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Introduction 
Sirce multi-hurrlred GeV particle a::celerators · 

have been built for high energy r;:tiysics research, 
calorimetry has become a very important method rot 
only for measuring p:i.rticle energy but also for 
identifying particle species. Consequ::mtly, there has 
been a tremendous arrount of effort expended in t.nder­
st.aOO ing tJie electromagnetic shower and hadronic 
cascade r;:tienomena, and a good krowledge of these 
phenomena row exists.1 Ha.iever, the practical design 
of a calorimeter for a specific application usu:;.lly 
reveals gaps in this krowledge, especially in regard 
to hadron rejection in an electromagnetic shower 
calorimeter. 

A versatile shower o::>unter based on a lead­
scintillator sarrlwich design was constructed and 
tested in order to determine the optimal design for 
hadron rejection in an electromagnetic shower detector 
which will be used in Fermilab Experiment 605. 

.Experimental Arrangement 
The snail lead scintillator shower rounter was 

built and tested at Fermilab. The detector is soown in 
Fig. 1 and o::>nsisted of 40 layers of lead and plastic 
scintillator. The lead plates were all 8" x 8" and 
l/8" thick. The scintillators were l/4" thick NE102 
( 8" x 8") end NEllO ( 6" x 8") , and grouped into 10 
segments: from upstream to downstream, 4, 4, 2, 2, 2, 
2, 2, 2, 10 and 10 layers (Table 1). Each segment was 
vfowed through a Lucite light guide by a r;:tiotott.be. The 
first two segments were viewed by R::A6655A filototubes, 
the last two by ICAB055 phototli>es, and the remaining 
six by R::A6342A filototli>es. The entire detector was 
pla:ed in a light tight wooden box. 

FIG. 1 
The 15-45 GeV/c n - and e in the unseparated MS 

beam were used to investigate the electron resolution 
and hadron rejection of the soower o:>unter. The 
manentun spread of the beam was measured by a lead glass 
o:>unter to be less than 1%. The electron trigger 
required a roircidence signal from three scintillation 
trigger rounters (U,D,T), two thresoold 93s Cherenkov 
o:>unters (Cl' C-2.), and a hole rounter (VJ in veto: 
(U.D.C 1.C2).(T.V). The pion trigger used the 93s 
Cherenkov o::>unters as a veto in.stead of C'Oircidence: 

(U.D.c1 .<:
2

). (T.V). The T C'Ounter (1 cm wide, 2 cm 

high) was the snallest defining counter and was 
located 5 m upstream of the calorimeter. 

The species composition of the beam was 
idependently measured by changing the pressure of c1• 

It was found that e:µ:n: other heavier particles 
= 2.4%: 2.2%: 86.8%: 8.6% at 30 GeV. These measure­
ments demonstrate that muons in the pion trigger have 
a negligible effect on the results when compared to 
the a:curacy of the hadron rejection measurements. 

The efficiency of the Cherenkov o:>unters for 
electrons was measured at various pressures of the 
gas. Dl.E to the low efficiency of the 93s Cherenkov 
o:>unters, especially at higher energies, electrons 
remaining in the pion trigger can apparently reduce 
the measured value of the hadron rejection fa:tor. In 

· order to investigate this, a wedge-shaped lead brick 
was installed at the first focusing point of the beam 
line, immediately in front of the manentun slit. This 
lead brick reduced_

5
the electron fraction in the beam 

to the order of 10 without using Cherenkov rounters 
in veto, but it also reduced the intensity of the 
hadron beam by about a factor of 10. A rearly p..ire 
hadron beam was a::hieved by requiring, in a::ldition, 
the CherenkOV' counters in veto; in this case, the 
fraction of elecYG'>ns remaining in ha25on trigger 
ranged from l x 10 at 20 GeV to 1 x 10 at 45 GeV. 

Hadron rejection measurements were done for three 
beam energies ( 30, 40 and , 45 GeV) and for three 
different thicknesses of lead plate placed. immediately 
in front of the soower counter. Electron spectra were 
taken before and after each hadron run with the same 
detector configuration. These electron measurements 
together with hadron data sliced into many time 
periods rronitored the long term gain variation of the 
photo ti.bes. 

Electron Energy Resolution 
Data were taken at electron energies from 15 GeV 

to 45 GeV with various thicknesses of lead plate in 
front of the soower counter. The fbototube gain of 
each segment was calibrated by using electron data 
with oo lead plate in front of the shower counter. 'I1'le 
total energy deposit in the soower rounter is given 
for each e1~nt by · 

Npn Npn 

Etot(i) = ~=l Ej(i) = 3=l aj (Xj(i) - Pj) 

where Ej(i) is the energy deposit in the j-th segment; 
X. ( i) i"S the N:t:. channel nunber, P. is the pedestal 
crlannel, and ~ (GeV/channel) is uJ relative gain to 
be determined for each filot~tt.be. a. was determined 
by minimizing the IrnS width of tre total energy 
distribution Etot~ The distribution of the total 



energy dei:a:;it for e~ectrons with various rorrlitions 
was fitted by a Gaussian distribution over the range 
of 3 standard c:Eviations around the peak. These 
relative piototl.be gains "V.ere in reasonably good 
agreement within experimental error for different 
energies without the front lead plate, and will be 
called "nominal" gains. 

Using the rominal gains the means (µ) and energy 
resolutions (o/µ) were evalµated for various electron 
energies and lead plate thickresses. These are sh:>wn 
in Fig. 2 for the case of ro front lead plate. The 
lirearity of the mean ~ainst the electron energy is 
fairly good. The dasred curve drawn in the figure is 

~ = 11.5% /./E (E =energy of electron in GeV). 

'Ihis curve represents the data well. 

..... 300 

.i:; 

.Q" 
Q) 

I 

Q) 

.!!!. 
~ 
0 200 
;§ 
0 
c: 
0 
Q) 

:::E 100 

3.% 

c 
.Q ..... 

2.%~ 

1.% 

I/) 
Q) 

0:: 

Q"--~.L..-~..L-~..L-~..l-.~50...L.,,---' 
10 20 30 40 

Energy (GeV) 

FIG. 2 

Tre resolution at 30 GeV is appreciably below the 
dasred o..trve. However, these data \\ere taken with 
higher voltages si.pplied to the piototubes than those 
for all other . energies. The apparent discrepancy 
could o:>me from the different effective quantun 
effici~cie5 of the piotocathode at different high 
voltages. This effect is especially apparent when 
voltages are supplied to piototl.bes excessively lower 
than their rominal w::>rking voltages. 

The means and energy resolutions are sh:>wn in 
Fig. 3 for the case of lead plates in front of the 
sh:>wer o:>unter. As rrore lead is placed in front of the 
sh:>wer o:>unter, the total. pulse reight becomes lower 
and the electron energy resolution becomes worse. For 
the same lead thickress t:he decrease in p.llse reight 
for higher energies is a snaller effect, as expected. 
However, ro clear · energy dependence of the 
deterioration of energy resolution due to the a1dition 
of the front lead was fourd. 
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'Ihe missing information (energy loss in the front 
lead p~ate) ~.be; restored to some extent by ch.mging 
the gain.s ar tiflcially, and the energy resoluthn can 
be o:>nsequently improved by more than a factor of 2. 
Ta~le 2. s.~ws examples of relative ?iototube gains 
which rninunize the energy resolution for the cas~ of 2 
or 4 r .1. in the front lead plate at 45 GeV and 
o:>mpares them to the rominal gains. The minirni·~ation 
a~igns a larger weight in the first segment with the 
thicker front lead plate. It is o:mcluded that the 
energy deposit in the first segment is strongly 
correlated to the energy loss in the front lead '>late 
and the assigrment of a larger weight to the· first 
segment o:>mpensates largely for tre invisible ·mergy 
lost in the front lecr3 plate. 

Ha1ron Rejection 
Ha1ron rejection ~ the sh:>wer ex>unter was 

investigated ~ a:>mparing the hadron energy distribu­
tion ~posited in each segment to the o:>rrespl!1ding 
distribution for electrons. 'Ihe el•.?Ctron 
irefficiencies end the hadron rejection factors were 
estimated for various levels of cuts assuned in the 
pulse height distributions. · 

In some cases, events overflowed the Mr. in the 
9th and 10th segments. Therefore, in the analysis of 
the data, it was required, in a1vance of any other 
cuts, that p.llse reights from the 9th and 10th 
segments were both less than the llOO channel of the 
Nr.s. These cuts eliminated about 10% of pion events 
4.6% and 1% of 45 GeVelectrons with zero and 2 r.l. of 
front lead, respectively, and regligible arrounts of 
other electron events. The Mr. overflow cut ches rot 
si~nificantl,r affect the final hadron rejection 
factor., but it does, of course, ircrease the electron 
irefficiency ~ the. snail arrounts mentioned above. 
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These effects are rot taken into cccount in the 
present analysis; nevertheless, the o:mclusions remain 
the same. Tue rejection fcctor using a total energy 
cut coly. was about half that of the rombired cut of 
segments 9 and 10 and total pulse reight. 

l) Cut by Total Plllse Height 
Fig. 4 srows the plots of electron irefficiency 

versus the hadron rejection fa:tor for various widths 
of cut in the total p.ilse reight distribution (Et tJ• 
The cuts are symnetric around the mean value of0 tne 
electron PJlse reight distribution. 'Ihe lead in front 
of the srower rounter makes the electron resolution 
worse, and ronsequently decreases the hadron rejection 
fa:: tor. 
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2) Cut ~ Each Segment in Mdition to Total 
Pulse Height Cut. 

After the cut by total pulse I-eight, the ?JlS~ 
height distributions in each segment for 45 Gev 
electrons and pions are srown in Fig. 5 for various 
thickresses of the front lead (a) oo lead; b) 2 r.l.; 
c) 4 r.l. ). It is clearly seen that better hadro.1 
rejection can be a:hieved by requiring an a:3ditional 
cut in ird ividual segments. This is especially 
apparent in the case of b) and c) in Fig. 5. 

Various seginents or combinations of segmerits wer~ 
used in cddition to the total p.llse reight cut of ± 2o 
'and ± 4o. The results are srown in Fig. 6 and Fig. 7. 
The following are observed. in the figures. 

(i) The first segment gives the rrost efficient 
rejection am:>ng any single segment or any o::>mbinations 
of segments. 

(ii) Comparing the curves of segment l, seg­
ment 1+2 and segment 1+2+3, it is observed that 
thimer first segments give better rejection, although 
there should owiously be an optimun thickness between 
zero and 2 r.l. 

(iii) Fig. 7b shows that at a fixed electron 
irefficiency, one can get better hadron rejection by 
first requiring a strict cut in total pulse reight and 
then in the first segment, rather than first requiring 
a loose cut in total p.Jlse height and then a strict cut 
in the first segment • 
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Additional cuts using other segments do rot give 
further hadron rejection since the p.ilse height in the 
first segment is strongly correlated to the p.ilse 
height of other segments for the pion events which 
have i;assed the Etot cut. The E1 cut eliminates nost 
events outside the electron region in other segments. 
This is clearly seen in Fig. 8 which shows the p.ilse 
reight distribution in each segment of the events 
passing the E cut (±2o) and the E cut srown by the 
arrow in Fig. tgtb). 'Itie a.Jditionat cut using other 
segments gives ro a.Jd itional hadron rejection. 'Itiis 
is shown quantitatively in Fig. 9. 

Fig. lO(a) shows the electron irefficiency versus 
the" hadron rejection fa:tor using the total pulse 
height cut . end the segment 1 cut for various lead 
thickresses at 45 GeV. 

It is also seen from the p.ilse height 
distribution in Fig. S(a)~(c) that as the second cut 
after the Etot cut, the E1 cut is more efficient in the 
hadron rejection for the thicker front lead than for 
thimer or ro front lead. H<:Mever, at fixEd energy, 
the final rejection fa:tor obtaired l::ri' these two cuts 
is snaller for thicker lead at a 10% electron . 
irefficiency level. 'ItiiS! is different from the leoo 
glass case due to the different dependence of electron 
resolution en the lead thickress. In our case the 
front lead plate deteriorates the resolution even if 
it is 2 r.l., and consequently decreases the rejection 
fa:;tor. In case of the lead glass, on the othe~ hand, 
no difference is observed in resolution between ro 

. le.ad and 2 r.l. of lead, and therefore the hadron 
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rejection using the Etot cut remains almost o::mstant 
regardless of the lead -t.Ilickress. 2 

(3) Optimized Gains 
As described above, better resolutions for the 

configurations with rome front lead can be a::hie11ed by 
a:ljusting the gains artificially. The results using 
these "optimized" gains are sh:>wn in Fig. 11. Here, 
the mdron rejection using the Etot cut is greatly 
improved , am a:lditional cuts by lmividual segments 
is rot as effective as in the case of the rominal 
gains. As in the case of the rominal gains, the most 
.efficient cut in a:ldition to the E t cut is the E1 
cut, although it is rot as dramati~ No a::'lditionaI 
hadron rejection can be gaired using any other segment 
ror any a:>mbination of the other segments. 
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Sime t:OO optimized ~ins assign mor~ weight t:_o. 
the first segment, the Etot cut rot only uses the total 
energy deposit in the slbwer a:>unter b.Jt also the 
information about energy deposit in the first segment. 
Consequently, the a:lditional cut using the first 
segment is rot as effective as in the case of the 
oominal gains. Hwever, at the highest energy, the 
front lead plates improve the mdron rejection and 
give a better rejection factor than the case with 
nominal gains and with ro lead plate in front 
(Fig. lO(b)). 

Conclusion 
We have investigated electromagnetic slnwers and 

hadron cascades in a .lead plastic scintillator 
sandwich oounter. We have found that th is counter can 
give very good mdron rejection by using the informa­
tion on the total energy deposit and the energy 
deposit in the first thin segment. Additional lead in 
front of the counter o:>rnbired with the optimized 
phototube gains improves the hadron rejection. With 
this oonfiguration and method of analysi§, a factor of 
3500 rejection was obtained for 45 GeV n at a o:>st of 
a 10% electron loss. Further segmentation of the 
counter in the downstream sec ti on provides little 
improvement in mdron rejection. 
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Figure Captions 
Fig. 1. Detector cnnfiguration. Forty layers of 

lead and scintillator sheets were grouped into 10 
segments, each of which was viewed through an 
acrylic light guide by a P,ototube. Segmenta­
tions were 4 layers (Seg 1 and 2), 2 layers 
(Seg 3 to 8) and 10 layers (Seg. 9 and 10 ). The 
entire detector was placed in a light tight 
wooden box. 

Fig. 2: Energy dependence of the total p..ilse height 
and energy resolution. The energy resolutions 
are well represented by a scaling formula 
o/µ=11.5%/ E (E: energy in GeV). 

Fig. 3: Dependence of the i;:olse height Cl"ld energy 
resolution on the thickness of the lead plate 
placed in front of the sh:::>wer a:>unter for beam 
energies of 45 (circle), 40 (triangle) and 30 GeV 
(rectangle). x and V are the energy resolution 
with optimized gain (see text) for 45 and 40 GeV 
re spec ti vely. 

Fig. 4: Electron inefficiency versus hadron 
rejection fa:::tor using the cut in the total p..ilse 
height distribution obtained with .the rominal 
gains (see text). 

Fig. 5: Energy distribution deposited in each 
segment by 45 GeV electrons (·solid line) am 
hadrons (dashed line) which passed the total 
energy cut of ±2 standard deviations around 
electron peak for the case of (a) ro front lead, 
(b) 2 r.l. front lead, and (c) 4 r.l. front. 
lead. 

Fig. 6: Additional cuts for ro front lead after 
total energy' cut of ±2 standard deviations with 
various segments (a) aro o:>mbinations of segment:S 
(b). Total energy cut of ±4 standard deviations 
plus segment.l is slnwn in (b). 
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Fig. 7: ·Similar to Fig. 6 but for 2 r.l.· front lead. 

Total energy cuts are at ±2 standard deviations 
(a) and at ±4 standard deviations (b}. 

Fig. 8: Energy distribution with l:lllo r.1.· of front 
lead in s::!gments 2 to 10 9eposited ~ 45 GeV 
electron (solid line) and pion (dasred line) 
events passing the total energy (±2o) and E1 cut. 

Fig. 9: Third cuts after total energy and E1 cuts. 
Note that ro single cut can exceed the stricter 
E1 cut. 

Fig. lo: Electron inefficiency versus rejection 
fa::tor at 45 GeV obtaired ~ the total energy cut 
plus Ei cut for various am::>unts of front lead in 
tre case of the rominal gains (a), and of the 
optimized gains (b). 

Fig. 11: Comparison of the rejection factors with the 
optimized gains to those with the rominal gains 
for 45 GeV and 2 r.l. front lead. 

Detector configuration 

Thickness Integrated Thickness 

Segment* •Of layer in r .1. in a. l. in r .1. in a. l. 

l 4 2.33 0.106 2. 33 0.106 

2 4 2. 33 0.106 4.66 0.212 

3 2 l. 16 0.053 5. 82 o. 265 

4 2 1.16 0.053 6.98 o. 318 

5 2 1.16 0.053 8.14 o. 371 

6 2 1.16 0.053 9.30 0. 4 24 

7 2 l.16 0.053 10. 46 0.477 

8 2 1.16 0.053 ll. 62 o. 530 

9 10 5.82 0.265 17.44 0.795 

10 10 5. 82 o. 265 23.26 l. 060 
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!!!>l:Ll - Examples of Phototube Gain 

45 GeV (2 r.l. Pb) 45 GeV ( 4 r. l. Pb) 

Nominal Optimized Nominal Optimized 

1. 472 2.315 l. 594 5.244 

1. 349 1. 308 l. 390 .9643 

1.118 1.152 l.126 l. 271 

.8690 • 7296 .8346 l. 012 

l. 1. • 8865 1. 

• 7788 .5618 .7596 .8129 

.6789 .6690 • 6736 l. 079 

.5403 .6069 .5587 .9939 

.7907 .8850 .9421 1.321 

• 5841 -0.1827 .6160 -0.4295 

3.200\ l.908\ 7.066\ 3.217' 


