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SILICON-BASED ELEMENTARY PARTICLE TRACKING SYSTEM:
MATERIALS SCIENCE AND MECHANICAL ENGINEERING DESIGN

W. (. Miller, M. T. Gamble, T. C. Thompson, and J. A. Hanlon
Los Alamos National Laboratory
Los Alamos, N2w Mexico 87545

ABSTRACT

Researchand developmentof the raechanical, cooling, and structural design aspects ot asiticon detecter-based
clementary particle tracking system has been performed. Achieving stringent system precision, stability, and
massrequirements necessitated the use ot graphite fiber-reinforced cyanate-ester (C-E) resins. Mechanical test
results of the eftects of butane, tonizing radiation, and a combination of both on the mechanical properties of
these materials are presented, as well as progress on developing compression molding of an ultralightweighi
graphite composite ring structure and TV holography-based neninvasive evaluation.

Keywords: particle tracking system. mechanical design, composite materials, dimensional stability, thermal
conductivity, compression molding, TV holography.

1. INFRODUCTION

L.os Alamos National Laboratory is engaged in research and development of a silicon detector based
clementary paricle tracking system foruse m the world's largest high energy physics experiment o be located
in the United States.! This silicon microstrip detector based system, iermed silicon tracking system (STS), 18
composed of detectors arranged both in aeyvlindrical array and inan array of hat pancels aboat the imteracton
repion. The overalllength of the STS i8S Tom, while the maximumdiameteris 93 m. Forthe STS toactueve
its physics goals, its mechanical structures and services must

« support 17 m7of siheon microstrip detectors andd stabilize their positions to withi S i,

= unitormly cool the detector system 1o 070, while potentially removing up o LVRW ot waste
heat penerated by the detector electronies,

o provide up to 3400 A of cuvrent to supply 6 S milhon electromes channels,

« supply all control and data transmission Tines for these chinnels,

« mnnze mechamcal structure and use low Z materiads, and

« rennun dimensonally stable throuphout exposnre to 1O Mrad over a 10 vear penod

The method tor supporting the individual central region stheon layvers combines adjacent Livers imto o ahoon
shelbas shown e Fapare 10 Central regnon silicon shells ae supported pamrwise by two compaosate support
cvhinderscomposed ol praphite/eyvanate ester resin (G/C F) to mimmze structural iateriads sohale masimny

mputtness and dimenstonal statnhity. The masamunm stlicon detector module length in the centtad repon
Meme Fach siicon madule s suttened by edype bondmgp two O 125 mon thick GAC B stps along the tenpth
of the detector edpes These sillicon madutes ave then bonded to the stucturad tngs made from GO 1 o tonn
the silicon shelbassembly. Besides providing, stractueal support, these tings, hereatter donoted cooling tinye .,
continn an mtersal heat prpe wick artery sttucture: Beeause the detectors i the central repon e canted atan
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Figure 1. Internal view of Silicon Ammay with Space Frame (cutaway).

angle of 7.4°, the top and bottom surtaces of the cooling ring assume a serrate geometry. Electronics mounted
at cach end of the module assemblies generate heat which flows through the thin-walled composite cooling
ring surtace facets, onto which the module is mounted. and evaporates the cooling fluid.

A dimensionally stable metal matnx composite (MMO) space trame will provide structural suppon for the
central and forward regions, Ultrahigh elastic modulus, immunity to moi. ture-induced distortions. and
tailorability of coefticient of thennal expansion (CTE) motvated this selection. Aluminum and magnesium
matrices, combined with P120 tibers (@ 0 v/o are candidates. These yield axial moduli of 525 GPaand 515
GPa with CTFs of 0.25 ppny'C and - 0.6 ppnvC, respectively.

An ultralightweight G/C-F sandwich construction enclosure contains evaporated butane vapor and provides
transter of 8TS mechanical support loads, This shell and irs end cover plates hbave an areal density of only 1.2
ki/m?. Experimental quasi isotropic (QD panels of 250 jun material thicknesses have been constructed from
1775 graphite and 1939 3 epoxy and wradiated using protons ata fluence of 10Y particles/em?, representing 10
operational years.  Out of plane mechanical distortions were measured to be less than S pm, instilling:
confidence inthe general matenial selections and construction approach. A Q.5 mn thin berylliuminner liner
will complete this stuft, low mass structure.

2. MATERIALS CONSIDERATIONS AND TESTING

Suingant detector precision required nse ol naterials capable of maintaimg: dimensional stability in the
presence of themul pradients, morsture, iomzing radiaion, and volumetrie devianons caused by butane vapor
mpress. The requirement to numinuze svstem steactueal mass while providing asutt sapport for the sitheon
dewction medi further complicates the desien. Bervllionys nearly transparent to particles and unpervions o
mostare and butane. Unforumately, ichas o arpe CTE s very costly, and requines compheated machimng:
provedures. G/ Fatenalsare o pood compromise havingmore favorable particle interaction charactensne
than monotithie metalsand more favorable CFE cost, and tabricattion charaecteristies than beryliom. The STST
cnvironmental factors required special considetaton because the performance ot G/C B exposed 1o a
combination of butane andonzmnyg radation s notwellknown, For this reason, amechanmcaliesung, progecam,
was underiken. Mechanical tests wete pertormed before and atterenvironmentally condiionimy the coupons

i butane hlled contuner, and weadiating them watla cobalt pammn ray source, These resuits are shownon
Tabe |

I ANL and one independentiesting orpamzationused simalar conventional tCON V) load finme sid Joad cell
hased tests, A thid onpazation used nondestcuve evaluation (NDE)Y methods seannimg electtoan nncros




Table 1. Mechanical Properties Test Results for P-758/954-3 Laminates Normalized to
60% Fiber Volume Fraction

Test Specimen Descniption
N
Mechanical Propenty Institunon Neat o X" QI
Elastc Tensile Modulus iGPa) LANL 17 323 69 100
LLANL* 34 321 66 110
CONV ig 324 64 96.5
NDE 17 280 81 975§
Elastic Comp Modulus (GPai LANL 17 300 67 Kl 3
. ANL* is 283 6R Rl 3
C ONV 14 270 6.2 772
Elasuc Shear Modulus (GPa) 1.LANL. 1.2 45 17
[.ANI = 11 48 17
CONV 12 a0 16
Potsson ~ Ratio [.ANI. 0238 028 03 02K
[ ANL .= 017 028 314 $RY 01}
CONYV 040 01 0003 Nl
NDFE 040 032 00060 FRE
Ulumate Tensile Strength (MPan (ONV 60 1000 AR My
Ulumate Comp Strength (MPa CONV 117 117 111

*Denotes results tor specimens envirotimentally condinoned by 10 Mixi and butane

copy anid scanming acoustic nucroscopy  fadetenmine the elistic properties of spectmens = The data penerited
by all insututionsand methads were comparable and closely matched published data meluding manatacturer’s
specttications The overall conclusion of the mechamical properties test program s that the P 75450 3
maicrials systemis now mechanically tully quabtied and s acceptable forachiey ing S TS basehne pertormange

objectives.

The coetticient of moisture expanston (CME) tor hydrophobic resins, such as 958 3 has heen well
dovcumented ' The STS application, however, will require dunensional stabiliny in the presence of botane v
ALOC Investranons o the strm saturation leve L and tnwe constant tor thes phenomenon.are protsang The
qualiy of the Limunate wall have an eftectontsuptake as wellas ismechameal pertormance: Quahits hasheen
my estiprated using ultrosonic techmgues, suchas pulse echoscanmng and tme ot thyphumeasaremenis These
techmques wete used o quantty the NDE elstic mechapcal properties of Fable Tand toesaluate the guo hin
of thue. compression molded coolmg nngs 'igute 2 demonstates anexample o pulse cchoso iy pphed
oL seprent ol cooling nng

L COOLING RING DEVELOPMENT

1M needtordense. luph hibervolome, highgoaliny, Qconhing nengs monvated the use of compresseon malding
tog then Libcation Anmcrrmental approach bas been requeredoespfimype s mom manut e ioningchodlensses o
fabricatmp a 360 coohing nny with g 100 o thick wall of sermted peomeus vane P20 1 monhine
compound ' The ialny of these thim walled components, composed of very brtle P75 niber Boeed ol
compound, necessitated osmg a0 30 e sepmentmold and commercatly avarlable moldue componnd aach
A those avulable tom 1CT Fibente, Ine tor minal attempts: Arc sepmcnts wene fLabogated tean el
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Figure 2.0 Image of pulse echoamphtude vanatons indicating w here compositional changes occur within the
COMPONIie,

producing components with 350 e thick walls using 6 mm leng fibers i the phenolic base with 38votiber
and 32 v/o resin. Biber length was reduced trom 2 mmbecause of flow problems encountered

An mmproved 1200 are segment mold was tabricated dind produced 300wl thickness ningares Thewe
were composed ol mtermediate modulus erphite tibeescapproxaimatels S pm long e a touchened eposa
resin High viscosity hindered suceess ot adlare sepments bearimg more than -4 v/o tibers Hhivhviscosnty abso
hindered the tabmcanon ot high 'S fiber volume 1200 are sevtoents asine TEM G000 rean

The C Fresmchosentoruse methe S TS coolmermgs s ICTEibente, Ine SO0 2 P s e s vieseosats isnearly
FOO tmes Tower than that of TEA 9000 cposs hence amaterials sesteni tsing O3 A lows well at vy oot
frher. Problems releasmie are sevments trom the mold were overcome with mold coatnes and proper selecnon
ot mold release aeents while a post carng mandrel mungated cectnon breakage !

Satistactony progresswais nede owards the mtermedate obyectiy col producime dense e tiberyolume high
quabinn 1700 e sepments composed of P2SAC T based moldine compound -\ photosrtaph or s esstl
coolne e are seement produced with PUSATE preprey moldimy compound ot Byovio tiber i shownon
Frgare 3 Phe simele remamimge obatac ke tor thes stage e accesstul use of P75 Tibers Toneer than 90 nm o

producion of 100w all thc koess components with ineher volume fiction

Frewe 3 Photosrapbeot acoobne toe e ceetnem beaniey Iy o S fibercand vy oeposs e s

actomal viewo




4. MATERIALS BULK PROPERTIES ENHANCEMENT

Exacting precision tracking design goals required maximizing key composite materials bulk properties used
for supporting the delicate silicon modules. Compression molded cooling rings provide mechanical support
for the silicon detectors as well as providing a thermally conductive path for removing heat dissipated from
the electronic modules. The latter requires minimizing the thermal gradient transverse to the cooling ring wall.
Consequently, the elastic modulus and thermal conductivity properties achievable with compression molding
were a primary concem . An experimental program was undertaken to enhance the transverse thermal
conductivity (k) of the C-E resin-based compression moldings. Test samples were produced using alumirum
nitride ( AIN) particles, diamond particles, and discontinuous, randomly-oriented graphite fibers separately and
in particle/fiber combinations. The thermal conductivities of these substances are ().2 W/m°C, 180 W/m"C,
18 W/m°C, 280 W/m°C, and 2000 W/m°C for the C-E resin, P75 fiber longitudinal, P75 fiber transversc, AIN,
and diamond particles. respectively. Specimens were cut from 3.2 mm compression molded disks and their
thermal conductivities determined using laser flash diffusivity. A maximum additive volume fraction ot 27%
was tested and compared with published data for resin thermal conductivity enhancement.*These data
suggested that a significant increase in conductivity would not be realized at such low additive volume
fractions.

For comparison with the particulate additive samples, test samples were produced using P75 fibens
compression molded with C-E resin. The tiber lengths varied from 90 um to 600 pm with an average length
of approximuiely 100 pm. Fiver volume fractions of 45% to 56% were tested. Enhancing the neatresins thermal
conductivity while reinforcing it with the P7.5 fiber was ultimately sought. The objective was touse short tibers.
approximately 100 pun loig, possessing an aspect ratio (AR) of more than 10, 1o demonstrate “long -tiber™
reinforcementehanacteristics pertheoretical predictions. Specific processing steps were taken toetfectrindom
fiber vrientation as a means 'o achieve a QI low CTTT composite with an enhanced themmal conductivity. It
was anticipated that the cooling ring k would be considerably enhanced by this because the 00 pm- wall-
thickness could be spanned by a few fibers, effectively producing i psuedo percolatic © ettect nominally
accomplished by agglomertionof 5 pmto 25 imeftective -diameter particles. Aliernatively, enhancement by
single tibers spanning the thickness would resultin taking masamumadvantage of the 1RO W/m 'Clongitudinal
thermal conductivity of P75 fibers, The ultimate goal of adding a high thermal conductivity metal to the P75/
O E system, to produce 4 high radulus, high k cooling ring continued o seem feasible until soveral cooling
ring are sepements were produced with AN T v/o, and P75 fiber, 39 v/o, The ko of these partial nings was
enhanced as expected but those with solids content above 50 v/o were very brttle, henee mdcanng the
infeasibility of this approach.

The desipn paramieters of the STS could be achieved using acooling ving witha k of 8 W/ '€ This wis now
10 be accomplished using only the 175/C F combintion. Subsequent mechanical tests on the specimens
hearing 100 pun long fibers res caled very low mechanical properties.an the range of those expected trom short
fiberreinforcement This warranted additional investigation, Inthe interim, 300 fun long P/S hiers were used
meoolinpring are sepmentsamplestopromote mmproved moldabibity of extiemelv thinsectionsand toacineve
more single tibers spannmy the wall thickness forenhanced k. Figure -Dillusteates the measured b torcoolng
ringts with i 60410 volume traction ratio for tiber/resin content. Thermal conduct: ties very near the aesp
poal werrobtamed. It was observed that the kdata forcomposite ring specimens - oduced wath 100 pglony:
fibers were deadedly Tower, Asa further comparson, thermial conductivity dica obtimed tromea carbon/
phenolic molded nng wah relatvely long tibersismeluded. Chans® and Springer® present theoteticalmodels
tork charactenstic of conimuous praphite fiber/polvmeric resmsvstems. These models were ised s abaselime
torassessing h enhancementol the discontimuous fibey systenn. "ipure Ademonstades the enban, et fadton
approaches seven

Sheng's predicnion” tor a randomly onented, accubar Cneedle Irhe™) paticle with an AR of 10w deprctedin
Figare -3 This AR s simban o that of the 100 g long: ibers, Sl predictions exast for the ngor asas ot



ellipsoidal particles oriented normal to the direction of heat flow.> For this case, the predicted thermal
conductivity is similar in magnitude to Chamis model at fiber volume fractions less than 40%. For both higher
tiber volume fractions and randomly oriente d fibers, Shengs model predicts considerable thermal conductvity
enhancement.

The Lewis-Nielsen model® can be used to characterize the elastic modulus as a function of fiber AR and volume
fraction as was done for k_enhancement because both are bulk material properties as previously indicated.
Using that model, it 1s possible to predict the elastc tensile modulus to resin modulus ratio for the composite
as a function of fiber AR and volume fraction for longitudinal fiber orientation. At a fiber AR of 1(X)X), the
modulus ratio for 60% fiber volume fraction is 82.11, which approaches a continuous unidirectional fiber
matrix. For AR = 10000, the modulus ratio is 83.6. For the C-E resin, a tensile moduls of 3.7 GPa was
established. Hence, the predicted composite modulus for the long fiber of (0.1 m would be 309.3 GPa per
Nielsen. This agrees with the test value of 321.3 GPa to approximately 4%. This exercise demonstrated that
fiber reinforcement AR ruist be greater than 100 to approach the stiffness of a continuous fiber composite.
Thisrepresents afactor of 10 greaterlength for total shear stress transfer than yielded by theoretical predictions.
Longer fiber reinforcement has a negative influence on cooling ring fabricability as previously stated, but is
overridden by mechanical performance concemns.

Attainment of high cooling ring stiffness, indicating a large composite elastic modulus. Ec, mandates a high
fiber volume fraction. Foran AR of 100, 2 60% fiber volume fracuion produces afactor of 1.7 greater stiffness
over40% . The improvementin stiftness 's also apparent at lower fiber ARs. Mostcooling ring specimens were
fabricated using fiber ARs on the order of 10 to 4(), with random orientation. The bulk propenties of such a
complex matrix can be predicted, however. Figure S demonstrates 2-1 and 3-D predictions and test daa tor
published models. These data are plotted at a nominal AR of 10, corresponding: to a fiber length of 100 pm.
Acid digestion tests indicated the fiber volume fraction o be approximuitely 45%. considerably below the goal
of 609 1tis difficult to estimate the extent to which the composite approaches a highly three dimensional
matrix. A review of are-segment photomicrographs suggests that for compression-molded components, the
compaosite is three-dimensional, but not homogenous. Atan AR of 1000, the elustic modulus has a definite
positive slope. Extrepolating the modulus calculation to AR equal to 10000 results ina value of 118 GPa for
the 2 D ease. This value is close tothe Y8 GPa measured on QI conttnuous fiber coupons, - hese results indicate
the Nielsen madel for cinstic modulus can provide a reasonable approximation for composite bulk properties
over a range of discontinuous to contintous fiber reinforcement.
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5. NONINVASIVE EVALUATION BY TV HOLOGRAPHY

Long term dimensional stability and dynamic behavior of the STS will be evaluated absolutely noninvasively
with submicron accuracy using TV, or electro-optic, holography. Similar to classical interferometry, in which
an object beam and refernce beam interact forming fringe patterns. TV holography will be used to produce
holographic fringes containing information about STS shape changes. These will be gathered by a television
camera, instead of film, input into a computer, and computationally interfered with a baseline state of the STS
to determine the magnitude of environmentally-induced static or dynamic deformations. This extension of
classical holography allows three dimensional, diffusely reflecting, nonplanar surface motions to be quantified
in nearreal-time. Figure 7 demonstrates a static thermal stress gradient whose source was the heat froma human
hand placed near asilicon detector module, deforming the 24-cm-long assembly by approximately 0.6 pm. The
dynamic capability of TV holography is demonstrated by Figure 8 in which fringes describing the fundamental
natura! vibration frequencies of bending and torsion of a silicon module are shown. The fundamental bending
mode of 94.16 Hz and torsional mode of 113 Hz were acoustcally excited and recorded. The characteristic
contours of the fringe patterns express the mode shape while the magnitudes of the vibratory displacements
can be determined from the fringe density.

6. CONCLUSIONS

Several conclusions are clear from the STS' matenials science and mechanical design information presented
herein. The use of C-E-based composite matenials for applications requiring dimensional stability in the
presence of a combination of ionizing radiation and butane is feasible. Elastic and inclastic mechanical
properties were found to be affected negligibly by 10 Mrads of dose tn a butane-filled cannister. The C-E also
demonstrated minimal absorption of liquid butane, approximately xx% by weight. Strain measurements ire
underway toquantify the coefficient of butane expansion, which isexpected to be no more than thar of maoisture
expaasion, making it acceptable as an §TS design material.

Success withcompression molding 400-pum-wall-thickness cooling ning are se gments composed of 60 v/o, )
pm-long, P75 fibers and ) v/o, 954-3 C-E resin is encouraging. Maximum cooling ring mechanical and
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Frpure 6. TV holography fringe pattern (left) and computer reconstruction (right) ot a silicon module’s
thermally induced static detormation of 0.0 pim.

Figure 7. TV holopraphy tringe patterns of avslicon maodule s feadaneniacl denamic bending mode ot 94 1o
Hz detty aned torqung mode ot Y Hz ipho,



thermal propertie s will be attained, however, with high fiber volurne fractions of long fibers, ARs near 100 and
lengths of approximately 1000 um, used in the molding compound. This fact was gleaned from published data
and extensive resin k, enhancemnent attempts using monolithic metal additives in conjunction with high
modulus graphite fibers. Charge deposition and cure cycle optimization must be accomplished to enable
production of dense, high quality components using long P75 fibers.

Static and dynamic TV holography tests of silicon modules experiencing bending and torsion were very
successful. The capability to quantify STS shape changes to the submicron level will provide useful
information regarding the system’s long term dimensional stability.
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