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ABSTRACT

In December of 1991 three silicon hybrid pixcl detectors each having 250 :. 25(_ pixels 30 pm square, made by the
Hughes Aircraft Company, were placed in a high energy muon beam at the Fcrmi Natamal Accelerator Laboratory,
Straight tracks were recorded in these detectors at angles to the normal to the phmc of ti_c silicon ranging from 0 to
45 °. In this note, preliminary results arc presented on the straight through track,,, t.c., those passing through the teD-
scope at normal incidence. Pulse height data, signal-to-noise data, and prcliminar,, straight line [hs t() the data result-
ing in residual distributions are presented. Prcliminar> calculntion_, _ht)v, .,,p:.llialrc_¢)lutlt)li t>l los,,.,than 5 him in iv,t)
dimensions.

1. INTRODUCTION __,,_2_ e e' • o °

An architecture appropriate for high energy charged __ _'¢'...-'¢'_
parucle detection is that of a hybrid [1-4 I. The ch_uged

particle detector and the readout electronics are con- _ v.<,

structed as two separ_.te silicon chips, each optimized _ < {"
for its specific function. The two chips, indiun_ bun_p ,.N,, _ c_..o¢,,._
bonded together, then provide the basic btllldifio block ,,. I

diode of the detector array is bonded to an independent '_o,
amplifier readout circuit on a mating VLSI chip via an c,,o,, :.,
array of aligned indium metal bumps that cold weld
under pressure to form ohmic contact), allows for addi .... -,
tional tlexibihty in the selection of detector and readout _%_^ _YP:"

electronics. For instance, a change in the Ic'akagc cur-
rent specification of the detector arra,.' >,,iiinot alTcct the Figure 1. %-hcmatic mprc,,vntata>n of a hybridSilicon IqN DaMe detv,.t_,r
readout electronics, nor will a change in the VLSI chtp

oxide thickness to accon_modate a r;.tdlalio[1 hardness specilicatioJl allcct Lhc detector anay. F_gure 1 is a
schematic rcl_rc,,cntat_tm oi a si]ic()I] PIN diode arra\
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Figure 2. Photograph of 256 x 256 silicon hybrid
similar to the ones used in this measurement.
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Figure 3. Microphotograph of an array of indium 5.86 V[')i) 60.$3A1
burnps prior to the bonding pn)cess.

Figure 4. A schelnatl_, representation t)f the
readout architecturv ot the 2_hx23h array

SILICON HYBRID ARRAYS and t)l the MOSFET ,ingle cell

due to a Ix'rceivcd radiation hazard, sv the entire exper-

Development of hybrid vertex detectors has been the iment had tr) be operated and controlled from OULside
goal of the authors smce late 19t44. "Ft) this end

the radiatio_ fence. API)aral us tO piace our experimental
256 x 256 hybrid arrays having 30 I.un square pixels

gear into the Ix'am line for Lhc tesi, and retnove ii st) thai

have been designed and fabricated. The sensor arrays changes could tx." made in orientation was designed,

were fabricated by Micron Semiconductor and the read- buiit and instal[cd by the Fermilab staff under the direc-
out arrays by Hughes Aircraft. Figure 2 is a photograph rien of one of the authors. This same apparatus enabled
of the 256 x 256 hybrid array' fabricated by fiughes Air-

the placcment of our test gear in various places within
craft Company, similar to the ones used in this measure- the broad muon beam, st) that data could be _lkcn ;.lt a
ment. The indiurn bump bonding done b), Hughes numbcr ot different irltel_sttJc.s.
Aircraft employed bumps measuring under 15 fun in
diameter. Figure 3 is a microphotograph of an array of Cooling of our api)aratus _aas achieved by the inclusion

indium bumps prior to the bonding process, of an air conditioning unit within the Faraday cage.
There was little in the vva)of control of the tempera-

ture, but the unit worked well in that the operating

THE SET UP temperature settled out at about ()'_" when the unit was
turned full on. Evcn the slight (l to 2"(2) temperature

The test was set up in the New Muon Facility at Fermi- shifts made noticeable changes in pedestal values, but
lab. A beam of muons of approximately 450GeV/c these were easily removed bv Lhc median filter to bc

momentum was available to a number of experimenters described later.Each of the silicon hybrids was mounted

in this area. The area was off-limits for personnel access on a stitch-_v_re board conkiining a socket for the 6g-pin
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leadless chip carrier and a filter for each of the DC Icy- special enclosure that employs a dedicated bus called
els necessary to run the detector The chip carrier cards the PECK bus.
were mounted on a small optical bench with each card

A data acquisition and display software package hazable to be moved along the bench while retaining its
orientation with rest×'ct to the other detectors. The N.'en written. Tile operating system is UNIX, the DSPs
detector which was mounted between the other two had have been lnogrammed m assembly language, and the

Sun 1._ progranlnlcd in C.an additional degree of freedom in that rotation about a

vertical axis was permitted. During the course of this The data were acquired at a rate of 2.4 ItS per pixel. The
; test run, the center detector was rotated from its normal three detectors, using six readout channels of electron-

i position through a number of angles from 0 to 45 °. The ics were read out m parallel: thus it required only 72 ms
, distance between the detectors was altered slightly to to store the data to the on-board buffers. The full read-

permit these changes in angle, out cycle took al:smr one minute per read, however, as
the system transfer rate to the host was limited by bus

t loading. The read cycle was not initiated by, nor was it
necessarily synchronized with, the beam. Thus, man),

DESCRIPTION OF THE DATA read cycles did not contain any data. The test neverthe-
ACQUISITION SYSTEM less resulted in more than enough data at each of the

various settings. The beam intensity was constant over
Figure 4 is a simple schematic of the readout addressing the run, but the tclescope was placed at various Iota-
architecture of the 256 x 256 array and of the MOSFET tions yielding data rates of Irom 50 to 400 trucks per
single cell itself. Thi,,, array contains only two output frame.
nodes for the entire chtl).

Figure 5 is a bh)ck diagram of t!_e high energy physics DATA ANAI_YSIS AND PREI..IMINARY RESULTS
data acquisition system. A Sun Microsystcms SPARC

Station 1* v,,orksLmon control,; a system housing a The data being presented hcrc is the/irst to be analyzed
Sun 1/E CPU, antplilicrs, ADC:;, digit:li signal prtx.'cs- b5 our group, and ctmsl_,Ls solely of the "straight
sors, PECK bus controller, and a clock generator. The through" nlutms. That is, those particles which ffansil

digital signal processor is the Motorola DSP560{)I. the tclcsct)l)t.' nt)rnkll tr) each t)l the three detectors.
This device acquires data at a rate of 1() MIPS, pro-
cesses it, and passes it, via the PECK bus controller Figure ¢_is a log l)lot that combines two spectra. The
(,also based on the DSP56001) to the Sun I/E. The StJN spectrum on the Iclt, d_e large spike, is a sample of the
1/E and half of the PECK bus controller rcsictc in noise inherent in thir_s5stem, while the smaller peak on
a VME crate, while the balance of the electronics-- the right is thc ,,_,_,mtlcau,,cd h\ the passage of the
including the other hall of the controller ......reside in a charged particle
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Figure 5. A block diagram of the high energy physics data acqui,,it_,n ,,_'stcm ust_,d lt)r thi_ mea_urernent.
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The data filter identities a "HIT" when the pulse height Figure 7. "1hc pul,,c height distribution _)t
• hit', lrt)m -t-3II£;c\ ,/_ muons tra\'er,qng thr{\,

in a pixel exceeds the minimum threshold (about 3()()() pl,_m,, _l ,,_l_v_,_at _,_rnml il"lcidcllt t'
e rms equivalent). This number is entered 1111otile .',;pec-

II'tlm. Only the PEAK pl\el is entered li'lie this plot. li should bC stll+tl"dctcd Ill)III lhc sccond-to-N.'-rcad

should be mentioned hcrc that these en{nos arc m;t nc_.- p_,\cl.

essarily part of a track. The beam conta_s a large nUnl- "+ Dc\i,;ing an t)t>t_l_um clustering algorithm, thc,,-
berof high energy garnn_a rays, v,hich at thl_, IX,_nt have end}, ali the p_xcl_, in a 3 *, 3 square about the pixcl
not yet been removed lrorn Lhc data. with Lhc highc>,L pul,;.,' hci,t_hl per hit arc combined Lo

lornl ;.llulls, _ hich is then ldcnlilicd with lhc chargeTo identify the noise associated with this hit, the pulse
let{ behind b) Lhc p:Jssagc oI the charged l)arl_clc,,.

height values in each of the three pixcls dclining tile
Thin rcsuhs iii LI I1CIISC-pCI'->,LIIII equal to three I '*Ifour comers o1 a 5 × 5 square about the hit pixel arc
fillies tilt' IlOl-,C{)Ii ;.1_,ll]elc tri\el.

entered (a total of 12 entries in ali). The Slgllal-to-nol.,.,c

ratio lhr a single pixcl can bc appro.ximatcd Iroin thL,, Pedestal V;.lri;.ltl_,)ll:.,;.llCprol)erl ) rcm-)vcd by ::ubtractiJlg
curve to be about 45-50:l, where the n{)_c i_ taken lt) /ronl each pl.xc] a I_JcdJan Iii{ct ctmlpri.,,cd oi the lllediall

be the width c o1 Lhc noise ,,:pike, and the sigllal is taken of the prc_ it)l*_,li\ c lr;..tlllC,, _altlc lor thai D\cl. In thl,,
lashR}ll, tCtlLIk'r,_ltsrc _t_ld t_ll_v' k';,lrl;tllL}I/', _.lrcpaq_crl._to be the most prob'ablc value oi the signal peak. As the
removed.

signal here is only the PEAK pixel, it contains onl)

about 60% of the deposited charge. The linal signal- Figure 7 is a pulse t_clght d;strlbution of hits \_tt'tn
to-noise will be calculated later after SUllllllillg ali of tile each hybrid detc_.tor. For each hit, _,_linch rc.,,idc,, oil

charge in a cluster, one of Lhc lifted st|a_ght lines, lhc pul_,c height lr_m_ lhc
pi\el with tile hl,_hcst pulse height lS coIllbliicd v, _lll

.As of this writing, no systematic effort hqs been made the pulse height,, oi ali oi the Dxcls ttl;.ll border ii, \ l/..

to understand the f'Jllowing systematic effects, those conk||zlcd _ a 3 :. 3 ,,quarc around tr, tt_ I{_tu_tilt

• Only zeroth order corrections for gain \;.irialit)lls sum ph)trod _li the II_tlrc. 'c

between even and ()(ld columns have t×'erl imple-
mented. Recall that even columns arc read out

though a separate analog chain Item lhc odd PRELIMINARY VAt.L/ES FOR SPATIAl.
columns, RESO[_U'I'i()N.

" Accounting for cross-coupling corrcction_ (the small In arl atlclX_l)t Lo dctcnl_w spatial rc sol tll lOll, str;.ll_lll
remnant oi charge that remains on a column's read linc.s ',,,cre lit to tt_c data, a_ld rc',idtK|l d_stnbulion pl_)t-

node after detection of a significant hit on a pi\el) led. Fhcsc ,,c ,,1_ _ _n I-_,_,.S,
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I _ ] _ I Determining the locauon oi the passage of a particle
through a pixel requires the use of an algorithm that-

30 - o=3.862 -+0.407 _m ta) - makes use of the pulse height of the PEAK pixel (that

UL one which has the highest pulse height per hit) and ib;

neighbor in Ix)th dimensions. This algorithm wax iirst
20 - discussed in [3] and will be mentioned again here.

" V ] In our geometry, particles enter the device on the

] I cathode of the PIN diode, the side farthest fro,n the

..- 10 - - bump bonds, Thus, much of the charge collected must
. drift across the entire depiction distance of 3(X)I.tm.

| The charge cloud, spread by scattering of the initial_-_ _t'j--- I 1 I a 1
"_ 0 , radiation and by diffusion, will have a finite lateral size.
._ o=4.846 + 0.511 pm (b) If a particle were closer to the "edgeof a pixel than to the

30 - - center, one would expwct charge to be shared by adja-
uu cent pixels. On average, we see charge spread over two

to four pixels of the nine pixels in a 3 x 3 array.

20 - - Detailed analysis dfa set of pixels near a particle hit
allows cak:ulation of Iour quantities: signal-to-noise,

noise, size of the charge cloud, anti spatial resolution.
10 - - In Fig. 9(a), a schcm:mc dfa 5 x 5 region centered on a

tj _ particle hit is sho_n. "lhc pi×el with the maximumb.-, signal, located al ((),()_, is labcllt'd "PEAK." The pul.,,c
0 J 1 l height of it.,,sigllal is refer: cd to as R Nearby pixels arc

-10 0 -10 located by oflsets t_tx_cen-2 and +2. Each pixel in the

,_,,_ Columm Residuals (pm) 5 x 5 region has its zero set by the use of the temlXmfl
median lihcr, which cssentiall 5 rejects previous lilts.

Figure8. Row (a) and column (b) residuals
plots tO the straight line fits to hits in the three Further, in anal)'zing a l)articul_u-hit, the outer border o1
detectors of the telescope, demonstrating the 1.6pixeis is u.scd to dcline two additional constanLs that
superb spatial resolution obtainable tire subtracted lrom the imwr 9 pixels to remove an\

5 x 5 Region Centered on Maximum Pixel
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Figure9, A schen_aticof (a)a ,5× 5 pixel region centeredon a particle hit, and (b) the E versus L planes
indicating the result of various hypothetical incident position.,,of aparticle within the central pixel.
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systematic offset that arises because oi LiI_ .,. ..... i_:, ;_, _ .... j ....
time between the measurement of the background
frames and the frame containing the p,i,t_,l,' hlL irl thi.,,; - ':'" ""• " ,,,,,° ,

last subtraction, the pixcls in the first and lifth column '" " ': ..° " '
are used tc, correct those ill the third column, while 0.4 --.. "'.,

the four pixels at tile extremities of the second and • '." '", "# • •

fourth column arc used to correct the second and fourth - ...,.. • . ,' -
column. "" ." .,' •

The direction of Ume in Fig. 9(al refers to the sequence F" 0.2 - .'.:';'.'." "' "'
of the readout of the pixels. In this device, columns are .. • • ".... ' •

read out in parallel; thus, the five pixels in the row -....'..;..: .. . -

.!o, , i, .. ,, °labeled-2 at the top of the figure are read out first, with _i'"_".'."'_" ' ": " '" ' :
sequential readout, by row, from -2 to +2 on the time 0 "

axis. For convenience, the pixel just above the PEAK is ,.........",:.._,,.......:.,t.....• -'"..: ...:"
labelled "EARLY" and its contents referred to as E, .." :. " "" " ' "
while the pixel just beh)w the PEAK is labelled "LATE" " ': " ": _'''" !" " ; ! I"

0 0.2 0.4and it.,;contents relerred to as k. E, P, and L are used to
derive the E a.nd k ratio from the relatit)l] g._ _- ,a,s_,0

E = E and L :: L
(E+P.L) (E+ P+L) Figurel0 A Scatterplot ot charge sharing

for high energy muons ir_cident on one ot
Figure 9(bl is a schematic plot in the E versus L plane the 23e,x 25e, detector planes ot the teh,-
cf what should happen if a particle were to hit different scope displa5 ing the cxpt'cted behavior

parts of the central pixel. Possibilities 1, 2, and 3 are
indicated in the central pixel, with their corresponding amount of charge to be found in a neighN)r _sone half.
results shown in Fig 9tbl. The position tf possibility 2 If it were larger it would become the PEAK.

will be close to or far IrOll1tile origin, depending on d_e These algorithms can be used tO establish the x and v
size of the charge cloud position of each of the hits in each of the detectors, and
Figure 10 is a scatteq_lot of the dam from this test run. then lit these points to straight lines. Gamma rays and
lt can be seen that the trend of this data to fall near the spurious hot pixcls will not participate in a straight lint.'
axes, as explained in Fig. 9(.bl, is as expected Since lit, and so are eliminated hero From the ph)ts of the roy,
much of the c3-cful systematic anal3,sis of the data and column residuals m Fig. b;, lt is [x)ssib]c to deter-
(such as gain corrections, etc.) remains to Ix." done. mine a first cstitllatc of the spatial resoluti_m of the "-

not too much will bc made ol tills effect at dlis time. 256 x 256 detector hsbrid,,. The rm_ rms is 3t,_: 0 4t.tmHowever, an analysi.s of the density of points in and thccolumn rn_,, _,,4s_-(_5_m.
this scatterplot leads to the following interpolation

algorithm SUMMAR Y/CONCLLISIONS/PROJECTIONS
For the rows,

Three 256 × 25(_ Hughes arrays have been organized
ifr x < 0.3, then d_ ---133 x Rx into a telcscol_ and placed ill a high energy muon beam
ilR x > 0.3, then dr = (i).5x (R_ + 0.5) at FNAL. A ntnne lc\el of less than 300 e (rms) has --

been obscr\cd at I.)"(' operation. Spatial resolution t)l :-
where R x = Larger Neighbor/SUM._ and better than 5 btnJ in both tilt.' x and + dilllel|_,_t)n.,,hze,

SUMx = PEAK + the neighbors above and below, been measured lor nornlal lllcldcnce

For the columns, the same tormulae apply A number t)l imlx_rtant sy_,tt.,nmt_cstudies remain tf_bc

ifR) < 0.3, dlcrl d_ = 1.33 ;,:R_ done that will r;tlrcl} lnt.'rcdsc tile spatial accuracy of
this measurement. Silllilarl), an allaJysis of the da!..:l =

ifRy > ().3, allen d_ = 05, tR,, + 0.5) involving nluons t,axcrsing the silicon at other dlan

where Ry = Larger Neighbor/SUM,, and nornlal incidence l,, irl progrcs,,,. These data promise
interesting resulL', lt ts hoped that they will not only

SUMy = PEAK + left and right neighbors show good spatial resolution, but that the)' will indicate
Note that these algorithms bound dx and a3 (the frac- the capability of actually measuring the track angle b\ =
tional distance from the center of the pixel) at 0.5, since its passage through a Sillglc plane oi silicon. The anal_- -_
Rx and Ry are txmndcd by (I.5. That ts, the largest sis is expected to bc conlplctc hx the cml of It,_92
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