in the, COlJ;nter wall material, and let the wall
thickness be t, Then, if the electron is to enter the gas béfore losing
all its energy in the wall, it must be produced a distance R(E) or less
from the gas. Thus the incoming photon must not interact in the wall
for a distance t - R(E) Eprobabilify ékp-u (E:)(t - R(E)],and then inter-
act in a distance R(E) [probability 1 - exp(-u,.(E) R(E))]). If it is
ass,@ed that all such interactions produce a count in the detéctor, then,

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

A '.e'U*(E)[t-R(E)] (1 - e-u(E) R(E)]

whe';-e A is the cross-section a;rea' présented to the RTG photon flux.
A comparison of references 2 aﬁd 6 shows that for all types of
ma,terials the product p(E) R(E) <<1 at RTG photon energies; thus the
counting rate takes the form Ae-p'(E)t w(E) R(E). The graph of

Figure 1 1 gives u(E) R(E) e HEN versus energy, for 1,15 g/cmz of
Beryllium (.25" thlck) and 1,15 g/cm2 of Lead (.04" thick). Thus,
with the total wall weight held ‘constant, ’che. effect of high Z and low Z
materia‘ls-may be seen on this V.graph. 'Consi_der the Beryllium curve
firs.t. At energies over 50 keV,. the photoelectric cross;section isA

~ negligible, and the ér_oduct w(E)t is small enough so that the exponential
.1.:erm is ciose to one; thus the e.xpre’ssion simply reduces to w(E) R(E)

(independent of wall thickness). The -range R(E) « Ez, approximately,
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 while the Compton cross-seétidﬁ décreases slowly with enefgy; the
result is a curve which increases roughly as ’Ez, turning over at
higher Vex'1ergies'. | | | - |

The case 'for-lead is c’:onsiderablyj different; at low energies,
: the‘photoelectric cross-section is' very large, so the ex:ponential" term
is small, and.the product is sfnali up to approximately 100 keV,
;I_'hen 1n the 100-200 keV regioh the photqélectric,cross-section decreases
becoming 'éomparable to the -Compféﬁ créés-sectio’n, bringing the expo-
nential term cldsé to 1, and allowing the u(E) R(E) term to dominate
- the expression; s.in‘ce B fgr lead is still larger than ‘uf for Beryllium at

these energies,b the total prob.ability is gl;eater for lead than Berylliufn.

As the energy increases further, u for léad becomes about the same
as p for 'Beryilium (which simply indicatgs that the Compton cross-
se?:tion domiriates, "and there are appfoximately the same number of
electroné/gré.m fér all materials) and the two ‘jcurves afe approximately
equal. |

Since it is easy to shield against incoming RTG photons with
ener.gies bel_Ov-v. 200 keV, the’ uée of a high Z wall material is Anot'
héées‘sa;ry, an& Beryllium appears to be’ theA best choice.

RTG photons can producc'backgfo_und counts 1n yet another
“manner, illustrated in Figure 12: a photon can pass through the
first wall alndthe“ga_s of the .CO'unter without interacting, then back-
scattef in fhe se.cond‘wa-ll and interact in the gas. A rodgh upper
limit to ‘the probability for this typevof event 'is; (Probability that 'photori
of energy E does not intgfact' in the first wall_)(Pfobability that photon
of energy E does not interact in ga.s)(Probabilify that photon of energy

E Compton scatters in second wall)(Probability that 180° backscattered .
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photon of energy E' interacts in gas). This product is shown in' the
graph of Figu're 13, for 1.15 g/cm2 Befylliuni, .and a 1.5'" path

through Xenon at STP.

!

Fla. 12

-Fi.nal;ly*,. the graph of f‘igure 14 shows the RTG gamma fluxes
at the detecfor (same  as Figure 7) and the product of these fluxes
with the'probasilities of Figuré li‘ (-B_e_ryllvi-um curve) a_nd Fi.gure' 13,
v .Multipiying the to£a1 of the two lower curves (17 x-rays'/cm2 sec)
by the ‘_cross-‘se;:ltio‘nall area '(on.the érder of 40 cmz) gives an upper
_ limit to b + B of 680'co.unt-s/sec. Thus these effects are potentially
as serious a :problem as direct interactions of the RTG photons.
| It seems likely that the propuls_ion bay of the spacecraft will
shield the vsc_ahiplat'fc'»rm from the RTGs; the amount of material present
s di'ffiéult- t6 ..'estima.te, but, as an order of magnitude, 40 g/cm2 might
be .used (this corresponds to 15 cm -ofA.Aluminum). The effect of
'Compton s"cattéri_ng of photons is illustrated in the graph of Figure 15;
'fAerm référence 3, graphs of Compton éross-section versus photon
ene;'gy were combinéd to give 4the"average energy of a Compton

scattered photon versus distance traveled. A_t higher energies, where
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~the differential.'croes—sectio:n pleaks inﬂthev foﬁvar& direction, the |
" distance traveied is more or less in-a straight line; at lower energies
the Cross—seotion become.s ;oughly isotropic, and t'hev distance traveled
by the photon is not simply related to the thickness ‘.of the shielding
material, However, some important features can be deduced from
this graph: .‘ ‘

1, The 1=-2 MeV RTG photons, which are potentially an impor-
tant source of background, will be reduf_:ed in.energy to
roughly 200-450 keV. |

2, The 100-200 keV photons will be reduced in energy to
roughly 50-70 keV.

Comparing the photoelectric and Compfon cross-sections in Grodstein?
it is apparent that Aluminum (in which :the -photoelectric and Compton
..cro,ss-sectiOns become equal at 50 keV) will do. littlle to remove the
' RTG photons, although it will alter the spectrum significantly. To
reduce the detector background, a material like Lead will be neces-
sary (Whefe the'v'C-ompton and photoelectric cross-sections _become
:equal at 'about-' 500 keV) vor an active colllimator.

| The’ percentage of photons which photoelectncally interact in a

(l ”’total(E) X>

thlckness x g/cm of Lead is [u,PE(E)]/[utot 1(E)]
where .“PE(E)’ ‘”‘total(E) are the Vphotoelectrlc and total attenuation
coefﬁci’ent‘s in 'Le_.ad. From Grodstein? it is clear that for energies
be‘low. 200 keV this ‘percentage is greater. than 75%, for 1 .cm (11.34
_ g/cmz) of Lead, and reduces to about 40% at 500 keV.. It seems likely
’tha.t,A after the‘ backscatter calculations have been refined past the
upper 11m1t stage, 1 cm of lead will provide the necessary shielding

against RTG photons (1 cm X 40 cm2 x 11,34 g/cm3 = 450 gm),
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- This may be compared to the 'wéight of an ac‘:t:iv_e shield as ‘
follows:v aésﬁme that any interaction in an active shield, either photo-
electric or Compton, gives rlse to an anticoincidence signal. Then

-u'total .-
the attenuatzon factor for photons is 1 - e . If we requn_'e the

same attenuai;ion at 5‘00 keV 'as foi- the Lead _shield,v I - 'e_'uwtalx= .40
and px = 4.51.‘ For Csl, this wouldlgive x = -7§6'g/cm2, so the
weivg_ht would be 7.6 X 40 c'rn2 = 300 gm. Considering the additional |
electronics needed for an active shield, it'appears that fhe active and
passive shields would have comparable weights, The actual decision
bertwe{an the two will have to await more detailed calculations; it should
simply be noted he‘re}th‘at shields of moderate vwe;ight_.are capable of
reducing the background to an acceptabie level, |
One- ‘fl‘inal tylpe of RTG gamma interfefence problem should be
. considered h‘ere‘: gar_nri;as which scatter in the slat éollimato_r and
are redirected towards the proportional counfer. .The geometry for

this type of interaction is shown in Figure 16,

"_ — | - I‘-t | *
IN(.\DENT T— ]
FLUX | - + :
L c dx
ToP VIEW OFA | |
SINGLE CELL 1 { -
| —| 5w |- Pe.AcTIVE ArEA

| _ CUTAWAY SIDE VIEW
e e : Figure 16. e
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. Assume that the scattered photons are emitted isotropically, and let

N be the number which escé.pe/cmz, sec. Then ai"c'hvin strip of area

[y

: » 271
'dx/n emits Ndx/n photons/sec, and the flux at a distance [xz +(—21—r-1> _I
(the distance to the center of the -proportional counter cell) is
.approximatelir :

' Ndx.

| T (_?}n_)éj | -

The proportional counter cell, of'area A presents an effective area

A coéc‘p to this flux, and the probability that é photon will interact in
o Byt d/cose ,
the detector is 1 - e ¢ » where d is the detector depth.

.Thus, as an upper limit to the 'cc‘)ntributio_n' from the thin strip, we have

o o R AN%J e
Integrating over x from 0 to_h, this becomes —s tan- =~ 2 nh,
-U_‘sing A = 1,308 cmz,-ahd 2 ghA = 8,75, this reduces to .3 Nu.xed/sec.,
. Consider next the effect of the 'orienfation of the collimator.

Figure 17 shows the detector after rotation about an axis normal to
the Be Windo‘ws;._two sides. make an angle‘ ® with the incident flux, and
two si.des‘ make -an angle 90-6; thus if each side has an area a, the
number of interactibns in the sides i-‘s préportional to |

2a cosé_ (1 - ‘e-uJCOIt/Cose) t

- o '”‘Colt/cds"(90‘e)> |
2a cos(90-8) \1 - e ' -/ Edaug )t
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TOP VIEW TR
o Figure 17

where beol 1s ‘the attenuation coefficient for the collimator material.
Thus if the incident RTG flux is F(E) photons'/crn2 sec in a given
.energ'y interval, N(E) = 4F(E) u.co.l(E)t. Since there are 30 cells, -
| the detector_ counting’ rate is 36 F(E)_.p,Col(E)t_,u_xe'(E")d,' where E' is
_the energy of the scattered photon. Using the Xenon interaction

_probabilities of Figure 5,. and choos1ng E' to be the energy of the

85° sca.ttered photon (1.e., the mlnunum energy photon, to give the'

'rnax1mum 1nteract1on probablhty); the results are shown in Figure 18.

A 02 cm th;ck ( 227 g/cm ) Lead colhmator has been assumed,

The total countlng rates are

b '3._03' X 102 -counts/s_ec”

B = 1,22 counts/sec.

Table I summarizes the effects of RTG gamma rays.

" Table I°

Dire’ct ~ -Wall Collimator
Interactions of Interactions of | Interactions of

Source . ‘,Di.ffu-se' X-rays RTG Gammas RTG Gammas | RTG Gammas

B(2-30)| 1.06 c/s | 24 c/s , 1.22

<6,.8 x lozc/.s

b(>30) | 6.45x107%c/s | s.3x10%c/s | 3.03 X

102
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B. RTG Neutrohs: : | Dirc-ezct AEff’e.ct‘s in Pfop’értional Counter
The RTG neutroh» spectrum is shown in Figure 19; this is- fhe .

spectrum given by Noon._.e__t___a_}.'ls, multipliéd»by three, and extr-apolat"ed
to.'13 ft, as for the gamma spectrum_. The total flux of neutrons is
1,37 x 102/<:m2 sec. From Hughes,” it is <_:1Oearr ~»that, tofal ﬁeutron
cross-_s_ectiOns are relatively'constaﬁt aboiré_l() keV and do not differ
'considera'bly from one element to its neighbér; from. Walt and
Bérséhal'la, the tQtal cros's-s'ectio.n for-Xenon can be estimated at -

6.5 barns/atom = 3 X 10"2

cmZ/g. By the same argument as in
section IIIA, the detectér orient_yafion-does ‘not affect the number of
‘interac,ti.ons, "to-a good’approxihlation, ' Thus, considering the neutrons
to be incidént on the window of the propoftional counter, the Inumber

" of interac‘tions/s_ec ié | |

-2

. -2
=3x 10 XIIO ) = 3.3/sec.

1.37 ‘x ]._02./cm2 sec'x 58 cm2 X({l -~ e
The neutron will leave energy with the r_'ec'oilin"g‘Xénon' n.ucleus. .F;om
'Evans® (p. . 4:12,),. the maximum energy that can be imparted to a Xenon
_nucleus by a 7. MeV neutron is a_bdut 200 kéV. .The Xenon nucleus
then loses enefgy both by iohizati.on and nucleaf collisiox#s (Rutherford
scattering .by é. screened potential), As. the energy lost in the latter
>process involves no ibniza.tion, it is not detected in the proportional
'counter.- From the pulse height defect cur‘ves given by Bertolini,1°
it can bg e.stiirna_te(‘i'that only Xenon hgélei with energies between 106
~and 200 keV will leave .a countable _eneféy;. néutro;is capable of
transferring this engfgy must have an encrgy greater than about

3 MeV, and the total number of neutrons above this ehergy is about
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13/c:m2 sec, or 1/10 the total flux, Thus a _ro-ugh.e'stimate of the

number »of_co:.u‘nts produced by direct,'neutron interactions is .33/sec.

C. ,-_'RT‘G Neut_roris-: I_.nteraci:idhs in the Prépoffiohal CounAtelr

: Body ~ : R

‘ Ne'ufrohs interac.:ting'..in‘the proportional cox_mter: body cah produce
heavy ions :and' ﬁuclear garhmal ré.y:s which can go. on to inferact in
the i'det'ectolr.v Supposé,_ as in seétioﬁ I.IIA, that the counter body is
1.i5 g/cmz. Beryllium, The Beryllium cross-.skec_:tion- for neutrons is
“shown in Figure 20. . Consider first fhé .backgi‘ou.nd due to Beryllium
ibns; these will have babrange wh.ichvcan Be estiméted at 10 rng/cmz,11
for 10 MeV ioﬁs in Beryili@. Thus an 'upper' limit to the probability
- of an ion being created and reaching the a;ctivé. yoib.me of the counter
1s (probability that inéo_ming neutron goes (l.15-.01) g/cm2 without
interactingf(probability ‘that‘ neutron interactvs‘ m .01 .g.'/cmz). Taking

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

ol 14X 405 | -.405 XL 0L) 3y y 05 x 1073 = 2,55 x 1073
.sting"the“tcb)tal flux of 1.3.7 X 102 neutror.l-s./c,l’n2 sec ihc’ident on a
side of the .cc.)unter 40 cm2 in area, the total cont‘r_i‘bution is 14/sec;
this represents an upper limit to the"s;nrn b + B. | |
The backgfound due to garﬁmas éan_ be estimated by‘noting that
the fir.s‘t>excvited_ level of the Be nucleus is about 1,75 MeV?*2 above
| érounc_l., Thhs kthe probability of a gamma being created and leaving

a. count in the detector is (probability of neut_i'on interaction in 1,15

g/c:m2 Be)(probability that 1,75 MeV gamma 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

1]

b= (1 - eI 50107 1,37 x10% x40 = (.628)(5 x 107%)

X 1.37 X 10° x40 = 1.7 c/s -

B = (1 .(_; =.405 x 1. 15)(10 )(1.37 x 10%)x 40

it

.036 c/s

D. RTG Neutrons: Effects Due to Interactmns in Lead
Shields and Collimatotrs .

The follow1ng neutron rea.ct1ons'cax_1v téke place in lead for neutrons
with energies up to about 7 MeV:.

1 : sz_07 (t1, n) szo-7 (elastic s"ca'.tter) :

2, Pb_zq7 (n,n') Pb2‘07*_ (inelastic _écattex;) '
. T"he‘vcro.ss—sfect;ons for these rea.c‘ti.ons aré shown in Figure 21.7
In the slat collim;a\tor, an elastic scatter cdutd direct a neutron
towards the pr'oportiqnal'coxinte'r, ‘wh’ile"'a'n» inelastic scatter could pro-
dqcé a gamma (minimum energy _appvro.xir_na.tely’S'ZO keV12) which could
interact ix‘l'_th‘e-proportio_nal counter. . By the argt:ments of section IJ.IA‘,
upper limits to_-the cou.nting t‘ates producked by these effects. are
36 F(E) (Probab111ty of neutron interaction in ,227 g/crn2 Pb)
| (Probab1hty of neutron interaction in'1.37 X 10 -2
g/cm2 'Xe)_ for ne‘ut‘ron elastic. 'scatt_tering, and
36 ‘FV(E) (Pro.bab-ility of neutron inte_az;acti'on. in -.2'27 g/qm2 Pb)
(Probatbility of 570 keV gamma interaction in 1,37 x 1074
g/cm2 Xe), for neutron inela'stic scattering, where F(E)

rcfcrs 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-section for Xenon, the

first count rate is

_36(1;37;* ioz)(i | 227 x i.9}:x 10‘2)(1 ) ;-j.37 x-1o'?><3><1o‘2)
= 0134 ofs .
.And _x;eferi;_l;ng to Figure 5 the second is at worst.
: : _ ,2 o 2

- 227 X2.91 X 107" '3 % 1073) = 4.24 x 10

36(1.37 x 108)(1 - o
If aA-l cm thvick_' lead shield were placed along oné side of the
counter, as suggested in IIIA, for shielding against gamma radiation;
| neutro:né which ”svcat'tered inelastically in the lead could give rise to
. gammas which could then inféra’.ct in the counter. An ﬁpper limit to
‘the probability of this typé of ih’t‘eralction is (probabiiity that a néutron
interac_ts 'iz'q'_l cm = 11,34 g/’cm2 lead)(pi'obability that a 570 keV
gamma i.nté'ra'cts in proportional counte.r).‘ Using the total cross-section

for lead, and'the total neutron flux incident bn 40 sz, we h_ave

S - Cad )
= 5.2 c/s _ »
' : 11 2 -2 S
B = 40 x1.37 x 10% (1 - e 11e3% X2.91 X 10 Tyg 5 1075

L .296 s

E. RTG Néutrons: Effects in a Csl Shi.eld '

" 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 Hﬁg’hes,f’ the -cfoss.-section of Iodine
can be takeﬁ as 6.5 Barns/atom and from Walt and Barschall,® the
cros.'s-svectio_rll'_of‘ Cles.iurr_l éan be estimated at 6.5 barns/atom. “ The
ajtte_ﬁ'uati'oh céeffi_c_:ient- fo.r neutron_s_in stI then b:e‘é‘omes 1.5 X 10_2
cfnzlg, and the  number of interactioﬁs/sec in a 40 cmz shield is

2 .

2 e-7-"6 X.l.f.>,><v10' ) = 5,75 X 102 c/s .

b = 40 x 1,37 x 10° (1 -
Table II slimma‘fi_z_es the effects of RTG.neutroxis on the proportional
'cc_)_untex_"'.‘ |

_ Table II

Sour..ce--: o b ‘ ' B

Direct Interaction S . : , _
of RTG Neutron in 0 . ; 1 +33 c/s
Proportional Counter| S '

(n, n) Interaction

in PC Body - 14 /sec
(n,y) Interaction o ‘ o . '

- in PC Body . 1,7 c/s . - | «036 c/s
Neutron Interaction ' . 5.58 X 1072

_in Lead Collimator B ~.cls

Neutron Interaction | , _ : :
in Lead Shield 5.2 c/s . : .296 c/s

Neutrori Interaction ' R _ ' ' 2
in Csl Shield 0 o : 5.75 X 10
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F. Diffuse 'Cosmi’é X-ray Fll'lx Lieakapge

}The«.phofon.s of thé diffu'éé:cosmiC‘x-ray flux éan- '"leak' through
the slat collin‘iator at angles»greater'fhaﬂ 5° (it is. assumed' here fhat
the sides and bottom of the proport1onal counter w111 be surrounded by
vseveral g/cm2 of electronics. and mechamcal structures, minimizing
leakage- througn these areas) Assummg that the sl¢t collimator is
made o_f . 227 g/cmz lead (sect1on IIIA), and referrmg to Grodstein?
it is clea? that this_cplhmaj;pr is ;t lg-ast 90% efflc;en_t up to 40 keV.
intégra:tj,ng the 'cur\}e_s__ of Figure 6‘ above 40 keV, ‘and assuming that
the entife top of the counter (~40'cm2) is exposed‘to 2m sr, (geometrical

factor 40m cm2 sr), the upper limi‘ts'
- 2 a1, 2 - _
b = 60 cm”™ X1 sr X10 /em®™ sec sr = 18/sec

B-= 60 cm2 X 1 sr X 10-3/c1;n2 sec sr = ,18/sec

G. Cosmlc Ray Interactlons in the Proportmnal Counter

A minimum jonizing proton (energy greater than about 1 GeV)
will lps_e_'roughly 2 VMeV/g/cm_z in Xenon, Paths from 0 to 7 inches
.are possiblle,; ".s_o energy losses of 0 to 200 kéV can occur. - Using
a flux of 1 cosmic .ray/cimz sec sr .ab.o've_ 1 Ge:V, and considering' the
entire areﬁ of_‘the‘ counter (200 cmz) to be éxposed to 2m, thev number
of cosmi..c-‘rajrs traversing the c‘ounterv is 628/sec. Rise time discri-
mination m_ﬁ.gt therefore ‘be used to .minirh_ize the ;affec_té of cosmic -

rays. .
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H., - Cosmic Ray Interactions in the Spacecraft

If N is the flux of cosmic rays (c':m-2 sec sr), Nma cosmic

rays/sec will be incident on the area _a‘_ bounding a volume V. -

If the véiuine V has a mass W, a t};pi.cai path through the vo.lume
r'has a thicknes.s.W/a -g/crr.lz. Using a.rﬁean: free path of 80 g/c}rn_2
for cosmic rays, the probab111ty of an interaction is 1 - e-W/80a.
Rough est1mates g1ve W = 6,5 X 105 g and a =6 X 104 c':‘r‘n'2 for the
Grand Tour sp‘a_cecraft, so W/a = ll_, g/vcmz-, and the. probability is
approximately W/80a~in this case. | Thus fhé number of interactions
per ‘second is_ Ntma W/80a =‘N1T-W/80. .Assuming uniform production

of gammas throughout the volume, and assuming that each interaction

-pro'du'ces a ga'n'_lfna ray, then a small volume dV produces

18\IOTTW (i/V v/sec. The flux at a detector a distance r from dV is
N—g-o—vy—_ %Y- Z—;—}-r-ﬁ-— Y/cmz. sec., A detector of area A, whose normal

makes an angle 6 with r, will intercept

NTW dVv | 1 -p x/cose, . ~ NoW dV Aux S
_ Al - e ) cos® 80 V  int v/ sec.
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Thus the number of counts/sec due to -_the entire volume is

Evaluation of this _inte.gral‘ for simple geometries (spheres and cylinders)

shows that it is of the order 4mr, where r is a ‘charact_efistic dimen-

sion of the obj.e'c_t. Taking the case of a sphere, with the detector at

the center, there will be

NnmW 1
.80.

Apx _ 3Nm <y ‘
T3 4o 4vr = 5o a>A“'x
~§-TT1' : '

Using N = 1, W/a = ll»g/cmz, this becomes 1.2 A p x counts/sec.

Taking A = 40 vcmz and ux =

‘'l for an upper limit, we get 48 counts/

sec for an upper limit to b + B.
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The following table summarizes the background effects from

various sources.

Table IV

_Source

B

Diffuse x-rays
(LLA) |

" Direct Interactions .
of RTG Gammas
(ma)

~ Interaction of RTG
Gammas in'PC
Walls - (II1A)

Interaction of RTG
.-Gammas in ‘
* Collimator (IIIA)

Direct Interaction
of RTG Neutrons
in PC (IIB)

~(n, n) Interaction in
PC Body (IIIC)

(n,v) Iﬁte raction in
PC body (LIIC)

Neutron Interé.ctibn
in lead Collimator
()

Neutron Interaction
in lead Shield (IIID)
Neutron Interaction
in. Csl Shield (IIIE)
Diffuse X-;ray
Leakage (IIIF)

Direct Interaction
of Cosmic Rays (HIG)

Cosmic Ray Interaction
in Spacecraft (I1IH)

. 064/svec B

.530/sec

680/sec

303 c¢/s’

14 c/s

1.7 c/s

- .055 . C-/S'

5.2 c/s

4 57S-c/s

18 c/s
628 c/s

48 c/s

1.06/sec

24/sec

1.22 c/s

.33 ¢c/s

,036 c/s

.296- c/s

.18'c/s



(R

»

67.

IV. CONCLUSION
The most serious background problem is céuséd by RTG gamma

r adiation, .l Direct intera.-ctio'x;s of RT{GV gammas can be %educéd.by
active or’ passi-ve shielding of the counter;- as well as pulse risetime
analfsis on fhe counter 6utpﬁt; thig‘ technique can ‘reduce the baékground
by up to 90%, while retaining 8.0%-of the x-ray efficiency.1®’*
The problem of gamma interactions in the proportional counter

body can be solved by the use of multiwire proportional counters: an

-array of anode wires is placed inside the counter next to the walls,

and pulses are accepted from the central anode wire in anticoincidence
with the wire array. Thus electrons originating in the counter walls

are gated out, This technique has been investigated by Charpak et al}®

. Borkowski and Kopp,'® and Bouclier et al.’ In particular, Charpak

et _al. have shown that wire spacings dbwn to 1 mm are possible with

each wire behaving as a separate pro‘portional counter, and with no

sacrifice in energy resolution. Multiwire counters will also be used

.on the HEAO space_cfaft, v

We conclude that, using currently produced proportional counters,

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

is capable of operating reliably on the Grand Tour .spacecraft.
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The present best choice_of“instrur.nent thus appea-rs‘to Be:

1; Two separate multiwire proportional counters for -
redundancy.
2-.. Passive collimation to ,re_s-tri'ct[the field to ~5°, ‘wire- .

gi’id modulation co,ll-imation’ fo‘ ~0, 1° angular resolution.
3. 'NO active shieldihg, system arg'gnd the counter body is
required.
4, | Light passive shielding »a'rounc"l' any por.tio‘n_'of the
counter body‘ exposed to space to absorb most of the_
cosmic x-ray background.
: Inst_rumez;ts of this description are well known in the laboratory
and are widely used in x-ray astronom'y on rockets and will soon be
used o'_n sétellite's suc‘h as OSO and HEAO, Dev'elopme,nt Of. the

plé.netary x-ray experiment is therefore largely accomplished,
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