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Recently, satis!actory new results were obtained at SL.;.: f!:"om gas sanpling 

calorirreters running in the sat=ated avalanche nodel within the energy range 

of 1. 5 to 17. 5 GeV. To study the higher energy behavior of this node, nme 

tests were carried out in the M4 beamline at Fennilab. This paper =tains 

results obtained from the MAC pro't?typa electrorragnetic and hadronic calori

neters running in the proportional, saturated avalanche, and the streaner2 

regions for energies between 12 and 150 GeV. 

Gas sampling calorirreters have gained in popularity during the last 

few years because of needs for fine granularitc; especially ir. colliding beam 

experi."1E!lts at superhigh e.'1ergies in order to provide a detectcr with good 

pattern recognition capability and e, 1· , ;c, and L identification within dense 

tracks. '.'.his can be achieved by providing suf::'iciently srraE cathode pads, 

strips which are grou,:ed longitu:linally in two or three sections. 

The main goal of t.'U.s work has been to stu:::ly e.'1ergy resolution and linearity 

as a func"-..ion of chamber gain and particle energ-J. As we will see from the data 

presented :.n this pape:::-, that there is a substa.'1tial inproverrent in the energy 
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resolution as the C--~arrber gai..~ approaches t..~e sattll:°ated avalanche region. 

Tne resolution is s-:.:..~2. aoc:i.i i::. the strearrer regio:-i. v.•i t:11 7-.~e hadron calc::i-

ueter for e.'1ergies, al -:hough only around 25 GeV and belcw. 

Sµfficiently large sisnals obtainable in the saturated avalanche mode 

eliminate needs fer ~reamplifier, simplifies electronics construction and 

calibration, and red'J.::es cost. 

D=s=iption of the Calorimeters 

; 
The calorimetern studied were the two MAC prototypes,- a hadron, and an 

electrorragnetic calorimeter. We will not describe t:.'1e electromagnetic calori-

rreter here since it is fully described in Reference 1 and 3. 

Fig. 1 shews the arrangenent of the hadron calorimeter. It is caaposed 

of 35 chamber planes and 35 iron plates of 2. 7 an thick, a total of 5. 7 

absorption lengths. The details of the wire plane are given in the figure. 

The wtiole assembly, :.ncluding t.'1e distributed storage capaci t.ors, was placed 

in an aluminum contai.'1er that could be evacuated for fast flushing with 49. 3 

p:rcent argon, 49. 3 percent et.'iane, and l. 4 perce.'1t ethyl alcohol mixture 

which was t.1-ie detector gas d=ing the entire tests. As shewn in the figure, 

the anode wires of each plane were connected to a ccmron strip, and odd and 

even planes were grouped together for studying 2 . 7 an and 5 . 4 an thick iron 

sampling. 60 m=ter long ffi58/C coaxial cables carried the total charge ob-

tained fxun these groups to two channels of LeCroy 2249W AOC' s which were 

gated with 2.5 usec wide pulses. The wide gate width was due to very large 

grouping of wires wi1ose capacitance exceeded 12 nF that caused long decay 

t:irres. There was no need for amplifiers between the wires and the AOC. 
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I.I1deed, :..t was necessa_~~ t~ attenua-:.e t..~e large sisnals :~:J::-: the larqe group 

o..: v1ires v1ith atte.11uatcrs \-c..lued betwee.11 2 cf!:> and 58 d:: :.:.....-:. -:..~e strearrer node) 

ciei:endi..'1g on the high voltage. The gas p::-essure was kept. <==lmd atrrospheric 

:::ressures all tirres. '.'.':le detectc::- cas was repler.ished evey = or tlLree 

:14 Beamline 

Fig. 2 shows the essential part of t.'1e layout. T:le H4 beam.line was made 

to provide charged secondaries up tc 200 GeV/c with e.'Tl?hasis en high rrorrenta 

:carticles . ."t,. sweeper dipole and a 3 nm thick lead ccnver:.er were added up-

stream to produce a clean electron beam by sweeping out the charged particles 

and =vetting y's from the r: 0 decay. Indeed, this was very successful as it 

will be shown later. Electron ccntamination of the hadron lr..am energies 

above 35 GeV wo.s 2-3 perce.-it.. This contamination was elirrinated by using a 

10 an thick lead brick upsc:-eam. 

The particles i..-i t.'1e beam were rrorrentum analyzed ::O:: a spectrorreter ccn-

sisti... 1.g cf ::our E!?B C..:..FQie rragnets a.'1C. tl".ree (x, y) sets D:: :-::u.l ti wire p:::-op:)r-

ti.anal chambers with l ;rm spacL'"lg which !Jrovided rrarentur, cietennination accu-

racy of i:,p/p :::., 0.5 percent at high beam rrorrenturn. At l=er rorrentum, the mul-

tiple scattering, ciue to scintillators, chambers, and several rreters of air 

gap, causes c. significa""lt deterioration i..'l. rrorrentum deteLri:1aticn. nus was 

rroni tored by t.'1.e chambers rreasuring bea'!l broadening in the nonbend vertical 

?lane whic.'1 was detenr.ined to be 6P/P '.::... 32 percent/p (GeV) . 
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':1:."1e trigger was SCl · SC2 • sc:: • ' ben.1eer~ s::l, SC2, a-id SC3 sci...-:t.illatio:n 

c::~'1te=s, and t...11.e whole '.reto wc..s ·.:.sed fc::: eliminating events ccntai...i;.i.ng parti-

cles c:.;ay frc:m t.'l.e defined pa..-ri.: c:: t.'le beam. ·"· pile-up qate ;;as ""-Sed in t.l-ie 

t.riqge::- to reject tracks too close:.y :'ollcwing each other. 

:=..ad.re::-. CaloriJTeter Results 

c values of total pulse hei<;ht distributions we.re obtainecl ::rem 
= 

Gaussian fits to t.'l.e data. cnly c..':at portion within ±L5c of t.'l.e ::ean we.re 

used :'..:-. the fitting procedure. 'C'ne resolution of the calorirreter -:o various 

energies of negatively c.l-iarged hadrons is shown in Fig • .o. EneI'(;'J resolution 

cr/E is linearly dependent on E-1/2 with a dependence of -v 73 percent/ -/F. up 

to the m::mmta around SO GeV/c, and it gets worse beyond that. 'Ihis may be 

clari:::.ea as we lock at the follcwing results. 

The c/E dependence on high voltage (i.e. gas gain) and particle energy 

was studied. Fig. 4 shows t.l-iat t.l-ie resolution is substantially better as the 

gain i.."1creases cwmg to less :Cluct<Etions in the total pulse heights. We 

believe this is d;.ie to gain suppression for highly ioru.zing tracks. More 

soft ;:crticles are produced in hadroric cascades than purely ele~anagnetic 

cascades; therefore, 'c:his should be rrore pronounced i.'1 the hadronic case. 

The L':J?rovertent in resolution conti..'1ues well into the self quenching strearrer 

regic::-. ::or 25 GeV. An earlier work2 showed t.l-iat so.'!E strea.'!Er tra"1sition 

starts around 2.6 kV and reaches its full transition above 2.85 kV. cr/E 

appears to get worse around :fJ.11 t.ra.'1sition. Th.is can be attributed to the 

fact t:-.at t.'1.e cell size of 1. 7 cm is too wide, and a large fraction of the 

tracks rray not make streaners due ta the space charge saturation in dense 

tracks. 'Ihis gets worse at SO and 75 GeV as seen in the figure. 
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Experi....~<r;.ts were :p=rforrred to rreastX:e t.t-ie rnagni tudes o:: satt:.ratio:: ='-:-. 

the sat1Z'2::.eC. a\'.'"ala.tche !:'egion. For tr.is stud:::~, t.....,.e ga.JJ". c.~arac-....eris't.ics 

of an elee'".=-::::rac:metic calorirreter tube (9. 5 nm x 9. 5 rrrn) v-as rreasu.._red as a 

function c= -=-~e b.i.gh ·voltage for x-rays cf l.S, 3, 5.9, 8, a~d 22 keV. ~e 

results are s'.lown J:, Figs. 5 and 6. 'Ihe gai."l suppressions are clearly derron

strateC :..~ Fi:;. 6, the larger t..i-ie x-ra1~ e.riert?:', -:...t-ie larqer t_'-l_e suppressio::. 

Fig. - shows the total charge obtained f:::orn the calo:::irreter at various 

high voltage settings for 25 GeV hadrons. 'Ihe gain suppression effect for 

!1ighly :co::iz:...."lg soft t=acks is clearly seen, although t.'1e calorirreter :::espo:l.Se 

is perfectly linear for energies up to 50 G2.V and high voltage v-o.lues up to 

2. 6 kV as shown in Figs. Ba, b, and c. Around 75 GeV and above, there is 

scrre departure from linear response. At 100 GeV, 3 percent of the total 

c.'1arge :.S lost due to t.1-ie ener>;JY leakage, and the rest of the deviation may 

be due to t:.he space charge saturation for the dense tracks . 

'Ihe tc::al c.'1arge distribution for 50 GeV hadrons seen ~' Fig. 9a is rea

sonably g=C Gaussiari with a slight asymretry en t.'1e lower e."ler?)· side. ~.is 

is rrore c2.ear1:- seen w·ith the loqarit~"":":ic plot, Fig. 9b. ?igs. lOa and....,, 

show t.'1at -::_'le asymretry gets large::: at 75 GeV. Tilis lower energy pa= was 

carpared wit:.h t.'1e data4 obtained f::-om a =nparable absorption length of a 

calo::-irrete::- c:mposed of sc:intillator iron sampling type. Fig. 11 shows t:.e 

same t::!.=€ c: asyrrrre~_/ v..ihic..1-: :_s d;.ie to t..'1e energy leakage. 

a/E was sc.udied :'or 5.4 an thick sarq:iling by locking at: the response 

from the odC or even c.'1amber sum. 'Ihey were very identical in response. 

Fig. 12 s.'1ows c:/E versus ~l/2 for thick sarrpling. It is interestingly- 2 

-tines the c;/E v-o.lues obtained for 2. 7 cm saropling. 
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?ic. ':'he lo.-1er cne 2-S c:z:;:os:.:c.ion c= ~'le p:dest:.al 

h • _iacrons. ?ig. :.Tu shews -::he expanded view of t..'1e ::O'.'.l.'?'JSi te ;ceak. 

pic-t.-...:re, ~'"le pedes~al Cistr:.bution and t.'le !..:-E=€a:i\: 2.:"e clearl~~ seen. 

c:: -:_'le !=Bciestal is less ~.1.a~ c:ie CJunt, arid ~l:e ·- -?eai.: C)rresp:>nds tc 2. 2 GeV 

detennined from the r-/_ - pulse heights shewn :: 2-S. l4. ':he ratio is quite 

:'lat withir1 the e=cr. 

T..rie self que..11c.~.: ... I1c;r strearre.r regirre V.'a.S :_11~.res~i;ai:ed while t.~e ccio:r-:.. -

rreter was ::W.ly efficient to the sttearrer transit..:.on at 3 kV. ?ig. 15 shows 

the total charge as a function of the hadron ene...'"g'J. Large space charge sat-

uration is showing its effect, thus the cr/E stays constant above 25 GeV as 

seen L."l Fig. 16. 

Elect..""Orragnetic Calori.'!Eter 

The electro:i beam was qui. te clean l11 the way : :. was produced as rrentio:ied 

as shown in Fig. ::. 7 indicate &.is cleanliness. 

bution is less t..'ian one count. 

~ of -::he pedestal distri
:rms 

Fig. 18 s.'oo.vs t..'oat :::/.:: aets appreciably better as the gain approaches 

t...>-ie satu:::-ated av-alanc.'1.e regllre fo:= 17 Ge.V elect.:"::::s. ':'hen it g-ets ~worse as 

t..1-:le space charge L.--nitation begins due to dense =acks at higher gains. One 

way to improve this is to use smaller size tubes 2.."ld rrore heavily quenching 

gases. 
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_t. is re.~::abl~· gc)oG up to 

lOO Ge"J e;..-...ra:polatir.c; tc -c.::2 crigin. 

·::ot.2..l pulse height c..s c. :=-..mcti.or. c:: e.ne._~r (Fig. 2:;; sho..,'s t.~ .. at linearity 

is aood -_:;: to 40 GeV; teyc::c that .:.t ceviates frcrn the li..--,ear l::ehavior due 

t."!.e earlier. 

Conclusions 

'!'he deviation f=n 12..--,earity above 50 GeV makes '.:.'le c/E gee worse in the 

satt::::ated avalanc.rie regior,. a:-lC. beyond. 'i'-]e belie\Je t..l-)at -:..'Us is due to the 

space charge saturation per wire for very high track densities. One way to 

improve this is to reduce t.'le cell size. 17 nm wide cell of the hadron cal

orirreter is rather large. 

':he linearity can te i..--:;iroved at the ex;_:ense of c/E by lcwerinc; the 

:Ugh \"Oltage. .'In optimum \Dltage ITBY be found dependi..--,g on t.'le e..'1ergy re

girre c:::: L-;.te.!:'est. 
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Experirrental arrangement. 

Essential i;art of the M4 beam layout. 

Hadron calorirreter resolution, o/E, versus E-1/2 

c;/E dependence on high voltage for the hadron calori.neter. 

Gain versus high voltage for various x-ray energies using 
9. 5 rrrn x 9. 5 rrrn tu:ie whic.'"l is a replica of t.1-ie e~ectranao-
neti.c calorirreter. Clear saturations are seen ::..:: the -
saturated avalaric.':!e region. 

?clse heiqht ·ver:-sus :·:-.:-a~1 ene._rc\· sho.vi.-ig l~qe C::2~.·iatic:is 

::rom the li...~1ec.r l::eha\i.o~ 2-n t..'le saturated 2~.-alc..-.c_'-J.e region. 

The total pulse height versus high voltage obtai.'1ed from 
the hadron calorineter for 25 GeV. 

Fig. Ba, b, c E'u.lse height versus energ'J for high voltage set~'ngs of 
2.2, 2.5, and 2.6 ":V for the hadron calo:c:.rreter. 

Fie:;. 9a and b The total charge distribution for 50 GeV hadrons. The 
law energy tail which .'..s due to energy leakage __ rrore 
clear wit~ log-plot as shown in Fig. 9b. 



?ig. 

?ig. 14 

Fie. ~ 

Fig. :6 

Fig . .:.._1 

Fig. 18 

E'ig. 19 

Fig. 20 

- 9 -

·Jn-12-"'le pulse height C..:..st..r:..buticr..s obtai.r1ed. ::::-om t:~e 
hadrc:-l C2.lorirreter at ~S Ge.'\i. Fig. 13a shews t.."le :--~dr-:1:-. 
::eak a'1d t...1-J.e Co:n::x:)Si 't.e oe.a~ of t."1e r:e<iestal a11d tr~e rIT...1~'1. 
dist=ibutions. ?ig. ::.JS is the e..-.:panded vie.v o:: tc.'le c=
~si.te peak. The i.: ariC. -:...'":e pedestal distribut:'..ons a_v-e 
cleanly separated. 

.,,-/;;- pulse heights ratic as a function of the high voltage. 
It is consistent with a constant behavior. 

The tstal pulse height C..::.stri..b:Jti':)n o~taineC. .:...-:. t.'1e stre.a.ner 
region as a =un.c-...iori o:: hadror: e..'1er91~ shawir1s- la.rge devia
tions due to space diarge saturation. 

o/E versus E-l/2 in the strearrer nnde. 

On-line pulse height G.istribution for l 7 GeV obtained ::ram 
the e lect--rorragnetic calc~irreter. l t shCM1s that the elec
tron beam was very clea.'1. 'C'he pedestal distribution is 
also shewn. 

o/E versus high voltage for the electromagnetic calori
meter at 17 GeV. 

G/E versus E-l/2 for the elecL"Ull1aonetic calori.'Ieter. 

Total pulse height versus Emersy shewing some depan:w:e 
from linearity above 35 G2V for t.'le electromagnetic calori
rrete!:". 
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