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P Th is  report documents the design analyses and test results that
were performed in the  development of a Multi-Ray Ablation Sensor.

• The sensor was designed to measure nosetip ablation along nine
individual rays with a single photon counting tube (Digicon tube).
The sensor measures ablation by measuring the change in gamma-
ray activity of radioactive sources located in the noseti p. N i n e
CsI scintillators convert the incident gamma—rays into photons
flight) which are coupled to the photon counting tube with —-

DD F O R M  147314_-r IIT fN U I  I N O V  A S S  OB S O LE T E  UNCLASSIFIED

78c~~~~~
I A 0

~~~nFt

~~~~ ~~~~~~~~~~

— I~~~~~ v~~~~ ‘ - ~~~4~~~ &~~~ ~~~~~ —~



~~~~~~~~~~~ 
r’—e ‘~~ ~~~~~~~~~‘T’ ”~~~

— -nt -i- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

4 UNCLASSIFIED 
_________

St ~ U R IT  S CL A S S I P I C A T I O N  OF IH IS  PA U 8  Wbw (hatø Eni.i.dI

20 . AI3 STRA( T (( ‘o u t  i nuod )

F l e x  lb t o  f ib e r  opt i c l i g h t  gu ides . l’he light g u i d e s  ar e  p o s t —
t ioned on t he Dig icon tube ’ s p h o t  o~’a I bode so t h a t  the  photoelec-
t r o n s  gen e r a ted  1w l i g h t  gu ide  p h o t o n s  are  e l e c t  i ’ost at  Ical I y
focused  to a c o r re s p o n d i n g  dio de  on the anode end 01’ t h e  tube.
The 11 m e  l i g h t  gu ide  image’s on t h e  pl iot  oca t bode are f o c u s e d  , one ’ —

• t u — o n e  , on a co r r e s p o n d i n g  a rr a  of d i odes . The photos ’ 1 oc t  rons
are accelerated and focused with — l~ kV and an e le c tr o s t a t  I c
lens . The signal outputs from the diodes are amp l it ’ ie’d andL shaped fo r  i n p u t  into c onv t ’n  t iona 1 re ’t ’i i t  ry v eh lc  e to  l emo t ry
i n t e r f a c e  e l e c t r o ni c s .

Three p r o t o t y p e  M u l t i — R a y  A b l a t  ion Sensors were fabricated and
tes ted to de te rmine  the  sensor ’ s e le c t  r i cal  and n u c l e a r  per f o r —
matice and t h e i r  pe r fo rm ance  under  v i b r a t  i o n .  The tes t s  show

• t h a t  the  sensors are  i n h e r e n t  I v  l o w — n o  iso and h i g h l y et’ f i c l e n t
m u l t i p le gamma—ray counters with e x c e l l e n t  g a i n  s t a b i l i t y .
Random v i b r a t i o n  t e s t s  at  0 .8  g~~/H z show t h a t  the sensor is
u n e f f e c t e d  by v i b r a t i o n  p rov ided  a v i b r a t i o n  i s o l a t i o n  sys tem is
used t o  support the Digicon tube—amplifier assemb ly.

The M u l t i — R a ~’ Ab l a t i o n  Sensor is concluded to  he e f l l o i e ’ n t  in
bo t h nuc lear  and e l e c t r i c a l  per formance ’ and o V t’er s extreme
u l e x i b i l i t v  in  p a c k a g i n g . The sensor e le ct r o n i c s  can be sepa—
ra ted  f rom the  v i b r a t  i o n — i n s e n s i t i v e  so m t  I l l at o r s  w i t h  f i b e r
o p t i cs .  This  a l lows ex t reme  f lex i b i l i t y  in  c o l l i m a t o r  design
because of t h e  m i n i a t u r e  so i n t  i i  l at  I on de tec tors . Also  • the ’
e l e c t r o n ic s  can be packaged i n  a r eas  of t h e  v e h i c l e  w i t h  low
v i b r a t i o n  i n p u t s  a n d/ o r  g r e a t e r  packag ing  f l e x lb  i l l  ty

It Nt ’ l ,A ~*~IFIEu )
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(‘ottv ’ t’~~is’n tactors lo t’ U. S. &‘ustoinaiy to tneti’ic (SI) units of IIII ’aMt t’ e ’ I I I I I h t ,

To (‘(Invert From ‘ro Mul t ip ly li v

*flg’i t i’Om i l l i t t i s  (ni) 1,000 ( I I I ) )  X i :  - to
atmosphe ’ u’ (normal) ki lo pasca l ~k Pa) I. 013 25 .~ F • 2
bar k i lo  pascal tk Pa ) 1.000 000 X F
barn ,ne’tei’2 (10 2 ) 1.000 000 X K 25
Lie’tttsh thermal unit (thermochemical) joul e’ (J) 1. (154 350 X F .3
calorie’ th’ i’u not’heniit’al) joOle (J) 1. 1 ~-l 000
e’al ~tist’t-niot’he’intca1)/cm

2 me ga joute ’Jni2 (MJ/m 2) 4. Is-i 000 X K —2
Cu t’ie g iga ln ’ t -qc a’ l’eiI (UBq) • 3. 700 000 X K ‘ 1
l I t ’4~, I ’t’t ’ (itflg1t~) t’a&itati (t ’a&t) 1. 715 329 X K —2
tk’g i-ce Fahrenheit tie g lee kelvin (K) t° I ‘ 459. 67)/i. $
electron volt joule ’ (J) 1. 602 19 X K —19

-‘ erg j ost le (J) 1. 000 000 X K —7
e rg / se’e’ond watt  ~W) 1. 000 000 X K —7
f oot ut e ’t c r (to ) 3, 048 000 X K — 1
loot— pound - tot -e t ’  joul e (J) 1. 355 $1 S
gallon (U. ~~, liquid) me’tc ’ t’3 (m 3) 3. 755 4 12 X N —~~

ine ’h tiit ’t t ’ i’ (III ) 2.5 41 ) 000 X K — 2
j erk Joule ’ (J) 1. 000 000 X N 9
Joule ”kilogi’ani (J/kg) (radiation dose

ahsos’tsetl) ( ray (t~y) ’  I . 000 000
kilotons tei’aJoule’s 4. 153
klp (1000 lbf) ne wton (N) 4 . -i is~~~-~ x K +3
kip  ‘inch2 (ksi) ki lo pascal (kPa ) 6. 59 1 757 X K + 3
ktap ii( ’Wtlifl— sec’otxl/m 2

(N - - s ’  IIi ’s ) 1. 000 000 X K + 2
oi ls’ l’Ofl Int ’te’t’ (III) 1. (1(1(1 00(1 X K -i;
in t l  i ue t e ’ t -  (Iii) 2.540 (1(1(1 X K — 5
to ils’ tints’ rnation al) mt ’tet’ (liii I .  609 3-14 x K +3

- 1 ounce kilogram (kg) 2. 834 952 X N - 2
pound - t o t - c e ’ ~lW’ avoirdupois) newton 1N1 1. 1 ‘~

pound — force’ inch newton  - m ete ’ ~ (N ’ to ) 1. 129 s-I ~ x F: i

pound — force/inch iii ’wt *tn ‘ hiit’te ’ r (N/in) 1. ~5 I 265 x F ‘2
poemd-(oi’ce/foor kilo pascal (kPa) 4. 755 026 X K
psunel - tom - e’t ’ ’i ne’!c’ (psi) ki lo INSSC’Ul ~k Pa) 6. 594 757
pound-mass (Ibm avoirdupois) kllogt ’ans ~kg) 4 . 53 5  92 1  X K - %
pound - mass-foot2 (moment of inertia) kilogt ’ain-ine ’t er 2

(kg ’tn ’s) 4. 21-I  011 X F - 2
pound—mass/foo t3 kilogI’ani ’ IIII ’ter ’t

(kg . - hIi~~) 1. 6(11 8-16 x I- : • i

rad (radiation dose’ absorbed) C ray ~ v ) • 1. (1(1(1 (lOs) X K 2
rocnt4~en (‘OUloIhib , ‘ki logm-alu (C -‘k g) 2. 579 760 x K -1
shake’ sceond (s) 1.000 000 X N — 5

s lug kilogram (kg) 1.459 390 X K 1
tori’ (mm 11g. 0° C) kilo p~~ ’al ~kPa) 1.333 22 X N — 1

The’ bccqut’rel (Bq) is the SI unit of radioact Ivity ; 1 Sq W e’vt ’nt”~ .
• The~ Cray ~C~’) is the SI unit of absorbed radiation,

A more complete listing of conversion s may be found in “Metric Practice Cuiele’ K 380-74 , ”
American Society for Testing and Materials,
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1 ,0 IN’I’ROI)t (”l’lDN

A Multi—Ra y Ablation Sensor has been develope d for measuring nose’tip and , if applic-

able , ‘ atshield ablation along nine indI vidual rays. The sensor use’s :t compact d igital photon-

counting tube (Digicon tube) that is capable of measuring, simultaneously , ablation along nine’

Individual rays. The sensor and QSso(’Inted electronics were designed and fabricated for potential

use on reentry vehicles unde r contracts DNAOO1-75-C-0315 and DNAOO1-76-C-0140. The’ sensor

has undergone electrical, nuclear and simulated reentry vibration te s t ing  for the purpose of evalu-

ating sensor perfo rmance unde r simulated reent ry e’nvi ronments and in typical nosetip antI vehicle

configurations.

The sensor h ;.s been de veloped in three phases. in Phase’ !, th e ’ basic ’ feasibility of

using I)igicon tubes lot’ mul t iple ray ablation sensors ii’as investigated and the results are described

in Reference I. In Phase I, the Multi-Ray Ablation Sensor was mocked up In the laboratory and

nuclear detection efficiency (for ~
‘ Ta) , cross talk , background antI ablation sensitIvity were deter-

mined in a preliminary fashion. Phase H involved the design anti development of a nine channel

ablation sensor for use on reent ry vehicle’s. Ttìis phase was funde d unek ’r cont ract l)N :~0O I - 75-( ’-

• 0315 and involved 1) designing a nine—channe l Diglcon tube , 2) developing optical coupling betwee’n

- I the Digicon tube and scintillators , and 3) fabrIcating prototype Mul t i-Ray sensors i’or evaluatIon in

the laborato ry and unde r simulated reentry vibration envl ronme’nt s . The results of Phase It proved

that the Multi—Ray Ablation Sensor is an efficient miniature se’nsot ’ as~ e’nibl v that is ve ry attractIve

for use on high performance reentry vehicles. Vibration testing, howe’ve ’r , showe d that the’ sensor

w:is effected by anticipated flight vibration levels (I. e. , 0. S g ‘ h I t  at -IS g ems) . Phase’ Ill , funded

unde r contract l)NA OOI—7 6-C-0 l- l0 , involved vibration hardening the sensor to vibration levels up to

0. S g -‘II i,. The results of the vibration tests show that the’ sensor is essentIally unaffected by s ibr a—
.•

lion up to 0.-I g -‘lit with the entire sensor “hard” mounted . For the sensor to pass the 0. S g ‘I I , -

level, the sensor must use a vibration isolation svste’in . W ith the sensor mounted on vibration

isolators , the se’nsor performance was unaffected by vibration.

in the following sections , the sensor design and test data are presented. The design

analyses, hardware’ fabrication and testing we’re conducted unde r contracts l)NAOO1’-75-C-031, ’ and

[)NA OOI —7t i— C—0l 40 ,  Further se’nsor development tasks and environmental tests are being eonducte-’d

under contracts DNA OO1 —7 6— C—0 3 l 0 and F04 70 1-76-C—004 1. The results of these’ tasks ~nd te sts

will be reported at the completion of the respective contracts .

--
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2.0 SENSOR DESCRIPTION

The Multi-Ray Abla t ion Sensor concep t is illustrated in Figure 1. The sensor

components are Identified In the figure and include: 1) Cs! scint lllators , 2) fIbe r optic couplers ,

3) nine-channel Digicon tube *, 4) hIgh voltage power supp ly and fIlte r , 5) preamplIfiers ,

6) amplifiers /discriminators , and 7) gas sealed structural conta iner. A photograp h showing

the Digicon tube , fibe r optics , scintillators , high voltage power supply, and hybridized anipli-

fiers are shown in Figure 2. The gamma rays Incident on the sclnti llators generate light (at

—0, 4 mIcrons ) that travels along the optical fibers to the nine-channel Digicon tube. The Digi-

con tube converts the light Into electrical pulses. The electrical pulses from the tube are

Input into low-noise , charge-sens itive preamplifiers and amplIfier/dIscrImina tors to generate

signals compatible with counters exte rnal to the hermetically sealed str ucture . The Digicon

tube requires a -15 kV power supply and a high voltag e filter to reduce ripple. To eliminate

problems associated with high voltage , the high voltage suppl y/filter and Digicon tube are gas

sealed.
— 15KV POWER

SUPPLY —..

RES ISTOR \
PREAMPS

I
HERMETICALLY
SEALED UNIT I \
• $IZE —4 1/2” x5” x 3”H I I• WT — 3 ~3 LBS I
• POWER — 2WAT T S @ 28V 0 ‘

\
‘

o I
NOSETIP -
COLLIMAT0R~~ 

FIBER OPTIC IBUNDLES 0\ #~ 
— .. (9 PLACES) —

\ I - _ .- ‘~~DIODE ARRAY
I “

~ (9D IO DES )

‘
I ‘1...— ~..OIGICON

— ,,, 
TUBE BODY

I ELECTROSTATIC/ 
“ — FOCUSINGI -‘ ...— I t,3 ELEMENTS

,

~, 
~ç~~~

_ - / FACE PLATE

O.25 IN. DIA. Ci I\ , SCINTILLATORS 
I CA(a PLACES) CONNECTOR

• FIgure 1. Nine-Channel Multi-Ray Sensor Schematic

* A class of digital photon-counti ng tube s manufactured by Electronic Vision , Co . ,  a DivisIon
of Science Applications , Inc. , La Jolla , California.
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- I Figure 2. Nine—Channel Sensor Components.

The fiber optics, connecting the scintillators to the [flgicon tube , allow the sensor
- 

, electronics (contained in the gas-sealed structure) to be packaged at essentially any location

I within the vehicle. This offers the potential for 1) small detector subelements in the volume

-~ I limited nose region , and 2 1 positioning the electronics in areas of the vehicle with relatively low

vibration input and ’or greater volume capability.

The sensor assembly is compact , relative to space—hardened photomulUplier tube s,

and is capable of processing more than nine-gamma ray scintillators. Presently the sensor
- 

with one Digicon tube Is configured for nine rays. The sensor components are fabricated to

meet MhI -M -3 85 10 level B high-reliability requirements. Sensor assemblies usIng two I)iglcon

tube s can offe r IS measurement rays with only an approximate 30 percent increase in volume

and weight. This also offers the option of Increased rel iability by using two tubes with

bifurcated fibe r optics from the sclntiflators to provide redundant readings of critical nosetip

measuremen t ra ys .

TWO nine-chan nel sensor s, one with a discret e preamplifier and one with a hybr id ized

pre amplifier , have undergone functional vibra tion tests at 0. 1 , 0 .2  and 0.4 g 117 . For t he

sensor wit h a discrete preamplIfier , no differenc e in static and dynamic count rate’s was found.

For the sensor with a hybridized preamplifier , the static and dynamic count rat e differed 1w less
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than fou r percent. W ith  the sensor vibration- t s ’ l  :t t ee l , no change • ‘ce’u i-r ~-d j~~ (he ~~~~~~~~~ t i lt ’  at

a vibratIon le~ ~l Of ti . ~ ~
( 11 : . .-

~ four— ch ann e l sensor • non—o p era t ing , has sun i ’d ni  n~ - I i i  ml  ~

of o. 4 ~ 
— I i i  Ibr at ton wi th out  any ( lang e’ in rf t inan c t ’.

51’ht’ nin e—channe l i)tglcon tu lle is i l lustrated seht ina t i t ’al I~- i n l-’i~ ur e  3 . Wlit ’~ ( i e ~l~t

from a seinti  I l.itor Impinge s on tht ’ pht9ocathodt ’. phot oe’lt’et i~ s u r e  ( ‘ f lu t t t ’ tI aI I e I  I t t  •ICe ’ t ’lt t’~I I t ’(l

Li p t o  t ’tte ’r 1~te~ s of 1 -~ ks’. Tht — st ’ t ’nt ’rge t lt ’ electrons are loct iseti ~‘n te ’ hack — bin st’d si I t ( ’ O 1 I  di ‘d1 s

opel’:ite ’ti in the ’ ElIS iFlectron 1(on~bartk ’d Siliconl mode. Focusing is accomplished by the ~lec -

rost a t  ie~ lens formed h~- the’ e ’t ei’t i’~w ie ’ s shown In the sketch , The’ photoe l ectrons t’ t ’ I ill I~~t I 1  Oil. ’

t o  - one onto an ar ray  of nIne’ silicon diod e’s 1t ’aL ’h 1 mil l im ete ’ r In c l i  a met e ’ r 1 wi t I i  each tfi otk’

I n~ a pu rtieul:, r area on the photi~’zi thi ~ It ’ of about the same’ etj n ~enstons as th e sit %e ’ s ’t l  diode ’ . The

tube ~a in is a function of the photoelectron olt age and t i-it’ photoelect ron energy I or t h r e’s ) Iol4l

i-oltagt ’1 requ i red to penetrate the ‘‘ek ’ad l ay er ’ on th e ’ diod e ’ s sci t ’t  ce’ .’ . I l i t n ie  thre shold  l t ac ~t ’ s

i r e  typ ic al ly  ‘.~ to 3 L V • and tube gai ns at I -~ k\ ’ a re’ between 3I 1 11I 1 a nil  4000 . The ’ ~-h .i ~~~~ pu lses

Iron-i the silicon diode’s I r e ’ am plified t- i~ a set of tow -no ise ’ ele ’t ’tr . ’iice ’ ~ . t h~’ nc • s (  i ’ i t t  lea I coin -

ponent of wh ich  Is an FF T eh :irge ’—se ns ii ~
- pre.I ~~p li t i e ’  I’. Pulse’s e ’\e’ e ’.’i I t n ~ a p i e ’ se’t h I t ’ sh o l t i

a t’e counted . The threshold is normally set h1 -t ~ e ’e ’fl th e electronic t Io t  s. and th e  pulse ’ fIe ’i ~,f i l

corresponding t o  a sing le ’ photoelectron.
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, 3.0 SENSOR DESIGN

The sensor was designed to measure nosetip ablation (and hea t shleld ablation , if

required) along nine rays. The sensor was configured to enable packaging the senscr electronics

In essentially any location in the vehicle with only the scintillation detectors placed in the volume-
-
- : limited nosetl p region. The sensor signal-processing elements entail low-noise , charge -

sensitive preamplifiers. The signal conditioning elements between the preamplifiers and vehicle
I telemetry have not been selected and are task s for a future program. The objecti ves of the

sensor design effort under Contracts DNA 001-75-C-0315 and DNA 001-76-C-0140 were to

design, fabricate , and test a nine—ray sensor assembly that would convert incident gamma rays

into corresp onding electrical pulses. The pulses are to be processed with conventional signal

conditioning hardware that has been used on othe r sensor systems.

The sensor design requirements and sensor electrical, mechanical, and optical

I design features are presente d in the following s”bsectlons.

1 
3 , 1 DESIGN REQUIREMENTS

1 The sensor design requirements were to: 1) configure the sensor for the Materials

Screening Vehicle (MSV), and 2) desIgn the sensor to operate in the envi r onmental conditions

typical of the Advanced Nosetip Test vehicle (A. N. T.) and th€ Technical Development Vehicle

(TDV ) flight test programs. In configuring the sensor for MSV , the design was to have minimal

impact on the existing vehicle hardware with the design objective being a redesig n of only the

- - vehicle telemetry interface components.

The environmental conditions for which the sensor was to be designed have changed

considerably duri ng the program. The environmental conditi ons that were to be used in the

design are presented in Table I. The various vibration test conditions that were imposed on the

sensor throughout the sensor development program are presented in Figure 4. En contrac t

DNA 0O1-75-C-0315, the 0.4 g2 /Hz vibration test with a 2000 Hz maximum frequency was the

baseline level. The goal in subsequent sensor development efforts , contracts DNA 001-76-C-

0140 and F04701-76-C-0041 , was the 0. 8 g2/Hz vibration level of Figure 4.

3.2 ELECTRICAL DESIGN

An electronics block diagram for the Mu lti-Ray Ablation Sensor is shown In FIgure 5,

Photoelectrons emitted from the Digicon ’s photocathode are accelerated by the electrical field

(-15 kV) between the photocathode and photod iodes. The photod lode s are placed on a header

• 
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Table 1. Sensor Environmenta l Design Requirements.

1. Temperature Cycle (Nonoperating ). —35 °F for 8 hours , increas ing to 110°F within

5 minutes and maintain for 8 hours. Repea t 3 cycles.

- 

- 

2. Humidity (Nonoperating) . MIL—STD 810B, Method 507 except maximum temperature

= 110°F and 3 cycles.

3. Vib r atIon (Operating) . See Figure 4 for spectra , 40 seconds each axis.

4. Shock (Operating) .

Frequency, HZ Response , G’s

20 35
33 60
58 100
76 260
90 260
220 170
400 700

5,800 2 ,900
10 , 000 2 , 900

Two Shocks Each Axis

5. LInear Acceleration (Op erating) .

Forward Longitudinal: 21 g 2 Minutes

Reverse Longitudinal: 190 g 1 Minute

- ~~
‘ Other Two Axes: 190 g Roth ways , 1 Minute

6. Acoustic Noise (Operating) . M I L - STD— SIO B , Category D.

7. Temp erature/Altitude (Operating) . Stabilize at 110°F then reduce pressure to

0. 17 mm Hg ~or less) and hold for 30 mInutes.

I-
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Figur i’ ~ . Multi — Hay Sensor Vehicle ’ Electrical Schematic,
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operating at ground potential. The’ photodiode array on the header Is shown In Figure ~. ‘I’h1 ’
diodes are 1 mm In diameter and placed on a silicon chip with a silicon-gold euteetle solder.
The electrical field between the photocathode and header is shaped by the’ two e’lt.ctrodt’s show n
In Figure 3. The shaping results In a focusing of the photoelectrons emitted front a specific
location on the’ photocathodo to a specific location on the header. A photograp h of the ’ ht ’adt ’r
showing the focusing cone , tube body and diod e array Is presented in FIgure 7 , An a r ray  of

light guides ~or flher—optic si Is positioned relative to the photocathode’ so that  the photoelectrons

generated by a particular light guide Impinge on a specifi c photodiode ,

Preliminary designs for the focusing electrodes are generated by perform ing e’le ’( ’tri—
cal field analyse~s on the tubt ’ components. The t’It ’ctrode’ designs art ’ then evaluated and re ’fine’d
by performing experimental measurements in the “demountable ” vacuum tube ’ assembly at
Electronic V ision Company (a div ision of Science’ Applications , Inc . ). The de’mountab le ’ assenthlv
provides a vacuum envelope external to the’ tube’ body and allows a demountab le ’ Lube to ht’
Installed and tested, i~ ’sign variations of tube components can he’ e ’nsllv evaluated in th e ass en t —
bly without a ffecting other tube components .

I)etection of the photocleetrons from the’ photocathode ar e e’arrie ’d out in nine ’ ltIt ’n t it ’al

I parallel signal channels. A schematic of one channel has been pre’se’nte ’d In Figure ’ ~ . I’hotue’Ie ’t ’ —

tron s impinging on photod iodes cause a charge’ pulse’ of approximately ~ x I 0 ~ 
~
‘ coulombs per

photoelectron. The photodiodes are ’ l’1N04 0 silicon diode’s (acquired from I liT) w i th  a capaci—
tanc e of approximately 2~ picofarads. The diode’s are reversi’d biased at approxin iate ’ly e~ vol t s

- j to maximize signal to noise ’ separation . The’ influence of diode bins on signal to noise is prt ’sen—

te’d In Section 4. 0,

The diod e pulse is converted to a voltage of about one mi l l i vo l t  wi th  a rise’ time’ of

approximately 0. 1 ~isec and a de’cav time’ constant of approxthiatclv 30 ~zsec. This e’ emve’rsion is

- -~ accomplished with a low—no is e  charge—sensitive preamplifier with a charge’ sens i t i v ity  of two
volts ‘pleocoulomb. Two preamp lifiers are’ considered as potential candidate ’s for use’ wi th  the
l)iglcon sensor. One preamplifier Is fabricated by SAl from disere ’tt ’ components and has suc-
cessfully passed electrical and vibrat ion tests (see Section 4. 0). The other pre ’ampliflt ’r is ii
six—channel hybridized unit manufactured by M art in  Marietta Corporation ( M M C I .  The’ pre-
amplifier is electrically compatible with the I) ig L~on tube ’ and Is e ’urr t ’nt lv under investigation in
Contract F047 01—7 t — ( ’—004 1 as tet its susceptibility t0 vibration.

—14—
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1 Figure’ ~~. h eader Ik’slgn for Nine—Channel I~~~con Tube
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Figure 7. Nine-Channel I)Igtcon Tube Components (Tube hlody ,
Electrostatic Focus (‘one’, and Nine— D iode ’ •-\ r r n v  hIt ’ader ),
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The’ preamplIfier ’s outpu t signal is amplified and filtered to reduce the signal

bandwidth . The signa l Is then compared to a discrimination h’ve’l act above the’ noise but con-

siderably below the single photoelectron peak. Signals which exceed the discriminati on level

Initiate s volt noIses which Increment a counter . A candidate ampllfler/ filt er/ diser imlnator is

manufactured by MMC , The unit is hyb r idized and is designed to interface with the ’ hybrid pre-

amplifier tha t Is currently beIng evaluated. The preamplifiers and amplifiers me’e’t the require’-

me’nts of MI1. —M— 385 10A and the units are Inspected and tested to MIL—ST I)—8 83 , level 13. Only

preliminary performance tests have been performed on the unit under the current program.

lh’talled electrical and environment tests on the unit are planned under Contract

F0470 1-76—C-0041.

The -15 kV power is supplied to the Digicon tube by a Venus Scientific oscillator

(Model 0— 6 .75) and multi plier (Model M— 15N) . A high voltage filter is used to reduce the’ power

supply ripple (approximately one percent peak to peak) to a level compatible with the tube (less

than 0. 1 percent). The filter Is a 100 mcgaohn-i resistor integrated into the sensor as shown in

Figure 5.

:1.3 MECHAN I CAL .  DESIGN

Mechanical design analyses have been per formed on the sensor assembly . The com-

ponents that were examined In detail Include the scintillators , fiber optics, Digicon tube , pre-

amplift crs and high voltage power supply, The environmental conditions that had the greatest

impact on the sensor design were: 1) vibration, 2) shock , and 3) high altitude. Th(’ vibration

and shock environments were important in the design of the scintillation crystal support , fiber

optics attachment , Dtgicon tube , and preamplIfier mechanical layout. h Igh altitude operation

required that the tube and high voltage power supply be gas sealed to prevent high voltage

breakdown.

I)i scussions of the mechanical design details of the major sensor sub—elements are

presented below.

3. 3. 1 Sclntillator/Optical Coupling

A mechanical layout showing the optical coupling between the seintillator and Di gicon

tube Is presented in Figure 8. The layout IdentifIes the’ materials of each component ~n the ’ opti-

cal coupling assembly. The critical stress region in the optical coupling is at the ends of the

fiber optics . To provide efficient optical transmission, the fIbe r optics must be “butt-honde’ei”

to the tube and sclntlllator with optical cement. Flexing of the multistrand filter bundle’ can cause’

- 
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high stresses on the butt bond because of differential movement of the individual fibers. The
stresses Induced by flexing, in addition to the fact that butt-bonds are inherently weak , makes
the fibe r ends a critical part of the design. To strain relieve the ends , a technique was
developed tha t entailed epoxy-fag the fibers and swagging a metal fitting over the fiber ends. In
the strain relief operation , the following steps were followed:

1. A short section of the optical jac ket is stripped off the fiber ends and the
individual fibers are coated with clear epoxy (Hysol EK-20);

2 . A metal fitting is inserted over the fiber end and is swagged over the cladded
and uncladded fibers;

3. At the Digicon tube end, the fibers are attached to the tube with Hysol EK-20
-: uatng a butt jo int;

- - 
4. Afte r all fibers have been attached to the tube , the void around the fibers is

filled with EA956 up to the edge of the metal fitting (see Figure 8). After
cur ing of th -~ EA956 , the remaining void is filled with Sylgard 185;

5. At the scintillator end , the fiber is also coated with Ilysol EN-20. The fiber
Is inserted into a lens—spli t collet fitting (supplied by Tap Plastics , Inc .),
and the split collet nut is tightened to provide strain relief;

6. The lens fitting is bonded to a Cs! crystal with Ilvsol EN-20;

7 . The Cs! crystal and lens are coated with Tb 2 epoxy paint;

‘~ . The CsI-lens-fiber bundle a bonded into an a luminum tube with EA956
(Figure ~).

~!! bF$1t~
J

EPO XY

FIgure 8. Scintillator and Optical Coupling.
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l’he’se’ fabrication steps have ’ resulted in optical assemblies that are rugged and have ’ undergone 

-

severe fle’xing and ibration testing without any apparent change’ in per formance. An aluminum

tub e is place’d over tht’ (‘a l crysta l to provide’ structural support for the CsI lens bond. The’

aluminum tube Is bonded into a collimator with e’ith er EA956 or Svlgard I 55 , which represe’nt

“hard’’ and ‘~~oft’’ bonds , respcetive ’lv. both type s of bonds have been evaluated unde ’r vibration

with no appare’nt diffe ’rt ’nce’ in pe’riormane’e.

Ca l was selected as the se’Inti llato r ma t e’r ia l. (‘sI r elativ e to Na I is less susceptible

to shoc k and humIdity .  As described above , the scinti llator is epoxie ’d into au a luminum tube .

This is a hard stru ctural bond and provide’s structur al reinforcement for the seinti l lntoi ’  to fiber

opti c uoint s. Exa mInation of a scintil lator comme’retally mounted to withstand shock and ~-ihr a —

tion re’vealed that the’ scintlllatetr was ‘ soft’ bonded in an aluminum housing. The’ ‘soft ’ bemd , if

rt ’qu i red , ‘an b ’  plaee’d he’twee’n th e’ alti nti mum housing and c ohlima t or .

j  

Two basic types of fihe ’r optIcs we’re evaluate ’d for the scintil lator to h)igicon tub e

light coupling; plastic and glass. l’he glass fibers we’re found to he susee’ptible ’ to hr e ’akage ’ when —

subjected to t1e’xlng ‘Vt ’I’ small bend radii . Tht’ plastic fibe’rs, em the other band , were found to

be’ e’xtreme’lv rugged with e’ssentinllv the’ same’ optical transmlsslvltv as tbt ’ glass f ibers .  l’las-

tic fiber fabrIcated Lw IXi Pont was se’locted for use ’ on the ’ sensor because of high t ransmission

and good ruggedness. The’ fIbe r , Ct’et fon 1610 , has :u core (hifl flle’te ’ r of 0, kisS inch and use’s a

0. 130 inch outside diameter tacket,  The f iber dlnntete’r matches the effective’ are ’a of ( he~ h)igIe ’on

phiot odlode s afte ’r the ’ diodes are’ magnifIed by the 2. S magu i fi e’r (show n in l’ig~ut’ &’ 31. The’ opt le ’aI

transmission nie ’asur e’ment s that we’re ’ u~ e’d to sele’ct the’ fibe ’r are’ pr esented In Section -I . 1.

:i , 3. 2 l)iglcetn Tube

5. schematic of the 1 )i gicon tubt ’ h~ s been pre’se’nte’d in F’igu re 3. The basic fnbr it ’a

tion and design detaIls of the tube we’re ’ developed 1w ElectronIc \ ‘ision Cotupan ~ . In order to USe’

the tube ’ as a m u l t i — r a y  nuclear det ector , tht ’ following desIgn change’s were’ required to a four—

c hanne l Electronic Vision phette ttube’ design :

1. Change ’ the ’ glass face pla te’ to a fibe r optic plate ’ te’ maintain collImated light

between the ’ fle’xible fiber optics and photoenthod e’;

2 , Incorporat e’ a fiber optIc’ magnifier between the ’ fibe r optIc bundle’s and face’

plat e’;

h. - ~~~ — ,~~~~ - .  - -..-



3. Increase the ’ diode diant e’tt ’r (fron t 0. 33 to 1. 0 flint ) to increase optical

transmission front the’ , .3  mm diameter scintill a tors;

- $ -1. hle’de’slgn t he’ heade r to incor porate ’ an array of nine ’ 1.0 mm diode ’s;

5. (‘hatige the ’ tube body fron t glass to ceramic ~~~~~~ to aid in shoc k hardening.

These’ design change ’s did not r epresent major tube ’ modifications. The critical tube

processing steps th at are ’ required for the ’ gene’ral class of l)iglcon tubes remain essential1~’

unchanged for the ’ multi—ra y de’tector. The steps re’qulre’d to manufacture a tube photocathode’

surface ’ without destro ying the’ silicon die dt ’s involve forming the’ blalkali photocathod e on the

faceplate and tr ansferring the uni t to the tube body where the’s’ arc attached by coppe r cold weld—

j Ing. These proce’dures are designed to avoid “ poisoning” of the ’ sIlicon diode ’s during photocath ode’

manufacture ’ and pr e’vent photocath od e’ de’t er lor ntion which occurs at te’m pcrature’s above _ ) O .

L’h& ’ fiber optic faceplate provides a vacuum envelope and prevonts divergence ’ of the
- 

1 
light between tiui’ fiber optic bunellcs and photocathode. Iii order to control th~ image size on (lie

photocathode, the Light exiting the fiber optic s umu st remain collinia teel through (he vacuum seal.

With the fiber bundles coupled to glass , the light divergence ’ half angle is approxinua Le’Lv -16 °. Using

a glass facep late foe ’ the vacuum sea l will cause considerable light dive ’rgencc and an unacceptable

photocathode ima ge dia mete r ~an image diameter of approximateLy 0. 15 m d i ) .  The use of a fibe r

optic’ facep late will  nua int a in a collima ted lig ht SOUI’ c’e and an image diameter that is conupa ruble to

tht ’ tIit ~lc ella mete’,’ of 0. ( 1-1 0 I ne’hes .

The Incor pora ti on of a fiber optic magnifier be’tw ’en the fiber bundles and a faceplate

Is to facilitate’ Inst a llation eu f the’ fiber bundles onto the Iligicon tube. The magn ifier is used to
magnify the diod e’ :u rr av at the ’ plane where ’ the fiber bundles ar e’ to be attached. This results In

Increased spacing between the fibers and allows volume for the metal fitting required at the fiber

e’nds.

The diode diameter was Increased from 0.33 to 1.0 mm . This change was imple’nue’n—
ted in order to mInimize’ the’ reduction In optical transmission that is introduced h~’ the change’ in

diameter between the ’ sclntillntor (6.3 mnu dianue ’te ’r) and the diode Image on the ’ photocath ode’ .
The ’ re ’ductio n In optical trnnsntlssiern Is a function of the ratio between diode’ image area and

sctntillator cross-sectional area. Inere’asing the dIode’ diameter to 1.0 mm improves the optical
effIcienc y 1w a fact or of approxtmatt ’lv 9.
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A redesign of an existing four-channel header was required to incorporate an array of -

nine-1.O mm diodes. The redesign required laying out the diodes within the electrostatic focusing

a re’a of the tube’ with sufficient spatial separation to essentially e’Ithtinate electrical crosstalk, A
- 
1 

square ar ray , show n in Figure 6, was selected for the nine-channel tube with 2.7 mm between

diode centers. As will be show n in SectIon 4. 0, the electrical crosstalk betw een adjacent diodes

is less than 0. 5 percent of the diode signal.

The tube ’ body was changed from glass to alumina to increase the structural hardne ss

of the tube. Relative to glass , an alumina tube offers Increased tube body strength and increased

hardness at the ’ tube to metal toints. With alumina , the metal seals are brazed to the ends of the

tube ; whereas with glass , metal to glass fuzlng is required that inherently induces relatively high

residual stresses in the com ponents .

3.3. 3 Preamplifiers

A number of low-noise , change-sensitive ’ preamplifiers were Invest igated in order to
identif y candidate preamplifiers most suitable for amplifyi ng the fligicon tube output signals .

Important criteria for selecting a preamplifier were as follows:

1. Adequate low-noise performance wh ich will permit good separation of the

single photoelectron peak from the noise’ In the l)igicon tube pulse—height

distribution ,

2. Minimum vibration sensitivity ,

3. Compact size, since’ nine preamplifiers are to be packaged with each IMgicon

tube .

For laboratory testing of prototype tubes, a commercially available discrete com-

ponent preamplifier manufactured by Nuclear Equi pment Corporation was used. The electrical

performance’ of this preamplifier was excellent, as will be shown in Section 4. 0 by the’ tube pulse

height distributi on. The NEC preamplifier , while demonstrating excellent performance In the

laboratory, Is unsuitable for use in the multi-ray sensor because of Its large size and extreme
neicrophonic sensitivity.

*
Nuclear Equipment Corporation Model 336
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Table 2 summarize ’s the’ re ’sutt s of a prel iminary investigation t h a t  was aimed ut

Identifying an optimum preantp lifle ’r for  use in the sensor. Three ’ hybr id eh’slgns (lletekwell

International, Philco— Ford, and (~e’neral Eloctric) could bt’ e’lini iflnte ’et h ’e ’e ’aLese ’ of intide ’qtuite ’ lt ’ee

noise’ performanc e with the l)iglcon tube’. The’ two most promising e’andldate’s arc th e’ M ar t in  s ix -

channel hybrid and thc’ 55.1 di screte preamplifiers. The’ Martin hvb rid i?e ’d pre ’ant pllfle’r is ve’r~’

attractive since it is cemtp lt ’te lv eleve’lope’cI and is quite ’ compact (the stx—c hann e ’l preamplIfier Is

cetti talne’d in a “flat pack” about 2 . 5 cm x 2 • S em x 0 . ‘ cm thick) . The’ 55.1 discre’te’ ceimpont ’nt

desIgn can be’ pae’hage ’tI to me’et sensor volume ’ constraints; however , the’ amount of s~xue ’ c ’ ile ’t oteel
t I to preamplifiers would have’ to b ’  significantly greater than for the ’ hybrid lesign.

Table’ 2 . Summary of Preamplifier 1X’ve’lopmc’nt Effort,

V I B ~ATI~ N
PR(AMP DE SI GNA T I ON CONSTRUCTION ( L(CTR ICAI T (ST S T (STS STATUS (~ i 7 6)

~~~ ~~~~~ . r~~sS I~I~~~ - —  f~~T TC I ~i
~~ - \\‘,I~~) : ‘ ‘- - ,~~~~~~‘,i ~~~~~~~‘~ i i ~~’’~ I I S I S

SI t  L IL’ F I T  i f  ‘ -~~
A C C I ’ I ~~ I

L) I II f A l t i  0 ‘ I \ t  1\ ~~~ F~~1T1

1 1- -\~~R )  v i I1R A TICIN 1 , \ t  ‘~I ~~-~i S’\ :~~ ‘ I \ L ~[D
A’~ :~ -\

~ ‘~ . - , I ~‘t ~ ~~~ \‘ \I I ~N I

S A t  It  ~~~~~~~ POSSI BLE SLIGF4 T tY Ct ’ t~~’~t~I I ‘‘~~~~~~t ‘~ N i
A L  -~~ -\~~ O ~-~

. -
~~~‘U M~ WIT H Mt~ ~l~~I()N I (— At ~~i~ \~ t ’ N f l A i L ’ :

________________________ 

S t L t , Ti ~~~ I T

DI SC~~ IL L NLI LI Id NIh I ~SL I I ~‘R FL IGHI
f I t  t N ’  ~S I C

~~~~~ II GOOD - - - F’ \SIlI~ i l~-\~ e1 I’ 01 SIGN

t4 ~ 0N Itl E\~I sSRL NOI S E — —  t - N \ t : t  1AI1 I  I

I:.~~ N -N-\I t O N A L  ~-t L I  ML N I

I e(I NNIVI  N I lNI  NOt C \ A O I  Ill t ’ ’ t 0 ~ lIPIO1Fi
I I t  ~ NI ) MICROPIIONIC CO~I~’I l i t  Nt ‘ I \ I G N

;t ’,I RAL ( L LC 1R I C fl~~ N lLl I ~C I  ~~I~- I NOI\ L - -

The’ 55.1 and Martin pi ’enmplit’le’rs t ahe an input pulse ’ of approxlmtite’lv 3000 e lec t ions

and amplIfy the pulse’ to about I mili l~ olt. because’ of tht ’ u’e ’la t ie  clv small input pulse’, th e ’ e’,’n

nectiern bctw e’e’n the ’ diode’ an(i Lu’e’antplifie’r e’an Induce electrical noIs e ’ Lw e’apat ’ itant ’e pi ck—up

during vibratIon. 5. arlat lon In capa e’itan e ’e’ ht’twe’e’n the’ connection anti ae itace ’nt ie Ires or a
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ground plant’ caused by lead wire ’ move’ment will introduce’ noise’. t o  minimii e le ’ad wir e ’

movement , it was nt’ee’ssary to mount the ’ pre ’amplifler em the b:ee kt La ’ ,’ t ’t the ’ l) i glcon tube eft e ide’

he’ader, The pre’an~pe tire ’ mounted on a cIrcuit hoard and the circui t  board is in turn k ’te n de - ,I onto

~~ the diode header :es shown In FIgure’ 3. ( ‘otme’ctiofls be’twe’e’n the di,’(Ie’ and pre’au~plIf it ’t’ arc nizuh ’

with posts mounted in the’ tube’ he ’ade’r. This design mechanically at tache ’s  tht ’ prt ’amp l i t i~’r t~ ’ the

et ie~Ie ’ header end connections are ’ made’ with  short , sti t’f posts .

3.3.4 1 1 1gb Voltage Supply and ( a s  Seal

~‘he ’ I )ig ic’t ’fl tube’ ope’r :etes on - 1- ’ I~5.’. ‘I’ht’ power is supplied 1ev a \ ‘,‘ti : ts  Scie nt lbc

oscillator ~M ode’l 0 — I ; . 7 ’~ tend multiplier ~Mod e’l M — I SN1. ‘I’he supp ly wt ’Ie A hs a t otaL of ‘~~. - , ounces

and can be’ packaged in less th an  6 in ’t , -‘ high oitagc filter is used to i’t - thtct ’ the ’ output ri pp le’ of ’

the ’ multiplier.  The ’ filte ’t is :e 100 megnohn~ resistor t 0 .3 Inc h in diana ’t t ’v N 1 .11 inc h longi .

To prevent high otta ge ’ break down during high altitude ’ operation , all hi gh e’ltage t o r n  -

peme’nts are packaged in a F A t S  st ’altx l containc’t’. ‘l’he compt ’ne ’nt s in the ’ container inctuek ’ the

It Igleon tube’, pre’ampl i fie’rs , high voltage ’ os’iltzitor ‘multip lit ’r , and a hig h t ’lt agt ’ fitte ’i ’ . ‘l ie, ’ gas

s,’a led e’nve’lop ’ ILSO ser~ c ’s as the’ structural mount f~ i’ the ’ Inte ’rna l compone’nts and connectors.

5. pr eliminar y tlt ’sign of the’ e’nvelope for MS~’ Is prt ’st ’n teel in Figure’ t~~. The ’ filte r optic ’ l’uneile ’s

coupling the ’ sein t i l l :u t t ’rs and tube ’ iteilet i’att ’ th , ’ st’ale’d e’n ve’lop ’ Ia .e fiber optic seal. l h , ’ t it~,-r

optic se’:el design Is pre ’sented In l”igure’ 10 . Strain i’e’lIe’t eel th e ’ fiber ~‘pt ies is  t’t ’q uire ’d l ’etw, ’,’n

the ’ tube’ and opiie’ sea l to re’lic’ve~ axial straIn induced by vibration. St r :e i i i  u’ ,’l i, -t is  ,u ’I, it -’ e’d I ‘‘,

1) putting a ht’nd In the’ tlhe ’r be’twe’en t he’ tube’ and optic seal ( Figure’ t I • .e ted ‘1 ‘ s~~t t ’ ii~ ~~ e it  i i i  t he ’

fibers in the’ optic s,’,tl with a silicon rublee’r .

To minlmi:e ’  e’le’t ’tromagne’tic and or R I - tnterf ’e ’re ’n ee ’. th e ’ 1 )tgi c~’n tub e ’ is  e ’th ’ :I t’s~t lzI te ’uI

in an a luminum cast ’ wI th  Mu—m e ’t ai .  The S, ’Lt le ’d f streucten’e’ is a l u m in u m  w i t h  Mu - — metal placed o t t

th e’ inside ’ surfat ’e’s. The’ tub,’ ease ’ Is holte’d to th~ s,’a ie ’,I s t ructure ’. The h ig h ~‘ltage supp l y anti

Ii lte ’r will e’lt her be potted in place ’ or ,‘ne ’:e pset I a t ’d  in i me’ hi I c i s c  - and bolted t o  t he’ stru e ’tu 1’,’ .

The ’ method of te t ta ’h in g high o l t age ’ compone’nts wi l l  de’pend upon th e ’ J C  a liab le olun ee ’ .
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4.0 SENSO R PERFORMANC E

Performance measurements have been made on three Digicon tubes and with two of the

tubes in flight prototype sensor confi gurations. Electrical and optical measurements performed on

the tubes show excellent reprod ucibility of performance between tubes , good signal-to—noise

separation , and excellent focusing properties. Electrical and nuclear measurement s performed on

the flight prototype assemblies show high gamma-ray detection efficiency and sufficient electrical

response to measure the counting rates needed for flight test (10 ,000 to 20 , 000 eps). Functional

vibration tests have been performed on all three Digicon tubes. Vibration tests on the tubes at

0. 4 g2/Hz produced no measurable change in count rate with a discrete preamplifier and less than

a four percent change In count rate with a hybridized preamplifier. Vibration isolation of the tube

and hybride preamplifier resulted in no measurable change in count rate at 0. 8 g
2/Hz vibration

levels.

The optical, electrical , and nuclear performance measurements are summarized in the

following paragraphs. The performance measurements and vibration test data that were generated

unde r Contracts DNAOO1-75-C—0315 and DNAOOJ—7 6-C—0140 are presented in detail. E fforts are

currently in progress under Contracts DNAOO1—76-C-0310 and F04701-76-C-0041 to Improve the

sensor ’s performance under vibration. These efforts will be reported at a later date under the

resp ective contracts.

1.1 OPTI CA L PERF ORMANCE

Optical transmission measurements were made to support the design and selection of

the optical system that couples the scintillators to the Digicon tube . A schematic of the optical

system has been presented in Figure 8. The tranL’mission measurement s were made wi th an SAL

Photometer , a CsI scintillator , and a 137Cs radi oactive source in the configura tions presented in

Figure 11. The scintillator was painted with Ti02 reflective paint on all surfaces except for the

face where the optical coupling is attached. The baseline case to which all transmission measure-

ments are referenced is noted in the figure and corresponds to the situation wherein the scinti llator

is bonded directly to an equal diameter photocathode.

In the transmission measurements, two components in the optical system were studied

in detail; the scintillat.or to fiber optic attachment and the fiber optic cable. The attachment

studies are summarized in Figure 11. A simple ‘butt ’ joint was fo und to be superior to a spherical

lens. The spherical lens data presented In the figure were for the optimum spacing between the

scintillator and lens. The butt joint measurements indicate tha t , relative to the baseline case, the

-- 
- - --
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FIgure 11. Transmission Measurements For
Fiber Opti c Light Guide.

transmission efficiency Is 0. 5 percent. This compares within a factor of two of the 1.0 percent

efficiency computed using vendor supplied data and scaling the loss in transmis sion at the scinti l-

lator attachment by the reduction in area ratio. The optical fiber is 0.088 inches in diameter and

approxImately 80 percent of the area is light guide. The reported vendor transmissivl ty for the

light guide at 0.4 microns (light output of Cs! is around 0. 39 to 0.42 mIcron) Is 0. 20 with an esti-

mated 0. 80 reduction in transmission at each end . With these dat a and a 0. 25-inch diametet ’

scint illator , the expected efficiency is 1.0 percent. The differenc e between the measui’ed and com-

puted efficiency could be attributed to scintillator end losses becau se the aft end of the scint illato t ’

was not painted with reflective paint. This could cause some light to be lost thr ough the annu lus

between the fiber diameter and scint illato r diameter.

The fiber optic transmission measurements were made using the ‘butt’ joint configura-

tion of FIgure 11. The results of the invest igat ion of the fiber optic cables and the tran smission

mea surements are summarized in Table 3.
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Table 3. Fiber Optic Cable Transmission Mcasui’oments .

- - CABLE TYPE BUNDLE LENGTH R E L A I R E
DIAM E 1 ER 1’ RANSM ISSIVITY

(Inches) (Inches) 
________________________

1610 Crofon , Past ic 0.088 24 1.0

1056 Crofon , Plastic 0. 056 24 a. 65

PFX Dupont, Plastic 0. 046 21 0. 10

5012 Corn ing, Glass 0.078 24 0.35

Of the fibers tested , the 1610 Crofon had the highest transmission. This fiber has

64— 0. 010—inch diameter Individual fibers. The 1056 Crofon has a single fiber with a transniis-

sivi ty that is 65 percent of the 1610 Crofon. The 5012 glass fiber offers good mechanical flexi-

bility, but has low optic transmission. The vendor reported transmission versus fiber length is

presented In Figure 12.
100
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Figure 12. Transmissivity of Cand idate Fiber Optics.
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‘l’he optical coupling studies show that a signifi cant amoun t of the light is lost in the

reduction from the scint illator to fiber optics. ‘l’he studies of Referen ce 2 show that a conica l

reducer offers no significant advantage over a fiber to scintiltat ot ’ butt joint. In Reference 3 an

- 
- Investigation was made to identify the optimum optical reducet ’ for scintillatoi ’s. The opt imum

reducet ’ was concluded to be a parabolic configuration and offers, relative to a conical t ’educei’,

less than a factot ’ of two improvement in transmission. For an overall o~~tcal system efftcte ’n& ’y

of 0.5 percent , a factor of two improvement is relatively insign ificant.  because ol’ the relat ively

small improvement , the parabolic configuration was not Investi gated fLu-thel ’ .

-1 .2 ELEC’I’lUCAL PEI1FORt ~-lAN CE

Electrical per fo r mance tests have been perfo r med on three prototype sensor assem-

blies. ‘l’he tests have entailed the following measurements :

1. Pulse height distributions of I)igicon tube/preamplIfier output to iden t ify

signal to noise separation .

2. Cathode surface scan s to identi fy tube focusing chara ~’t ei -ist~~-s and t ube—
- 

, related (electrical ) crosstalk , and

3. CountIng rates to measure ancI ent ’ detection etTii -iencv .

l’ho pulse height distributions from the four—channel tube at-c presented in l”tgtlu ’s 13

and 14. The distributions a t o  plots of the photon counts measured at spet’i ii c photon t ’ I I e I gY

deposition levels (keV) . Figure 13 identifies the electric noise , signa l and th e optimum region

for dl sci ’imlnat o r setti ng . I’hc distributions were measured using the sensor assembly of

Figure 2 . a Nuclea r Equipment Corporation Model 336 preampl i f i er and a _ ‘ w et’ to irradiate

the (‘si scinti lLator . i’he low—no ise perfo r manc e of the tube is illustrated h~- the excellent separa-

tion between the peak corresponding to the detection of a single photoe lectron and h it’ tube noise
- 

- (sharp Increase at pulse heights below the typical discriminator setting noted in I - iguI - &’ 13). In

F’lgut-c 14 . with the expanded pulse height scale , the events cori’espondlng to n iultip lo photoelec—

ti’ons are clearly discernable. The h igh peak—to—val ley rati o allows excellent gai n stability even

in the single photoelectron counting mode. Wt th  the dist ’i’imi nator setting shown in Figure 13 , t u e

measured counting rate duo to noise was measured to be less thati 10 counts see.

‘I ’he four—t’ h a imol t ube poi’formance. as evidenced liv th e qu alit y Ot the pulse heig ht

distr ibution, was investigated as a function of tube h igh volta ge and amplifier  shaping t ime con—

stant. The effec t of varying th e tube voltage Is illustrated In t- ’tgut ’e I S . -~.s th e voltage is
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decreased below 15 kV, the single phot oolect i’on peak—to—valley i ’at io det’t ’eases and it  appears

that 13 k\’ I s a practical lower l imit  beyond which count rate stabil i ty in the single photoelectron

counting mode would st i f fe t ’ . The effect of vary ing the amplifier  shaping t ime constant is shown tu

Figure 16 . At t ime constants shorte r than 1 . 0 z set’, the quali ty of t lie pulse heigh t dish ’ ibut Ion

detei’lorates. ‘l’Iw count i-ate capability of the ablation sensor , using a t im e  constant of scvt ’iaI

microseconds , should be adequate for counting rates up to 50, (100 eps, whi ch ex ceeds ant i c ip ated

requ t cements. Count— loss t ’or reel ions due to i ’h:i net’ —c s 0 nt ’Idenee pulse p ileup can he made with

good :it’t’ui’at’v The effect of va I - wing the diode l~Izis voltage is shown in FIgure 17 • Bias voltage s

between 2 and S volts results in go xl signal to noise separation.

I u  1st’ heIght distr ibutions from twi i  nI ne— chann el tube assemblies are p*’csente’d in

1’Igure 1$. The di str ibution s lot’ tube S ~~ 352 wet -c measured using a disc”cte pi’ea mplifiei’

(fabricated by SAIl and a light emitt ing diode. l’he light emitting diod e was used to s imulate  the

light  IMilses genei’ated by a CsI scint i l intor .  Actual st ’lnt i llatot’s -~t ’ntIioact t~ c soul et’s coul d not be

used because vibration test schedules lo t’ the assembly did not allow t ime to at t ach scint i lLato r s

•~ 
SI
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Figure 1$. Nine—Channel l3igicon I’uLse hle ’ight ta sti-Ibut lons .

4 and fiber optics. The distributions for tube S N 3~ 1 w e t e  measui’ed using a Iwbt’iili ed

preamplifier (fabricated by Martin Mat’te t t a—lk ~nvet’ ) and (‘sI st - in t i l l a t o r s  o t i l t  a t soUt t ’t’ .

- - A measu cement of the elect r I en I or tube — related crosstalk was obtaIned by scanning

with a 2 .2-i mm diameter optical flbet’, across the photoenthoek’ ove r the sensitive are a of a single

diode. l’he response of th e’ tube as the i l luminated optical fiber is moved across t he’ fuhet - optic

magnifier is  shown In Figure 19. The magnifier enlarges thit ’ diode I mage platte Lw about a factor

of 2. 5. Note that the response drops off sharply as the light source is moved off of the photo—

cathode area being i n~aged onto the diode. T,ypical diod e spacings for the nine—chann el tube a t e  on

the order of 2. 7 mm (or 7. 6 mm on the enlarged scale of Figure 19). t stng the data of Figure 19,

the electri cal t’t’osstaLk lot ’ the nine—channel tube is calculated to have an uppe r l imit  which ranges

from 0. 5 percent to 1. 5 per cent depending on diode Location. (‘he measured electrical crosstalk
- for the four-channel tube is less than 0. 5 percent.

Figure 20 presents the measui’ed detection eI ( l t ’tonvios of thc~ four—channel tube w i t h

0.25 inch x 0. 5 inch and 0. 25 i nch x 1.50 inch i,’sl seintiLlat or s . In both cases the scintill a to rs

were coupled to the tube by a 2 1— I n c h long optical fiber ~0. 059 inch dlametet’i . It may be noted

- t  
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that the measured counting efficiency at 1. 25 MeV is very close to the theoretical detection

efficiency of the 0. 5 inch long scint iflator (—25 percent). F~ven though there is a considerable loss

of light in the optical coupling from scintillator to tube , the high sensitivity of the tube preserves

the overal l counting efficiency of the system. The fraction of the t heoretical detection efficiency

achi eved by the sensor decreases with gamma-ray ener~~’. It is expected to decrease because the

number of photons produced in the scinti llato r decreases , thereby reducing the probability that

enough photons will reach the tube to produce at least one photoelectron.

4.3 VIBRATION TESTS

Vibration tests were performed on three separat e tube assemblies; one four-channel

tube and two nine-channel tubes. The vibration spectra that were used in the tube assembly tests

have been presented in Figure 4. The lower spectrum (0. 1 g2 /Hz) is the A. N. T. acceptance test

level. The upper spectrum (0. 4 g2/Hz) is with the exception of the 2000 LI z cut-off level , a ‘F. D. V.

qualification test Level for shelf mounted hardware. Although the actual T. D. V. cut-off frequency

is 4000 lIz , the vibration tests were limited to 2000 liz because of vibration table limita tions.

‘I’he hardware tested in each of the three series of vibration tests are summarized in

Table 4. The test procedures and electrical support equipment are presented in Reference 4.

Basically, all tube and scintillator related hardware were subjected to the vibration environments

and all signal and power conditioning electronics were mounted off the vibration table. An electri-

cal schematic of the sensor vibration test hardware is presented in Figure 21. The hardware sub-

jec ied to vibration are noted in the figure. Pretest , test and post-test counting rates and pulse

height measurements were made on each tube assembly.

The four-channel tube assembly was subjected to two series of vibrat ion tests. The

objective of the first series was to veri fy the structural design of the tube , fiber optics and

scintillators. The tests were conducted with the tube non-operating because a preamplifier was not

available to support a functional vibration test. Mounting a laboratory preamplifier off the vibra -

Lion table and conducting a functional vibration test could not be accomplished because of the low

diode output signal and its susceptibility to capacitance pick-up. The sensor was subjected to nine

minutes of 0.4 g2 /Hz vibration (three minutes each axis) with no change in pre- and post-test per--

formance. Also , none of the scintillators, one mounted with structural epoxy (EA 956) and the

other soft-mounted (Sylgurd 155) experienced any measurable performance change.

The second series of vibration tests on the four-channel tube was conducted with a

Martin NOAA hybrid prea mplifier. The preamplifier was borrowed from Martin to support the
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Table 4. Sensor Hardware Subjected to
Random Vibration Tests.

D1GICON HARDWARE VIBRATION TESTED

4-channel . Di gicon Tube 0 .4 g
2 / lIz

• Fiber Optics
• Scinti llators
• Optical SeaL
• Hybrid Preamp (1-channel)
. High Voltage Filter

9—channel • Di gico’ Tube 0.4  g2 / l I-z
( S N  3 • Discrete Prea mp (2—channel)

• High Voltage Filter

9—channel • Digicon Tube 0. s g2 / I I z
4 ( S N  3511 • Fiber Optics

• Scintillators —

• h y brid Preamp ((i—channel)
. High Voltage Filter

- ;  ~~~~- -—— -—  
- ~~1

_ .01~L FI ~~— 5OV J,
DIODE BIAS

I 20Mg + INPUT
‘ GROUND

I — INPUT
PIIOTOSIL .oo iiii

— - I 
TUBE 50V I

I PR EAMP

I I

100 Mfl — — — — — — -J TC 203 .J TMC 54i]

I AMPLIFIER SCOPE
I POWER II SUPP ~~ I TENN EL EC SINGLE
I I 548 P CHANNEL
I SCAt ER ANALYZER

ORTEC 455
• — — — — — — — TENNELEC

-28 V INPUT T I M E R
GR OUND

3 PIN CONNECTOR MULTISCA LER I PULSE HEIGHT
MODE ,j MODE

SENSOR ELECTRONICS ENVELOPE 1 PULSE HEIGHT ANALYZER
(MOUNTED ON VIBRATION TABLE ) NS -636

Figure 21. TypIcal Sensor Vibration Test
Elect rical Schematic.
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test because the ’ Mar t in  six-channel hybrid preamplifier (to be used with the Digicon tube) was in
1

development. Sine-c th e  preamplifier was borrow ed, a temporary mount was constructed in which

the preamp LifIer was spring-loaded and approximately one-inch leads were required to connect

the tube diodes and preamplifier. t’hls type of mou n ting proved to be totally i nadequate. At

vibration levels of 0. 1 g
2
/IIz , the tube-’preamplifier assembly exhibited excessively high

vibration-induced noise. In order to establish the noise as being tube or preamplifier-related, all

power leads to the tube were disconnected and the preampLifier output was monitored. The pre-

amp lifier output again experienced excessively high noise dur ing vibration. All leads between the

tube and preamplifier were then disconnected and the vibrat ion test repeated. The preamplifier

output had excessive noise resembling the behavior of the previous two tests. II was therefore

concluded that the preamplifier or the method of preamplifier mounting caused the vibration-

indu ced noi se.

Because of the inabili ty to test the four—channel tube unde r vibration , a vibration test

- 

‘ with a nine-channel tube and a per manently mounted prea mplifier was plann ed. Because a Mar t in

Marietta hybridized preamplifier could not be obtained to support the test , SM designed and bu i l t

a t~%o—c h ann e l  discrete preamplifier. ‘i’he preaniplifier components were mounted on a circuit

boar d and the board was in turn epoxied directLy to the tube header. Thi s design resulted in very

short and stiff couplings between the diode and prea mplifier. The cnttre assembly, consisting of

the tube ~ S N 3.~2i and preamplifier , was potted in an a luminum housing with Svlgard I~ 3. The

fibe r optics and s ’intill ato rs were not attached to the tube because of insufficient time. The light

pulses from the scintillators were simulated using a LEI). The S N 352 tube had a flaw in the

f~oer optic faceplate that apparently developed after the glass-to-metaL seal was made during tube

pr x’esslng. The flaw was in the form of a discoloration in the faceplate .

‘I’he S 1N 352 tube discrete preamp lifier and high voLtage filter were tested at vibrat ion

levels of 0. 1 and 0 .4  g2 ‘ lIz.  The pretest , test and post—test counting rates at 0 4 g-2 ’Ll’ i ar c  ~~~~

sented In Table 5. As can be noted , no apparent change in count rate occurred dur ing vibra t i on.

The pretest , test and post—test counting rates are all wi th in  the 1 a data scatter of the counting

statistics. The pulse height distributions do show a sligh t sh i f t  of the signa l and noise. lhowevei ’,

with the discriminator set in the valley between the signal and electrical noise , the vibr athm-

indu ced signa L sh ifts were not enough to influence the counting rate. The assembly was tested at

0.4 g2/LI z In one axis. Tests in the other axes could not be performed because aftet - the f i r s t  axis

of testing, the flaw orig inally in the faceplate developed Into a crack and caused a loss of vacuum.

Post-test evaluation revealed that the flaw was originally a small fracture plane extei’nnl to the

-36-
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Table 5. Digicon Tube S’N 352 Vibration Test Count Hate.

FE ST I KS’l’ (‘VNI ) I ’l ’lON , P 5T— l ’ l ’SI ~ ’l’l M I ;  5
Nt ) . l i v  ~;i. Ax IS ’  PR ETEST TEST TES1’ (SECU N I ) Si

- 11z1 (C PS) (CPS) (C PS) 
____________________

10 0.4 No Sou rce, V 5.1~~~2 . 5 10.9F4. 4 5.7~~ 3.5 40

11 0. 4 Source. 1 6793 + 95 6802 + 64 67~~9 • 63 40

12 0.4 Source, y 42 ~ ~~~4 681) 1 ~ 61 6831 + 59 40

~ I-axis is perpendicular to tube axis and paralleL to mounting p lane.

vacuum envelope , and vibration test ing apparently caused the fracture to grow and penetrate the

seal.

Although the S ’N 3~ 2 tube did lose vacuum between vibration tests , the resul ts show

1 1 that the mechanical and ele ctr i ca l  tube design are stabic at v ibra t i on levels up to 0. -i g2
~ LIz . To

prevent fur ther  f rac tur ing  of the faceplate , a faceplate inspection task was incorporated into the

tube manufacturing plan. l’ubes with discolorations similar to S N 352 are to be reprocessed

with new facepLates.

The third Di gicon tuI .e . S N 3~ 1, was assembled into a potential flight configuration

and was vibration-tested at levels up to 0 .4 g h i ’ .. The configuration consisted of a nine—chann el

4 Di gicon tube, a Martin hybridized preampl i f ie r , fiber optics and scintillators and a high voltage

filter . All components mounted on the vibrat ion table were ‘hard’ mounted to the structure. No

vibration isolation scheme was used in the assembly. The high voltage supply was not mounted on

the vibration table. The S ’N 351 tube had eight operating diodes and one diode with an open circuit

inter na l to the tube vacuum seal.

The pretest , test , and post-test counting rates for tube S/N 351 are presented in

Table 6~~ At vibration levels below 0.2 g2 -’liz no change in count rate was apparent. At 0.4 g2 / Ilz ,

however , vibration-induced noise was becoming apparent , causing approximately a 3.5 percent

change in count rate. The pulse height distributions taken before and during 0. 4 g2 /Hz vibration

are shown in FIgures 22 and 23. The distribution of Figure 22 is with the tube operating and a
60

C0 source. It can be noted that the noise level has increased and shifted towards the discrimina-

tor setting, causing the indicated change in count rate. The distribution of Figur e 23 was taken

with no voltage on the tube (includes focusing voltage and diode bias) and with the preamplifier

operating. Comparing Figures 22 and 23, It can be seen that the vibration- i nduced change s in

noise level are essentially Identical with or without the tube operating. From this it can be

—~~~~~~~~~



— - —
~~~~~~~— — -

-
~~
:-:-

~~
-

~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - r~~~~i~~~~~~~ : T h~ 
- 

‘ :—  “~~TT ~~~
I’

-?

5000
0 PRE TEST DATA

A 0.4 92/Hz TEST DATA

4000

~~~3000

2000

100 0 -

C L 1 1 ~~~~~
0 5 10 15 20 25 30 35 40 45

CHANNEL NUMBER

Figure 22 . Sensor S N 351 Vibration ‘F est
Pulse h eight Di stributions
(Voltage App lied to Tube).

0 PRE-TE ST DATA
- 

A 0.4 ~~~~ TEST DATA

2~
CHANNEL NUMBER

Figure 23. Sensor S ’N 351 VIbration Test
PuLse list ght Distributions
(No Volta ge Applied to Tube).

-38-



~~T’~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
-
~

- 

~~~~~

Table 6 . Digicon Tube S - N 351 Vibration Test Count Rate.

T1~ST TEST Ci. N I) l’li iN . POST— ‘t-t-:s’ r ’ r  I Ml~
NO. L t ~\- h- ;L AXIS ’ PRETES t’ TEST TEST ~~h - ; t ( )N1 ) 5

~g li z) (CPS) 1 CI’~-’i ICPS ) _________________ —

10 0.2 No Source, 7, 196 15 212 20 207 + i i  30

I l  0.4 No Source , ‘1. 103 15 241 22 202 • 19 30

11 0.4 Soutce, Z 6424 • 121 6050 • 1-4 1 6146 1 1-1 30

13 0.2 No Source, I 171 + 16 2~— 5 ~~~l7 i 2 2 - I . l ’ ~ 30

13 0.2 Source, \‘ 6]~4~ • 241) 6106 116 61 - 1 ’ 10’ 30

14 0. -I Source, 1 6264 134 65 96 134 6256 114 30

$ I-axi s is perpendicular to tube axi s and parallel to mounting p lan e, i-axis is tube ax is .

concluded tha t  eithe r the preamplifier , tub e header , and or preamp li f ie r  mount i n g design a :‘c

causing the vibration—induced noise. It may be noted that early in the vibration t es ts  an increase

in count r ate was experienced in two operating vibration tests. No quantitative explanation for the

i ‘wi-ease could ~ c found. In subsequent vibration tests the phenomenon (lid not reoccur .

Diagnostic tests were performed on the tube assembly, and it  ~ as concluded that t he

vibration sens i t iv i t y  is due to the tube header pr eampLifier assembly. To cl i n i inz t t e  (he ~- i b i - a t i o n

sensitivity , a vibration hardening task was initiated under S~-~MS& ) (‘ontract 1 0-470 1 —7 6 —C —00-I 1,

wherei n tube gain increases and tube vibration isolation schemes were being inves t igat ed .  Fests

performed on the S - N 351 tube assembly with a pre l iminary  vibration isolation desigu have shown

no vibration seasit iv its’ at 0. ~ g 2 
- I i  ,.. The oul se height dist i’Ibut ioiis  taken before ~u~d during the

vibration test arc shown in Figure 2-I . Integration ot ’ the pulse height speetrwu f rom the dis~-i ’ inii -

nator setting out past channel number 90 g ives pretest . test and l~ ) St — t eS t  counts ot 3~ , >26 . $5152

- . 1 anti 35502 , respectively. As can be noted , the static and dynamic integrated counts ai-e all ~ ith in

the 1 ~i data scatter of th~ counting statistics . The pulse height distribution does not show any

- - change during vibration. ‘tes ts at higher vibration levels we i-c not performed. The ~ i l i r a t io i i

hardening ta sk being performed under Contract F0 . 17 0l— 7 6—C— 00-1 1 wil l  be reported at a later dat e .
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:~ prototype mult i—ray ablation sensor using a nine—channel digital photon—counting p
i ) igic oi i )  tube has been developed. l’esting in (he Laboratoi’v indicates that thi s mul t i—ray  sensor

has high potential for obtaining detailed shape change informat ion on t’et ’ntry vehicl e nosetips dur—

• ing f l ight  test.

The measured detection efficiencies of the sensot - (with 0.25 i nch dian ietet- x 0 . a inch

long Csl scint il lator) are 35. 5 pci-cent , 26 . 1 pei ce nt , and 22 pci- cent , at 0. 12 , 0. 66 and I .  2s M e\ ,
respectively . With a 0.25 inch diameter x 1. 5 inch long (‘sl seinti l lator , the eff ic ien cy at I .

Me\ is 50 percent, Multi—channel operation of the sensor has been demonstrat ed wi th  font —

channel and nin e—channel prototypes, Tube—relat ed (eLectricaL) crosstalk is negligible (1 (o 2 per-

cent) compared to nuclea r crosstalk values expected for typical multi — i •ny nosetip guoniel r ies , I’he

background counting rates ( 10 eps) are tiegi i glIde relative to typical in—fl igh t  counting ia  it’s
I 52(~ 10, 000 cps). ‘l’he projected radioactive soul-ce strength of i’a required for a g i a p hi t i c  nos e—

tip containing up to nine ray s  Is est imated to be less than 0.1 cm-it ’s. l’he si’nsoi IIiiS success-

ful ly  passed vibration testing at 1). 5 g Ii,, wi th  a vibration isolation sys tem integra t ed  into the

sensor design. With no vibration Isolation system ~or ‘hard’ molintexi) the sensor was found to

experience approximately a 3 percent change In c *int rate at vibration test levels of 0. - I g ” I L .

No sign i ficant change in count rate was noted with  the sensor hard mounted at 0 .2 g” I I .  It i s

therefore concluded that for the sensor to operate sati sfactorily at vibration levels exceeding

0. 4 g l i t , a vibration isolation system wiLl be required.

‘I he principal advantage s of the I~ g i ton Mult i — Ens - Ablation Sensot- tha t is t oni inuin g

to bc developed under SAMSO Contract F’04701 - 7 6—C — 00 I 1 , are as follows:

(‘onipa ctne ss: A single 1. 0—inch  diameter x 2 .0 inch long pho ton—countin g

tube , whose sit e  is cotupa rable to that  of a single conventional space—

hardened photomultipiler tube , van process lig ht signals for up to nine

gamma—ray scintillation detectors w i t h  the’ present dlode— ai t’a~’ desig n .

2. h igh Onium a—Ilay Diitectlon l : I f i c i e n t v: Unlike (‘dUe, I he counting

efficiency of the rugged (‘si seintIl1ntor~ used In the present sensor

Is not li mited h~ t est i t et ions on the s u e  of the c i v s i a i  which can bt ’

manufactured. l-~f f i r i e t i t -ies of over 50 pei’eent have liecti obt ained with

f 1. 5—in ch long scintillators. ‘i’he high eff ici ency and unlimited size

allows, relative to (‘d I’e, In i’ger collimator openings and si gui Ileant lv

larger counting rates per unit radioactive st t’ength .

—4 1—
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3 . MInimum Per turbatIon of Noset ip Packaglng Only the small , effic ient

sclnt iltators (0.25 Inch diameter x L. 0 inc h long ) and thin fiber optic

bundle need be positioned in the nosetip region. ‘l’he sensor and eke -

tronk ’s, coupled to the scintlllators via the flexible fibet optics . can

be placed at essentIally any location in the vehicle. l’h(s allow s ml i i i—

mum perturbatIon i u the nosetlp region and provides maximum

packaging flexibiLity.

‘I. MInimum Nuclear RadIation Crossta lk: the  compact natur e eif the

sci tflIl lator allows much more complete tungsten shielding both a round

and behind the detector , compa red to other systems. (‘hanneltron and

photomultip tlet tubes are attached to the scinti l lator s and do not offe r

as much flexibility as the I)i gleon sensor In scinti llator placement and

shielding, CdTe requires shock IsolatIon which resli’ i t t  s detector

placement and occupies volume that could othei-wise be used tot

shielding.

• 5. Insensitivity to VIbration: The l)iglcon sensor has demonstrated the

ability to survive 0.4 g2
~ h Iz and with vibration Isolation is Insensitiv e

to 0. 5 
~
( liz vibration levels. The inherently rugged and simp le

mechanical design of the [X gicon tube indicates tha t wIth proper care

in mounting the tube and associated preamplifier , the sensor should be

quite I iisonsltive to vibration. In addition , the sensor elect t onics can

be easily positioned in regions of the vehicle wi th  rel at ivel  low v lb t a —

tion input.

6 . Unique Redundancy Capability : SeveraL fiber optic btin dlus may be’

attached to each seinti llator without sacrificing detection eff ic iency .

thence , by adding a second 1)igieon tube and usIng a bIfurcated fIber

optic coupling, the sensor rel iabIl ity can be significantly enhanced ,

7. Accommodates Inc r ease in Nu mber of Hays: Additi onal data chaniwls

can be added with mInimal volume and Di gi con tube impact.

-42-
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