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Abstract 

A sampling total absorption detector was calibrated at Fermilab 

for energies in the range 5 to 250 GeV. The calorimeter consisted of 

a sandwich of scintillator slabs and 4" thick steel plates. Energy 

resolutions (rms) of f 33%, f 16%, and 19% were achieved for the 

energies 10, 50, and 150 GeV respectively. 
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1 
Recent neutrino experiments performed in the Fem.ilab narrow band neutrino 

beam have used a large area sampling total absorption2 detector. The total 

absorption detector serves the dual purpose of being a target as well as a 

hadron calorimeter. This massive detector contains 143 tons of steel in the 

form of seventy steel slabs, each 5' x5' in area and 4" thick. The energy of 

the final state hadrons released in neutrino interactions such as 

v + Nucleus -, p- + hadrons (1) 

and v + Nucleus + v + hadrons (2) 

is measured by seventy scintillation counters placed after every 4" of steel 

(one collision length). The final state hadrons initiate a shower which is 

sampled by the scintillation counters. The sampling every nuclear collision 

length in steel is sufficient to allow the measurement of the energy of a 

50 GeV shower to an rms accuracy of f 16%. 

Because of the large mass of the target calorimeter, it is impractical to 

move it into a hadron beam for the purpose of ~alibration.~ Instead, a scale 

model calorimeter of similar design but reduced transverse and longitudinal 

dimensions was constructed and placed in hadron beams of well defined energies 
4 at Fermilab. This scaled down model was described in an earlier publication , 

where results of an early calibration run at 200 GeV were reported. In this 

publication we report results from the more recent calibration runs 

for beam energies between 5 and 250 GeV. The most extensive measurements were 

done in August of 1974. Less extensive measurements were done during 

June and July of 1974. 

A schematic of the scaled-down calorimeter is shown in Fig. 1. It consists 

of 14 modules, each made of a 4" thick plate of steel (lO"x14" in area) followed 

by a 318" thick plastic scintillator. The 14 scintillation counters were placed 

in the 1.1" thick air gaps between the steel plates. This scaled-down calori- 

meter is long enough to contain longitudinally the shower initiated by the 

incident hadrons at present Fermilab energies. In front of the calorimeter three 

counters TI, T2, and T3 are used to signal a single charged particle incident 

on the detector. The trigger is T1 T2 E. To provide a calibrating one particle 
signal, the steel plates in the calorimeter are removable, in which case the 

particles pass through the counters without interacting. Each scintillator is 

equipped with its own phototube (RCA6655); the signals are separately pulse 

height analyzed for each event, (using LRS 227 quad integrators) and all data 

are written on magnetic tape. 



The ca lor imeter  was placed i n  t h e  hadron beam6 t h a t  i s  normally used f o r  the  

30" bubble chamber i n  t h e  neu t r ino  a rea  a t  Fennilab. The primary 300 GeV proton 

beam was d i r e c t e d  on t o  a  product ion t a r g e t .  A momentum and s ign  s e l e c t e d  second- 

a ry  beam w a s  t ranspor ted  t o  t h e  loca t ion  of  t h e  ca lor imeter  1650 f e e t  downstream 

by a  s e r i e s  of bending and focusing magnets. The beam was ~ r i m a r i l y  composed of 

hadrons (mostly pro tons  and pions f o r  p o s i t i v e  s ign  s e l e c t i o n  and mostly pions 

f o r  negat ive  s ign  s e l e c t i o n )  with a  small muon component. A t  energ ies  l e s s  

than 100 GeV t h e r e  t h e  beam contained a  s u b s t a n t i a l  e l e c t r o n  contamination (30% at 50 GcV)' 

The e l e c t r o n  component was removed p r i o r  t o  t h e  f i n a l  momentum s e l e c t i o n  by a  

1" t h i c k  lead  absorber  placed 590 f e e t  upstream of t h e  ca lor imeter .  

D a t a w e r e f i r s t  taken with a l l  t h e  s t e e l  removed i n  order  t o  c a l i b r a t e  the  

14 counters  with s ing ly  ioniz ing  hadrons. The s i g n a l s  from t h e  photomul t ip l ie rs  

were amplif ied by a  f a c t o r  of 35 f o r  t h i s  c a l i b r a t i o n .  The pulse  he igh t  d i s t r i -  

bu t ion  f o r  s ingly  ion iz ing  150 GeV hadrons i n  t h e  f i r s t  counter  i s  shown i n  f igu re  2a. 

Runs were taken with p o s i t i v e  s ign  s e l e c t e d  beams a t  10 and 150 GeV, and with 

negat ive  s ign  s e l e c t e d  beams a t  20 and 100 GeV. The peak p o s i t i o n s  ( i . e .  t h e  

most probable value o r  t h e  mode of t h e  d i s t r i b u t i o n )  were independent of t h e  

energy o r  s ign  of  t h e  hadron beam. The average peak p o s i t i o n s  i n  t h e  14 counters  

were t h e  same a t  10, 20, 100 and 150 GeV t o  * 0.4%. With t h e  s t e e l  back i n  p l ace ,  

we repeated the  t e s t  with p o s i t i v e  s ign  se l ec t ed  muons a t  30 and 50 GeV. The 

pu l se  he ight  d i s t r i b u t i o n  of s ing ly  ion iz ing  muons i n  t h e  f i r s t  counter  i s  shown 

i n  f i g u r e  2b. Here a l s o  t h e  peak p o s i t i o n s  of s ing ly  ion iz ing  muons were 

independent of energy and equal t o  t h e  peak f o r  s i n g l y  ion iz ing  hadrons t o  

f 0.4%. The curves t h a t  a r e  shown correspond t o  those  from a  simple model i n  

which each ioniz ing  p a r t i c l e  produces a  pu l se  he igh t  which i s  Poisson  d i s t r i b u t e d  

and i n  add i t ion  can produce a  d e l t a  ray ,  t r a v e r s i n g  t h e  3/8" of s c i n t i l l a t o r ,  with 

a  p r o b a b i l i t y  of 0.12. 

We use t h e  most probable value t o  de f ine  a  s i n g l e  ion iz ing  pu l se  because 

t h e o r e t i c a l  calculat ions5 i n d i c a t e  t h a t ,  un l ike  t h e  mean value,  t h e  most 

probable value i s  independent of energy f o r  energ ies  g r e a t e r  than  5  GeV. This  

f a c t  i s  corroborated by the  above described s t u d i e s .  The pulse  he igh t  d i s t r i b u -  

t i o n  f o r  non- in terac t ing  s t r a i g h t  through muons surmned over  t h e  14 counters  i s  

shown i n  f i g u r e  3, where t h e  a b s c i s s a  i s  t h e  number of equiva lent  s i n g l y  ion iz ing  

p a r t i c l e s .  The s t e e l  p l a t e s  were back i n  p lace  f o r  t h i s  t e s t .  A Gaussian f i t  

t o  t h e  d i s t r i b u t i o n  y i e l d s  a  mean of 17.9 equiva lent  p a r t i c l e s  and a  s tandard 

devia t ion  of  2.4. The d i f f e r e n c e  between 14.0 and 17.9 i s  a l s o  a  r e f l e c t i o n  of 



t h e  d i f f e r e n c e  between t h e  mean energy depos i t ion  and t h e  most probable energy 

depos i t ion  i n  a  counter  by 50 GeV muons. 

The peak p o s i t i o n s  f o r  s i n g l y  i o n i z i n g  s t r a i g h t  through muons a r e  a l s o  used 

t o  c a l i b r a t e  t h e  counters  of  t h e  l a r g e  a r e a  ca lo r ime te r .  The hadron shower p u l s e  

h e i g h t s  i n  both t h e  l a r g e  a r e a  ca lo r ime te r  and i n  t h e  scaled-down model a r e  

expressed i n  terms of t h e  equiva lent  number of s i n g l y  ion iz ing  p a r t i c l e s .  When 

expressed t h a t  way, t h e  c a l i b r a t i o n  and r e s o l u t i o n  of  t h e  s c a l e  model should be 

t h e  same a s  t h a t  of t h e  l a r g e  a r e a  ca lo r ime te r .  

With t h e  s t e e l  p l a t e s  back i n  p l a c e  we recorded hadron shower events  f o r  

a  v a r i e t y  of  i nc iden t  energ ies  ranging from 5  t o  250 GeV. The s i g n a l s  were 

not  amplif ied i n  t h i s  case,  because hadron showers g ive  much l a r g e r  p u l s e  h e i g h t  

than those  of s ing ly  ion iz ing  p a r t i c l e s .  The p u l s e  h e i g h t  d i s t r i b u t i o n s  summed 

over t h e  14 counters  f o r  hadron ene rg ie s  of 5, 10, 20, 30, 50, 100, 150 and 

250 GeV a r e  shown i n  f i g u r e s  4 a  and 4b, where t h e  a b s c i s s a  is  t h e  number of 

equivalent  s ing ly  ion iz ing  p a r t i c l e s  i n  t h e  shower. The d i s t r i b u t i o n s  t h a t  

a r e  shown rep resen t  only hadron even t s  which s a t i s f i e d  condi t ions  designed t o  

d i sc r imina te  aga ins t  background even t s  such a s  non- in t e rac t ing  muons and low 

energy e l e c t r o n s  (e.g.  e l e c t r o n s  from i n t e r a c t i o n s  i n  t h e  beam pipe ,  decays, 

e t c . ) .  Also, c r i t e r i a  t h a t  ensured t h e  containment of t h e  hadron shower wi th in  

t h e  scaled-down ca lor imeter  were appl ied .  These cond i t ions  a r e  discussed below. 

Background low energy e l e c t r o n s  were cha rac te r i zed  by a  l a r g e  pu l se  i,n t h e  

f i r s t  counter ,  a  smaller  pulse  i n  t h e  second counter  and no s i g n a l  i n  t h e  t h i r d  

counter .  These background e l e c t r o n s  were n o t  a  s e r i o u s  problem a t  ene rg ie s  

g r e a t e r  than  30 GeV, a s  a t  those  ene rg ie s  t h e  hadron shower events  were more 

numerous than  background events ,  and t h e  pu l se  h e i g h t s  SUmTIed over  t h e  14 

counters  were much l a r g e r  f o r  hadron even t s  than  f o r  background events .  A t  

energ ies  l e s s  than 30 GeV, t h e  e l e c t r o n  background was removed by r e q u i r i n g  t h e  pu l se  

height  in t h e  t h i r d  counter  t o  be  l a r g e r  than a  minimum value. The muon background h i c h  

yielded a  peak a t  17 .9  equiva lent  p a r t i c l e s  was only important a t  5  and 10 GeV 

where t h e  hadron showers were small .  A t  t hose  ene rg ie s  muons were recognized 

by t h e  presence of a  pene t r a t ing  p a r t i c l e  i n  t h e  back counters  of t h e  c a l o r i -  

meter. Addit ional  d iscr iminat ion  aga ins t  muons was obtained by fo rc ing  an 

i n t e r a c t i o n  i n  the  f i r s t  module. A t  high ene rg ie s ,  t h e  requirement of  an interaction 

i n  t h e  f i r s t  module (obtained by r equ i r ing  t h e  pu l se  he ight  i n  the  f i r s t  counter  t o  

be l a r g e r  than a  minimum value) ensured t h e  l o n g i t u d i n a l  containment of t h e  shower and 

enabled u s  t o  study t h e  shower development from t h e  po in t  of  t h e  primary i n t e r -  

ac t ion .  Th i s  more near ly  s imula tes  t h e  case of  a  neu t r ino  i n t e r a c t i o n  i n  tile 
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large calorimeter where we know the vertex position. In order to avoid 

a bias in favor of large hadron showers (i.e. showers with a large 

electromagnetic component ) we never required the number of particles in 

any counter to be more than 10% of the average number of particles in that 

counter for typical hadron showers. A summary of the event selection conditions 

is given in Appendix A. Also given in the Appendix are the shower development 

tables which contain the mean number of particles in each counter for all the 

incident energies that were studied as well as the mean fraction of the energy 

that is deposited in each counter. The shower development tables indicate that 

the longitudinal containment of the shower is complete for energies up to 

150 GeV (when an interaction is forced in the first counter). At the higher 

energies, a 1% or 2% energy loss out the back of the calorimeter cannot be 

ruled out. 

We also investigated the transverse containment of the shower by aiming 

the incident beam at various distances from the edge of the calorimeter. This 

type of data provide only an indirect7 measure of the transverse containment of 

the shower. Such a study done at 150 GeV indicated that there is a small energy 

leakage out the side of about 2.2%. The side leakage at 200 and 250 GeV was not 
8 investigated but is expected to be similar. The large area (5'x5') calorimeter used in 

the neutrino experiment is large enough to transversely contain the hadron 

shower; therefore, the means of the distributions at 150, 200 and 250 GeV were 

corrected by a multiplicative factor of 1.022. Similar studies done at the 

lower energies were less extensive and were inconcl~sive.~ No side loss correc- 

tions were applied to the lower energy data. Monte Carlo calculations8 indicate 

that the side loss may be on the order of 1% to 3% for E > 50 GeV, and may be as 
large as 6% at E = 5 GeV. 

The distributions of total pulse height (summed over all 14 counters) of 

hadron showers in the calorimeter were found to be best represented by Poisson 

distributions (see Appendix C),especially at low energies. The best fit Poisson 

distributions are drawn on top ofthe data in figures 4a and 4b. Gaussian distributions 

(with the negative tails truncated)whichhave the same means and standard deviations as 

thoseof the Poisson distributions provide fair fits to the data. The Poisson 

fit means and standard deviations are given in Table I. The errors that are 

given are point to point errors (the errors in the means for the 200 and 250 GeV 

data are larger because they include an additional 52 normalization error due to 

equipment related difficulties encountered during the June run). 



TABLE I. 

Hadron shower energy deposition in the calorimeter 

expressed in terms of equivalent number of singly 

ionizing particles. 

Run Sign Selection Momentum Me an 6/~ean 
(&V) 

- - 

August - 5 18.2 + 4 0.384 + 0.200 

August - 10 52.7 + 5 0.331 + 0.031 

August - X) 106.3 + 4 0.253 + 0.010 

August - 30 164.5 i 7 0.199 + 0.010 

August - 50 269.0 2 5 0.158 f 0.007 

August - 100 538.0 + 5 0 . l l1  t 0.007 

June - 230 1056.0 1 5 3  0.079 f 0.004 

June - 250 1287.0 i 65 0.073 + 0.004 

The overall systematic error in the means is estimated at *5%. The 

uncertainty in the energy loss out the sides leads to an additional error in 

the corrected means varying from 2% at the highest energy to 6% at the lowest 

energy. The ~onte-carlog calculations indicate that the resolution of a calorimeter 

where no energy is lost out the sides may be narrower than what we measured by 

amounts varying from 5% at the highest energy to 20% at the lowest energy. These 

uncertainties will be greatly reduced with further investigations of the 

lateral containment of the shower. 

The low energy data (E - < 30 GeV), given in Table I, include a small correc- 

tion to account for the fact that the primary interaction in neutrino reactions 

can occur uniformly throughout the 4" of steel while the primary interaction of 

the hadron beam tends to occur in the first part of the steel. This correction 

is described in Appendix B. 

An interesting quantity to calculate is the fractional observed energy, 

i.e. the energy that is not lost in nuclear disintegrations. This quantity can 

be obtained approximately by a comparison of muon and hadron pulse heights. The 



assumption involved is that the mean energy deposition of charged particles in 

the scintillator is proportional to the mean energy loss due to ionization in the 

steel. Under the above assumption, the difference between muon and hadron pulse 

heights is due to the unobserved energy loss in nuclear disintegrations initiated 

by the hadrons. The mean pulse height of 50 GeV muons traversing the 14 modules 

of the calorimeters is 17.9 f 2.0 singly ionizing signals. Using the mean DE/Dx 

value of 16.09 Me~/cm for 50 GeV muons in steel,' we find that a 50 GeV muon loses 

2.287 GeV while traversing the calorimeter. Therefore, our definition of a singly 

ionizing signal corresponds to 2.287f17.9 GeV or 127.8 MeV. The mean pulse height 

of a 50 GeV hadron shower is 269 5 singly ionizing signals or 34.4 GeV This 

means that the fractional observed energy for hadrons in our calorimeter is 69% 

at 50 GeV. Another method of obtaining a measure of the fractional observed energy 

is by the direct comparison of electron and hadron pulse heights. This method (see 

Appendix B) yields the value of 80% for the fractional observed energy at 50 GeV. 

The dependence of the peak position on energy was very close to linear for 

hadron showers completely contained in the calorimeter. The following fit provides 

a good representation of the data (See figure 5a) 

where the mean is expressed in number of equivalent singly ionizing particles, 

and T is the kinetic energy1' of the incident hadron in GeV. The choice of the 

above functional form (eq.3) for the parametrization of the mean as a function of 

energy was motivated by the fact that Monte-carlo8 calculations indicate that the 

fractional observed energy should be smaller at lower energies. 
11 

A good representation of the dependence of the rms resolution (ulmean) on 

energy is provided by the fit (see figure 5b) 

Resolution (rms) = 1.105 /fi (4) 

where the kinetic energy1' T is in GeV. The data and the fit are shown in figure 5b. 

By making appropriate sums of the calorimeter counters, we can investigate the 

effects of different counter spacing on resolution (for spacing greater than the 

nominal 4"). For example, adding the even counters allows a measurement of the 

resolution with 8" spacing (i.e. 8" of steel between scintillators). Such a study 
4 

was done in the early calibration run at 200 GeV. The results of that study are 

show in figure 6 where the resolution is plotted vs. amount of steel between any 

two counters. The dependence is linear between 4" and 12" (the curves are drawn 

to guide the eye). The pulse height distributions summed over the 7 even counters 

(8" spacing) are shown in figures 7a and 7b. Table I1 shows a comparison between 



t h e  r e s o l u t i o n  w i t ?  4" spacing and t h e  r e s o l u t i o n  with 8" spacing f o r  energ ies  

inves t iga t ed  i n  t h e  present  study. The r e s o l u t i o n  with 8" spacing i s  roughly 

twice t h e  r e s o l u t i o n  with 4" spacing. It i s  not  expected t h a t  t h i s  l i n e a r  r e l a t i o n  
8 

continues f o r  spacing smal le r  than 4" ( a s  shown by othe published d a t a  ). 

The above r e s u l t  i s  important because neu t r ino  i n t e r a c t i o n s  i n  t h e  l a r g e  a rea  

ca lor imeter  i n i t i a t e  hadron f i n a l  s t a t e  showers with mean momenta i n  a d i r e c t i o n  

not  necessa r i ly  normal t o  t h e  p l a t e s  of t h e  ca lor imeter .  A hadron shower pro- 

duced a t  an angle O H  with respec t  t o  t h e  a x i s  of t h e  ca lor imeter  w i l l  have a 

c a l i b r a t i o n  which i s  independent of O R .  This  i s  because although t h e  e f f e c t i v e  

s t e e l  spacing i s  increased by a f a c t o r  of l / c o s O H , t h e  amount of l i g h t  produced 

by each secondary p a r t i c l e  i s  increased  by t h e  same f a c t o r  a s  t h e  p a r t i c l e s  a r e  

t r ave r s ing  t h e  s c i n t i l l a t o r  a t  an angle.  The r e s o l u t i o n  on t h e  o t h e r  hand w i l I  

be t h a t  of a ca lor imeter  of s t e e l  spacing equal  t o  4"/cosBH. The r e s u l t s  pre-  

sented i n  Table I1 i n d i c a t e  t h a t  f o r  small angles  t h e  r e s o l u t i o n  i s  d i r e c t l y  

propor t ional  t o  l / c o s  O H  . 

TABLE 11. 

Comparison of t h e  r e s o l u t i o n s  of ca lor imeters  

with 4" and 8" s t e e l  spacing. 

Momentum (Gev) Resolution 4" steel Resolution 8" steel Ratio 8"/4" 

Fur ther  s t u d i e s  of ca lor imeters  of various s t e e l  spacing a r e  planned. 

Specia l  emphasis w i l l  be placed on s t u d i e s  of the t rnnnvcrsc conti1fntnc.111 nT 

hadron showers and on t h e  behavior a t  low ( E  < 20 GeV) beam energies .  A l ~ o  

planned a r e  s t u d i e s  of t h e  low and high energy t a i l s  of t h e  d i s t r i b u t i o n s  and 

t h e  development of an algori thm t o  improve t h e  r e s o l u t i o n  by using t h e  informa- 

t i o n  i n  t h e  longi tudina l  development of t h e  shower. 

We wish t o  acknowledge t h e  he lp  of t h e  Fermilab/Neutrino Area s t a f f .  



Appendix A: Shower Development Tables 

The mean number of p a r t i c l e s  i n  each counter  f o r  various inc ident  momenta 

a r e  given i n  Table A.1. The symbol + denotes p o s i t i v e l y  charged hadrons and 

the  symbol - denotes negat ive ly  charged hadrons. Because o f  equipment r e l a t ed  

d i f f i c u l t i e s  encountered during the  June run,  the re  a r e  l a r g e r  u n c e r t a i n t i e s  i n  

the  counter t o  counter c a l i b r a t i o n s  of t h e  200 and 250 GeV da ta .  The o v e r a l l  

normalizat ion of t h a t  d a t a  i s  co r rec t  t o  f5% because the  mean f o r  the  sum of 

14 counters  measured with 150 GeV hadrons i n  the  June run agreed with l a t e r  

measurements taken with 150 GeV hadrons during the  Ju ly  run. 

TABLE A. 1 

Mean number of p a r t i c l e s  i n  each counter  f o r  

various inc iden t  energies .  

Counter -5 -10 -X) -30 -50 -6% G 3 O  

The shower development can a l s o  be described i n  terms of t h e  average 

f r a c t i o n a l  energy depos i t ion  i n  each counter ,  i . e .  < Ni/Nto ta l  >, where Ni i s  

- t h e  number of p a r t i c l e s  i n  counter number i ,  and N t o t a l  - f: Ni . 



TABLE A. 2 

The mean f r a c t i o n a l  energy depos i t ion  i n  

each counter  f o r  various inc iden t  momenta. 

Counter 5 -Y) -20 -30 -50 -100 +150 -200 -250 
GeV GeV GeV GeV GeV GeV GeV GeV GeV 

The shower development t a b l e s  desc r ibe  t h e  shower from t h e  poin t  of t h e  

primary i n t e r a c t i o n .  As described i n  t h e  t e x t ,  an i n t e r a c t i o n  was forced 

i n  t h e  f i r s t  counter  by r equ i r ing  t h e  pulse  he igh t  i n  t h e  f i r s t  counter  t o  

be l a r g e r  than a  minimum value (see Table A.3). Other condi t ions  were applied 

t o  d i sc r imina te  aga ins t  background p a r t i c l e s .  A l l  t h e  condi t ions  a r e  sumnarized 

i n  Table A.3 . 
TABLE A. 3 

Events s e l e c t i o n  c r i t e r i a .  Conditions a r e  i n  

terms of s i n g l y  ion iz ing  s igna l s .  Cl-C14 denote 

t h e  counter  numbers (placed every 4" of s t e e l ) .  

Momentum (Gev) Conditions 



A s  can be ascer ta ined  from t a b l e  A2, t h e  average f r a c t i o n a l  energy depos i t ion  

i n  t h e  back h a l f  of t h e  ca lor imeter  i s  small.  However, a t  h igh  energ ies  t h e r e  a re  

always events  where a  l a r g e  f r a c t i o n  of t h e  energy i s  deposi ted i n  t h e  back h a l f .  

This po in t  i s  i l l u s t r a t e d  i n  f i g u r e  8 where t h e  d i s t r i b u t i o n s  of pulse  h e i g h t s  

i n  t h e  f i r s t  h a l f  of t h e  ca lor imeter  a r e  compared t o  t h e  d i s t r i b u t i o n s  of pu l se  

h e i g h t s  i n  t h e  e n t i r e  calorimeter .  The low energy t a i l s  a r e  c l e a r l y  evident .  I n  

genera l ,  low energy t a i l s  a r e  c h a r a c t e r i s t i c  of lack  of containment ( f i g u r e  8) 

while  high energy t a i l s  a r e  c h a r a c t e r i s t i c  of inf requent  sampling ( f i g u r e s  7a and 7b). 

Appendix B: Addit ional  S tud ie s  and Various Correct ions 

A s  described i n  t h e  main t e x t ,  t h e r e  were condi t ions  and co r rec t ions  applied 

t o  t h e  d a t a  i n  order  t o  e l imina te  poss ib l e  b i a s e s  between charged p a r t i c l e  induced 

showers i n  t h e  t e s t  ca lor imeter  and neut r ino  induced showers i n  t h e  l a r g e  a rea  

calorimeter .  These a r e  summarized below. 

1. Background from muons and low energy e l e c t r o n s  were removed. 

2 .  An i n t e r a c t i o n  was forced i n  t h e  f i r s t  module i n  order  t o  ensure 

containment of t h e  shower a t  high energ ies .  Where appl icable ,  

co r rec t ions  f o r  non-containment were applied.  

3. The dependence of t h e  r e s o l u t i o n  on t h e  s t e e l  spacing was i n v e s t i -  

gated i n  o rde r  t o  understand t h e  dependence of t h e  r e s o l u t i o n  on 

t h e  angle with r e spec t  t o  t h e  ca lor imeter  a x i s  of neut r ino  induced 

hadron showers. 

4. The f i r s t  i n t e r a c t i o n  of hadrons i n  the  t e s t  ca lor imeter  tends t o  

occur i n  t h e  f r o n t  p a r t  of t h e  f i r s t  module, while  neut r ino  i n t e r -  

a c t i o n s  i n  t h e  l a rge  a r e a  ca lor imeter  occur uniformly through t h e  

4" of s t e e l .  The low energy datawere cor rec ted  f o r  t h i s  b i a s .  

The f i r s t  t h r e e  p o i n t s  were discussed i n  d e t a i l  i n  t h e  main t e x t .  The 

fou r th  po in t  i s  discussed i n  t h i s  appendix. 

The d i f f e rence  between neu t r ino  i n t e r a c t i o n s  which occur uniformly through 

t h e  4" of t h e  s t e e l  module and hadron i n t e r a c t i o n s  which tend t o  occur near  t h e  

f r o n t  p a r t  of  t h e  module i s  t h a t  i n  t h e  t e s t  ca lor imeter  we tend t o  sample t h e  

shower a t  a  l a t e r  s t age  of development. We t e s t e d  f o r  t h i s  b i a s  by replac ing  

t h e  4" s t e e l  modules with 2" s t e e l  modules and compared t h e  pulse  he ight  d i s t r i -  

but ion of t h e  sum of t h e  7 even counters  ( l a t e  sampling) with t h a t  of t h e  sum of 

t h e  7 odd counters  ( e a r l y  sampling). The average of t h e  two d i s t r i b u t i o n s  

s imula tes  the  case of  neu t r ino  i n t e r a c t i o n s  where t h e  sampling s t age  i s  unknown 

a s  t h e  i n t e r a c t i o n s  occur uniformly throughout the  s t e e l .  A t  50 GeV, t h e  means 



of t h e  average and even d i s t r i b u t i o n s  were t h e  same. A t  10, 20, and 30 GeV, the  

means of t h e  average d i s t r i b u t i o n s  were 2.2% higher  than those  of the  even d i s t r i -  

but ions.  Therefore,  a co r rec t ion  f a c t o r  of 1.022 was applied t o  t h e  means of t h e  

10, 20, and 30 GeV d i s t r i b u t i o n s  of t h e  4" data .  The corresponding c o r r e c t i o n  

f a c t o r  f o r  t h e  5 GeV d a t a  was 1.10. The magnitudes of these  co r rec t ions  a r e  

comparable t o  t h e  e r r o r s  a t  t hese  energ ies .  The e f f e c t  of l a t e  sampling i s  even 

more no t i ceab le  f o r  8" sampling. The means of t h e  d i s t r i b u t i o n s  of pulse  h e i g h t s  

summed over  t h e  7 even counters  f o r  t h e  4" running, (shown i n  f i g u r e s  7 a and 7b) 

a r e  18.6, 45.3, 71.3, 129, 365, 388, 473, and 574 s ing ly  ion iz ing  s i g n a l s  f o r  

t h e  energ ies ,  10, 20, 30, 50, 100, 150, 200, and 250 GeV respec t ive ly .  When 

compared t o  t h e  values given by 0.5 times t h e  means of t h e  pulse  he igh t s  summed over  a l l  

14 counters ,  t h e  means of the  even d i s t r i b u t i o n s  a r e  29%, 15%, 13%, 4%, lZ, 

lo%, and 11% lower r e spec t ive ly .  

A s  mentioned e a r l i e r ,  t h e  t r ansve r se  dimensions of t h e  t e s t  ca lor imeter  were 

10" by 14". The o v e r a l l  length of t h e  ca lor imeter  was 71". When t h e  4" s t e e l  

s l a b s  were replaced by 2" s t e e l  s l a b s  t h e  o v e r a l l  length of t h e  ca lor imeter  

remained t h e  same, a s  t h e  s c i n t i l l a t o r  p o s i t i o n s  were f ixed .  Because of t h e  

d r a s t i c  reduct ion i n  dens i ty  and t h e  d r a s t i c  reduct ion  i n  t h e  amount of s t e e l  i n  

t h e  long i tud ina l  d i r e c t i o n ,  t h e  ca lor imeter  i n  t h e  2" spacing conf igura t ion  could 

not  conta in  high energy showers i n  t h e  long i tud ina l  d i r e c t i o n  ( see  t h e  shower 

development t a b l e s  i n  Appendix A ) .  Even a t  low energ ies  (E - < 50 GeV), t h e  

reduced dens i ty  r e s u l t e d  i n  a 23% energy l o s s  out  the  s i d e s  of the  ca lor imeter .  

This  s i d e  l o s s  could n o t  a f f e c t  t h e  r e s u l t s  of t h e  above t e s t  much because we 

were only looking f o r  a d i f f e r e n c e  between t h e  even and odd counters .  Unlike 

hadron showers, e l e c t r o n  showers a r e  wel l  col l imated and of s h o r t e r  range. There- 

f o r e ,  e l e c t r o n  showers were f u l l y  contained wi th in  t h e  ca lor imeter  i n  t h e  2" 

conf igura t ion .  The lack  of containment of  t h e  hadron showers r e s u l t e d  i n  a c l e a r  

s epa ra t ion  between t h e  e l e c t r o n  and hadron peaks. Elec t ron  s i g n a l s  were s tudied  

by removing the  lead  absorber t h a t  was normally placed upstream of t h e  ca lor imeter .  

A t  4" spacing (obtained by summing t h e  even counters  i n  t h e  2" conf igura t ion)  t h e  

d i s t r i b u t i o n  f o r  50 GeV e l e c t r o n s  was Gaussian with a mean a t  335 s ing ly  ion iz ing  

s i g n a l s  and rms. width of 7.1%. 

A d i f f e r e n t  kind of b i a s  may r e s u l t  if t h e  p a r t i c l e  composition of pion 

induced hadron f i n a l  s t a t e s  (d + p -  hadrons) i s  d i f f e r e n t  from t h a t  of cu r ren t  

(W boson) induced hadron f i n a l  s t a t e s  (w- + p + hadrons).  The d i f f e rence  occurs 

because f i n a l  s t a t e  n ' s  imnediately decay and i n i t i a t e  electromagnetic  showers 
0 

i n  which t h e  energy l o s s  due t o  nuclear  d i s i n t e g r a t i o n s  i s  smal1, thus e l e c t r o -  

magnetic showers produce s i g n a l s  which a r e  t y p i c a l l y  2 5 7 l a r g e r  than  hadron shower 



signals. The resulting bias is probably small because ir changes the calibration 

by only 25% of the fractional difference between the ?io composition of pion induced 

hadronic final states and that of current induced hadronic final states. ~ventually 
even this small bias may be removed when more information is available about the 

particle composition of current induced hadron final states. It may also be 

possible to eliminate the bias by using the information in the longitudinal 

development of the shower to estimate the initial ?To composition in the hadron final 

state for each event. 

Appendix C: Fitting Poisson Distributions 

As mentioned in the main text, the pulse height distributions of hadrons in 

the calorimeter were best represented by Poisson distributions. The Poisson 

distribution is an integral distribution; we transform it into a continuous 

distribution in the following manner. The integral Poisson distribution for N 

events is: 

where is the mean of the distribution. We make the following transformation: 

Here y is the number of events per bin and x is in units of equivalent 

particle signals. We have used the following approximation for the r function: 

We obtained the best values for a, b and x by minimizing the chi-squared of the 
fit using a non-linear fitting routine. The best fit mean of the distribution 

is i ,  the resolution (~/x)= m, and the area under the fit is bla. 
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Figure 1 - Schematic of t h e  t e s t  ca lor imeter .  

F igure  2 - Pulse he igh t  d i s t r i b u t i o n  of s ing ly  ion iz ing  p a r t i c l e s  i n  

t h e  f i r s t  counter.  (a )  150 GeV hadrons, s t e e l  p l a t e s  removed. 

(b) 50 GeV muons, 4" s t e e l  p l a t e s  i n  place.  

Figure 3 - Pulse he ight  d i s t r i b u t i o n  sumed over 14 counters  f o r  50 GeV 

muons, (4" s t e e l  p l a t e s  i n  p lace) .  

Figure 4a  - Pulse he igh t  d i s t r i b u t i o n s  summed over  14 counters  f o r  5, 10, 

20, 30, and 50 GeV hadrons, (4" s t e e l  spacing).  

Figure 4b - Pulse he igh t  d i s t r i b u t i o n s  s m e d  over  14 counters  f o r  100, 

150, 200, and 250 GeV hadrons, (4" s t e e l  spacing) .  The 

curves a r e  t h e  b e s t  f i t  poisson d i s t r i b u t i o n s .  

F igure  5a - The mean number of equiva lent  s ing ly  ion iz ing  p a r t i c l e s  

deposi ted i n  t h e  ca lor imeter  vs. t h e  inc iden t  hadron energy, 

(4" s t e e l  spacing) .  The curve corresponds t o  t h e  f i t  

described i n  the  t e x t .  

Figure 5b - The rms r e s o l u t i o n  of t h e  ca lor imeter  vs. t h e  inc iden t  hadron 

energy, (4" s t e e l  spacing) .  The curve corresponds t o  1.105/-. 

Figure 6 - The r e s o l u t i o n  a t  200 GeV vs. spacing between counters .  

F igure  7a - Pulse  he ight  d i s t r i b u t i o n s  (8" spacing) f o r  10, 20, 30, and 

50 GeV hadrons. The curves a r e  t h e  b e s t  f i t  poisson d i s t r i -  

bu t ions .  

Figure 7b - Pulse h e i g h t  d i s t r i b u t i o n s  (8" spacing) f o r  100, 150, 200, and 

250 GeV. The curves a r e  t h e  b e s t  f i t  poisson d i s t r i b u t i o n s .  

Figure 8 - Non-containment e f f e c t s  i l l u s t r a t e d  by t h e  pu l se  he igh t  

d i s t r i b u t i o n s  i n  t h e  f i r s t  h a l f  of t h e  ca lor imeter .  
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