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Proposal to Study 

Nucleon Structure Functions at High o2 

Abstract 

The ultra small distance structure of the nucleon is to 

be measured by studying high energy deep inelastic neutrino-

nucleon scattering in the Flash Chamber - Proportional Tube 

calorimeter located in Lab C. The fine grained sampling of 

this detector allows both the energy and angle of energy flow 

of the recoil showers to be determined. Thus the structure 

functions of both neutral current and charged current inter-

actions can be measured. These measurements enable a 

determination of: 

1) The Lorentz structure of the weak neutral current. 

h 2 1. f h f . 2) T e Q evo ut1on o t e structure unctions up to 

high o2 • 

This will test gauge theoiies of electro weak interactions and 

confront the QCD theory of strong interactions in a new high 

energy range. 
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I) Introduction: 

We propose measuring the nucleon structure to ultra small 

distances by studying high energy deep inelastic neutrino - nucleon 

scattering in the Lab C Flash Chamber - Proportional Tube Calori-

meter. The High o2 region < 400 (GeV/c) 2 unveiled by the Tevatron 

will allow structure ·in the range fermi to 

be explored. 

With the fine grained shower sampling capability of the Lab C 

detector, it is possible to measure both the energy as well as the 

direction of the recoiling hadron shower~ This allows a complete 

reconstruction of the kinematics of both charged current and neutral 

current deep inelastic neutrino scattering in the narrow band 

neutrino beam. Hence the Lab C detector can determine the scaling 
. - 2; variables x - Q 2 m pEh and y = Eh/E" for both of these inter-

actions. 

A measurement 
(-) (-) 
(V + N-+ V + X) µ µ 

of the four deep inelastic cross sections: dx~ 

and~ ((v) + N-+ µ± + x) (N=nucleon-isoscalar dxdy µ 
target) at the highest possible range of o2 , x and y, will enable the 

following tests of our understanding of weak and strong 

interactions: 

1) A comparison of the Lorentz structure of the neutral 

current interaction at high center of mass energies (W ~ 30 GeV)with 

that at low energies will extend the tested range of gauge theories. 

In particular this will allow a determination of Sin2ew of the 

Weinberg-Salam theory in a new high energy regime. 



-2-

2) A measurement of the Q2 evolution of the structure 

functions F2 and xF 3 for both neutral current and charged current 

interactions up to high Q2 
.J' 400 (GeV/c) 2 is an excellent test of the 

currently popular QCD theory of strong interactions. Furthermore, a 

detailed comparison of the neutral current structure functions with 

the charged current structure functions tests that the nucleon 

structure is independent of the probe and gives a sensitivity to 

small differences in the strange and charm sea of the nucleon. 

Experimentation at FNAL and the SPS has shown that violations 

to Bjorken scaling at large o2 are consistent with the predictions 

of QCD. However various theoretical ambiguities exist in an inter-

pretation of the data. First order terms in QCD to determine ~s, the 

strength of the strong interaction coupling constant, are ambiguous 

to a scale factor. Second order terms must be included to determine 

the scale of the Q2 dependence of a 5 • This requires experiments at 

high o2• Comparisons of the data at low o2 with the QCD theoryhave 

further difficulties of interpretation. Higher twist effects can 

account for the scale violations at low o2• These effects are very 

poorly understood but are believed to fall with increasing o2 as an 

inverse power of o2• Hence only high o2 ?; 10 to 20 (GeV/c) 2 data can 

be used to unambiguously confront the QCD theory. 1' 2 

various. probes can be used to study the small scale structure 

of the nucleon. The probe can be a virtual photon i~ deep inelastic 

electron or muon scattering. This probe couples to the charges of 

the quarks and has a 1/04 propagator dependence which gives a large 

suppression at high o2• Only two structure functions of the nucleon 
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are determined by this type of exper irnent. For deep inelastic 
+ neutrino scattering, because of the large mass of the exchanged w-

boson in charged currents or the ~o boson in neutral currents, one 

ff f . . 2 {Q 2 400 expects almost no propagator e ects at in1te Q • ;s 
2 (GeV/c) propagator effects are - 10%). Hence the scattering cross 

section does not have the strong falloff at large a2 . Futhermore, 

since parity is violated in the weak interaction, there are three 

structure functions in the deep inelastic scattering cross sections 

which enable one to directly probe the valence quark structure of 

the nucleon. 

Although the structure of the nucleon is believed to be 

independent of the probe, (good evidence exists en, µn vetSlS vn 

charged currents) model independent checks of this assumption can 

be made with an ex per irnent which can simultaneously measure the 

nucleon structure functions as probed by the neutral current with 

those which are probed by the charged current. subtle differ-

ences are expected to exist between the structure functions of 

these two probes, which depend on the difference between the charm 

and strange quark sea. 3 

At this time, it is believed that there are 6 point-like 

quarks; 5 quark flavors have been detected and the 6th quark is 

being intensly searched for. There are many questions about the 

fundamental structure of matter. Why are there different flavor 

quarks? Is there another level of structure of matter - a subquark 

which is used to build quarks? Is color an exact symmetry? Can 

color be excited and fra=tionally charged quarks be resolved into 
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integrally charged quarks of different colors? A subquark 

structure would give rise to an enhancement of dcr/dxdy in the low x 

region at high o2 ~ A color excitation would make the deep inelastic 

cross section rise at large o2• •rhese questions demand further 

experimentation at the highest o2• Since the Tevatron will allow a 

new high range of Q2 and w to be explored, there is the exciting 

possibility that some fundamental revelation in our understanding 

of the structure of matter will occur. 

II) Structure Functions - Theoretical Formulation 

In this section we present the theoretical formulation of deep 

inelastic neutrino nucleon scattering for both the charged 

current and the neutral current interactions. we will use this 

formulation to simulate the response of the detector to neutrino 

events in the narrow band beam. 

a) Basic quark model theory: 

A neutrino (antineutrino) may interact with a nucleon by 

exchanging charged heavy bosons w±, or a neutral heavy boson z0 • In 

the quark-par ton model of the nucleon, this scattering process 

takes place by the heavy gauge boson interaction with one of the 

quarks inside the nucleon. These processesare depicted in figure 

1. The charged current is flavor changing and pure V-A, and the 

neutral curzent is believed to be flavor diagonal to a good 

approximation and contains a mixture of V-A and V+A .amplitudes. 

The Lagrangian for the charged current interaction as given 

in the standard notation of the quark model is: 
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where G is the universal fermi constant= 1.17 x 10-S Gev- 2 and de= 

d cosac + s sinec, ec=Cabibbo angle, and u(x) is the probability 

that a u flavor quark has a momentum fraction x of the nucleon 

momentum, etc. 

In the SU(2)x U(l) gauge theory of Weinberg-Salam there are 

two components to the neutral current: 0 the photon and the Z boson. 

These two amplitudes are mixed by an angle e w· Hence the neutral 

current Lagrangian is given by (in the notation of Sakurai and Hung 4 

(assuming no flavor changing neutral currents): 

Lng 'G vy>. (l+y 5 )v { 1/2 [ uy>. (cx+l3y 5 )u - oy>. (cx+13y 5 )d) 
2 

+ possible cc, 'Et, bb terms} 

(2) 

For pure V-A, ex =13, and y = o, but in general we have in the w. S. 

model: 

a = l - 2 sin2ew a = i 

( isovector-vector) ( isovector - axial vector) (3a) 

y = -2/3 Sin2ew o = O 

(isoscalar - vector) (isoscalar - axial vector) 

(3b) 

and with the GIM mechanism: 

y' = -1/2 + 2/3 sin2e w, (3c) 
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0 I = -1/ 2 ( 3d) 

Thus the neutral current interaction is in general not pure V-A 

since Sin2 ew;to. 
These interactions lead to the following cross sections for an 

isoscalar target; (The threshold effects for charm production and 

quark flavors beyond charm are neglected). For charged currents: 

( v ) da µ 
dxdy cc = 2 l G mEv 

n [xq(x) + xs{X) - xc(x)] + 

(4) 

(1 - y) 2 [x{j(x) + xC(x) - xS(xl]] 

and 

-
( 

v 
do µ 

dxdy l [x{j(x) + xS(x) - xC(x) J + 

(l-y) 2 [xq(x) + xc(x) - xs(xl] ) . ( 5) 

For neutral currents: 

( a avµ ) = G 
2
mEv l 

dxdy nc 1T 
( 6 ) 

+(xu(x) + xd(x)) [ c;l2 + c;22 + c;32 + c;42](1+(1-y)2) 

+ {xs(x)+xs(x)) [o 2
2 + 04

2 ] (1 + (l-y) 2 ) 

- 2 2] 2 l + ( xc ( x) + xc ( x) ) [ 01 + 03 ( 1 + ( 1-y) ) J 
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and 

-
" G

2
mE 

d a µ = \l { x V{ x ) ( { o 12 + o 2 2 ) ( 1- y ) 2 + ( o 3 2 + o 4 2 ) ( 7 ) 
dxdy nc n 

where: 

and 

01 = 1/2 - 2/3 sin2ew = UL = 1/ 4 (a 4f3 +y+o) 

02 = -1/2 + 1/3 Sin2e w = dL=l/4(y-a+o-e> 

03 = -2/3 Sin2ew = UP( = 1/4 Ca +y -e -o> 

1/3 . 2 
dR 1/4 C y+e -a - o ) 04 = Sin ew := = 

V(x)= uv(x) + dv(x) = q(x) - q(x) 

q(x) = l: qi(x) , 
i 

q(x) = l: qi(x) 
i 

(8a) 

(8b) 

(8c) 

(8d) 

These cross sections may be written in terms of the familiar 

structure functions F1 , F2 , F3 as follows: 

" " da axay =---1T 
{ 2 2 2 2} (l-y)F2(x,Q )+xy Fl(x,Q )±(l-l)XYF3(X,Q ) 

( 9) 
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Neglecting quark transverse momentum and assuming the Callen-Gross 

relation5 . ( 2xF1 =F 2) we form the following table of structure 

functions in terms of the scaled quark and antiquark momentum 

dis tr ibu tions. 

Table I 

charged current neutral current 

'V 

F \> 2 xE(x)=xq(x)+xq(x) xt(x) [o 2+o 2+o 2+o 2] l 2 3 4 

+xll N ( x) [ o 1 2+°-3 2 -o 2 I 2 

\> 

" xV(x)+xflN(x) xV(x)[o 1
2+a 2

2 - 03 
2 xF3 -

=xq(x)-xq(x)+(xc{x)-xs(x) 
+xc ( x) -x s ( x )) 

We note that xF3 is for both neutral current and charged 

current interactions a flavor nonsinglet and is a measure of the 

valence quark x distribution. On the other hand F 2 for charged 

currents is a pure flavor singlet, the neutral current, however, 

contains bothasinglet CJO:)and a non-singlet term(~6 N.> (expected to 

be small) and measures the total quark distribution. 

b) QCD corrections to deep inelastic scattering 

Quantum chromodynamics (QCD) is an SU(3)c color gauge 

theory which models the interactions between quarks and gluons -

the mediator of the strong interaction. In this theory, quarks are 

arranged in color triplets and have distinct flavors. The strong 

-o 4 

04 

2 J 

2 J 



-9-

coupling constant as(Q 2 ) becomes weaker at high a2 due to an anti-

shielding of the gluon field around the bare quark color charge. 

This antishielding makes perturbation calculations of the theory 

more reliable at high o2• 

Holding o2 fixed and measuring the structure functions versus 

x, determines the nucleon structure at a given distance scale. 

When a z0 or w± boson strikes a quark at ever increasing Q2 , and 

thus at ever smaller distances, a quark can be resolved into a quark 

plus a gluon, and a gluon into a quark-antiquark pair or a gluon 

pair. These radiative corrections to a quark or a gluon are 

depicted in figure 2. Hence the scaled quark, and an tiquar k 
2 momentum distributions will depend on Q • Since these radiative 

processes tend to soften the hard boson-quark scattering at high 

o2 , one would expect the large x ~ o. 4 values of the structure 

functions F2 and xF 3 to decrease and the small x $ O. 2 values to 

. increase with increasing o2• This qualitative behavior has been 

verified by extensive experimentation. 

The o2 evolutions of the singlet structure function F2 (x, Q2 ) 

and the nonsinglet structure function xF3 (x, Q2 ) are expected to be 

different. To leading order, 

radiation (figure 2a), whereas 

xF3 can evolve by only gluon 
2 F2 tx, Q) is sensitive to both 

gluon radiation and qua~k-antiquark pair production (figure 2b) as 

well as indirectly dependent on the triplet gluon process (figure 
2 2c). Hence F2 (x, Q ) at small x is expected to grow ~ith increasing 

o2 more rapidly than xF 3 (x, Q2 ). 
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The behavior of xF3 (x, o2 > does not provide an incisive test 

to distinguish between different theories of strong interactions, 

but does provide a necessary consistency check of QCD. However the 

singlet structure function can distinguish between 

different theories by the o2 behavior of the n=2 moment: 

1 2 f o F2 (x,Q ) dx 2 = < x E(Q ) >2 

Only QCD predicts that this moment should decrease with increasing 

Q2• Since this behavior is consistent with experimental data, 

certain other proposed theories are excluded. 6 

QCD makes predictions on the moments of the structure func-

tions F2 and xF 3 • These have been extensively measured and 

compared with good agreement to theoretical predict ions. 

However, certain ambiguities remain in the interpretation of these 

data. These ambiguities involve extending the theory to low Q
2• 

What remains to be measured? There are several contributions that 

a Tevatron experiment can make: 

1) h 2 1 . f d h Measure t e Q evo ut1on o F2 an xF 3 up to t e very 

highest value of o2• Higher twist terms should be small and thus 

the theory can be directly tested. 

2) Compare the neutral current structure functions with the 

charged current structure functions. This tests that the structure 
n functions are independent of the probe and checks that the x6 (x) 

term is small. 
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2 2 3) Estimate the value of R =FL/F2 (FL(x,Q ) = F2 (x,Q ) -
J 

2xF1 (x,Q 2 )) as a function of x for various values of o2 • This 

ratio is sensitive to the triple gluon vertex. Since F 2 alone has 

little sensitivity to the triple gluon vertex there are few other 

ways of measuring this important aspect of the theory. The 

measurement of this quantity is very difficult, however. 
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III) Experimental Interpretation 

The simultaneous measurement of do 
dxdy 

(-) (-) 
( v µ+ N + vµ + x) 

da (-) + 
(neutral current) and dxdy (vµ + N ~ µ- + x) (charged current) will 

allow a determination of: 

1) The couplings (o1
2 + 

Weinberg angle. 

o 2 ) and (o 2 + o 2 ) and thus the 2 3 4 

2) The structure functions F2 (x,Q2 ), xF 3 (x,Q2 ) for both the 

neutral current and the charged current interaction. 

To extract the information above, we formulate two tests of 

the data. The emphasis is on the x distribution of the neutral 

current, which to date has been rather poorly measured/, 8 

a) Test 1 

The ratios of the neutral current cross sections to the 

charged current cross se~tions determine the couplings ca1
2 + 02

2
> 

and 2 2 
( 03 + 04 ) • This determination is independent of 

uncertainties in the incident neutrino flux. Any deviation of these 

ratios from a constant indicates the presence of the antiquark sea 

or ~nexpected structure in the neutral and/or charged current pro-

pagators at large Q2• 
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Neglecting strange and charm quarks; and separately integrating the 

numerator and denon.inator over y we have: 

and: 

da"µ(nc) 

" dx R µ(x) = ---

" R µ(x) = 

do"µ (cc) 
dx 

-
dO 

"µ(nc) 

dx 
v 

da µ(cc) 
dx 

where: 

a = 0 2 
1 

+ 0 2 
2 + 1/3 

- 1/3 (0 2 0 2) a = + 1 2 

= a + xq(x) 4/3 (b~a) 

xq(x) + 1/3 xq(x) 

= 3a + xq(x) ( 4/3 b-4a> 
1/3 x q(x) + xq(x) 

(0 2 + 
3 

0 2) 
4 

+ 0 2 
3 + 0 2 

4 

b = 0 2 + 0 2 + 0 2 + 0 2 
1 2 3 4 

(10a) 

(lOb) 

The values of these ratios at large x determine the couplings 

co 2 + o 2 > = 3/8(3a-a) and Co 2 + o 2 > = 3/8(3a-a) and hence, in 1 2 3 4 
the Weinberg-Salam model, the value of Sin2e • w In terms of the 

coupling constants of Hung and Sakurai (equation 2), this ratio 

test gives: 



Hence a 2 + 

13 2+ y2 + o2 ~ and aS+yo are determined. There remain two ambi-

guities: 1) VA a. ++ B, y ++ o, and 2) isoscalar - isovector 

a ++ y, B ++ o , which ·have to be resolved by other experiments! 

More importantly, the establishment that these ratios are constant 

shows that the x dependence of the neutral current structure 

functions are the same as the charged current structure functions. 

This test is free of flux normalization uncertainties. 

The antiquark remainder terms can be measured by observing any 

deviation of the ratios from a constant at small x where the xq term 

is expected to be at its maximum. However if Sin2 ew = 0.25, then 
-a = 0 • 2 9 7 , a = 0 • 13 0 and b = 0 • 3 2 0 • Thus 4/3(b-a) = 0.031 and 

4/3 b-4i = 0.093 and consequently the x~ term is suppressed offer-

ing little sensitivity to the antiquark sea. 

should be quite constant. 

b) Test 2 

Thus the ratios 

By computing the sums and differences of the neutral current 

and charged current neutrino and antineutrino cross sections, the 

structure functions F2 (x, Q2 ) and xF 3 (x, Q2 ) may separately be 

determined for each interaction. Referring to equation 9 and Table 

I, we have (assuming R = 0) 5 
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Charged-Currents: 

2 (11~) 

do" do" G mEV 2 (1 + 2 
dxdy + dxdy = F 2 (x,Q ) (1 - y) ) 

1T 

- G2mE do" do" v 
XF3(X) (1 - (l-y)2) (llb) dxdy dxdy = n 

Neutral Currents: 

- G2mE Co 2 + 0 2 + 0 2 + o42)F2(x,Q2) (l+(l-y)2) acr" \) 

+~ \) 

dxdy = 1 2 3 dxdy TI 
(12a) 

- G2mE do" do" \) (012 + 0 2 - 0 2 - o4
2 )xF 3 (x,Q2 )(1-(l-y)2) dxdy - dxdy = 1T 2 3 

(12b) 

Since (02+02) 1 2 and ( 0 2 
3 + 0 2) 

4 are computed by Test 1, the 

structure functions for the neutral currents are completely 

determined. These tests depend on the relative flux normalization 

between the neutrino and antineutrino narrow band beam exposures. 

This relative normalization should be good to~ 3%, and in fact the 

measurement errors of this test should be dominated by statistical 

uncertainties.9 

We can integrate a 0/dxdy over x to formulate another ratio 

test. By computing do(vhc /do(v)cc, we compare the y dependence 
dy dy 

of the neutral current scattering to that of the charged current 

scattering. This comparison determines again the coupling con-

stants ( 6.J.. 2 + °'2 2 > and (o 3 
2 + o 4 

2 > as well as the ratio of the 
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total ant iquar k momentum fr act ion to the total quark momentum 

fraction. However this information can be extracted from Test l 

and 2 above. Hence this y dependence ratio test will only serve as 

a useful consistency check. 

The results of Test 2 directly confront QCD. This analysis 

will provide a direct test of the o2 evolution of the structure 

functions for both charged current and neutral current 

interactions. 
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IV. Design of the Experiment 

a) Method 

The incident neutrino energy must be known to determine the 

neutral current kinematics. Thus the data have to be taken in the 

narrow band beam. The calorimeter will determine the energy and 

angle of the recoil hadron shower and the recoil muon momentum in 

the case of the charged current event. This information determines 

the complete neutral current kinematics (Oc fit) and over 

determines the charged current events. The kinematics for 500 GeV 

incident neutrino energy - a typical value, is shown in figure 3. 

To reduce the uncertainties in the comparison of charged 

current events with neutral current events, a subclass of charged 

current events will be analyzed with the same cuts which are 

applied to the neutral current events. Since the kinematics of 

this subclass of events is overdetermined by using the muon 

momentum, an important check of the method of analyzing the neutral 

currents can be performe~. 

In the narrow band beam, the energy of the neutrino is fixed by 

measuring the angle of the neutrino about the K/nmomentum direc-

tion. The K/~ ambiguity for neutral current events is resolved by 

demanding that the recoil hadron energy of the event be greater 

than the neutrino energy from n+ µ~ decay at that particular angle. 

This results in a y min cut at low y. The incident neutrino angle 

is measured by the radius of vertex of the neutrino interaction and 

the average distance of the K/n decay point from the neutrino 

detector. 
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A Monte Carlo simulation of the energy versus radius of the 

proposed narrow band beam D-61G is shown in figure 4. This was 

computed by taking the K/TI momentum to be 600 GeV/c and assuming 

gaussian angular and momentum divergences of cr(8 )~0.05 mrad and 

op/p ~ 5% respectively. The corresponding energy resolution versus 

radius is shown in figure 5. 

b) Resolutions: 

The kinematic variables of interest - 2; are x - Q 2m E1 , p 1 

y = Eh/Ev and o2 = 2E E 'Cl - Cose ') (Ev ' and e" ' + I E ' e ' \) \) \) µ ' µ 

respectively for charged current events.) By the small angle 

approximation: 

EE '8 12 
\) \) \) 

2 
""' (Eh 8 h) 

( 1 - y) 
, thus x 

The resulting errors in x are then: 

= + 1 
( 1-y) 2 ( a Eh) 

2 
Eh 

and the corresponding measurement errors in y are: 

+ 

Only the hadron shower energy and angle are measured in 

neutral cur rent interactions. Figures 6 and 7 . show the hadron 

energy and shower angle distributions respectively for accepted 

neutral current events. Approximately 70% of the events have a 

hadron energy below 200 Gev. Good angular resolution at "low" 



energies is important even at the Tevatron. The energy and angle 

resolutions are discussed in Appendix A. 

The resolutions in x, using cr (eh) given by figure A6 for 

various values of y at Ev = 500 GeV as shown in figure 8. The 

primary error in a x is caused by the uncertainty in eh" The 

resolution in x degrades as y increases. The contribution due to 

Fermi motion of the target nucleons is estimated to be 7-= 15%. 

Hence the uncertainties in x are primarily caused by the 

uncertainty in eh over much of the y region. Estimating a (Ev)/Ev J' 

10% and cr(Eh )/Eh J' ~ for Eh> 200 GeV (proportional tubes pulse 
h 

height) and a (Eh }/Eh J' 7% for Eh <200 GeV (flash chambers cell 

counting), we obtain the resolution in y given by figure 9. 

In section VI we will show by a Monte Carlo simulation that 

these x and y resolutions are adequate to discern QCD effects in the 

o2 $ 400 (GeV/c) 2 range, and to make a good comparison of the 

neutral current structure functions with charged current structure 

functions. 

c) Beam Energy: 

A K/n momentum of 600 GeV/c is chosen to compromise between 

high energy (large Q2 ), and event rate. The Q2 - y values for 

various choices of x are given in figure 10. we see that o2 $ 400 

(GeV/c) 2 is accessible. In figure 11, we have plotted the hadron 

mass distribution for neutrino-neutral current events. Masses up 

to J'30 GeV/c2 are accessible. 
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V) Event Rates: 

The event rates in the narrow band beam D-61G (L. Stutte) 0 in a 

100 fiducial ton (340 Ton total) lab C detector are given in Table 

II • The K/11 momentum was chosen to be 600 GeV/c at the Tevatron 

operating at 1000 GeV. 18 The beam exposure was taken at 4.4 x 10 

protons on target for antineutrino running and 1.0 x 1018 protons 

on target for neutrino running. This corresponds to one year of 

beam at the "standard" Tevatron delivering 1013 protons on target 

each 60 seconds. Both the neutral current and the charged current 

event rates include the y min cut to separate neutrinos for K decay 

from neutrinos from. TI decay. No y . cut has been applied to the n min 
decay events. 

Table II 
K TI Total 

\) ·sooo 3960 8960 
Neutral 
Current \) 1000 4920 5920 

charged \) 16700 12000 28700 
current - 2900 14500 17420 \) 

grand total 61,000 

With this beam exposure, the number of events per 12 Gev2 bin 

in o2 is shown in figure 12. Thus, the measurable Q2 range extends 

to o2 ~ 400 (GeV/c) 2 • 



VI} Monte Carlo Simulation 

a) Method 

In this section we describe the results of a monte carlo 

simulation of the neutral current and the charged current deep 

inelastic scattering in the narrow band beam. The object is to 

generate events with QCD effects, experimental un~ertainties, and 

the statistics imposed by the event rates of Table II. 

The elements of the simulation are: 

1) The narrow band beam D-61G with PK/n = 600 GeV/c, 

o(S)= 0.05 mrad, op/p"' 5%. (See figures 4 and 5). 

2) The experimental uncertainties of the hadron energy and angle 

determination given by figures 4 and 6 of Appendix A. 

3) The shower containment requiring 99% longitudinal and 95% 

lateral (see figure 3 Appendix A) containment. 

4) The neutrino-nucleon cross sections given by equations 4 

5) 

through 7, but neglecting the strange and charm sea. 

Sin2 e = 0.25. w 
The QCD effects are put 2 into F2 (x,Q ) and xF 3 (x,Q2 ) using the 

parameterization of Buras and Gaemers} 1 R 2 2 = FL(x,Q )/F2 (x,Q ) 

is taken to be O. 

6) The statistics imposed by 5000 neutrino events and 1000 

antineutrino events. 
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The simulated data are analyzed to extract a cross section 

~~dy corrected for experimental effects as follows: 

do 
dxdy = 

dN 
dxdy 

dM 
dxdy 

( 
do 

dxdy theory) 

dN where dxdy = accepted Monte Carlo events with QCD effects, ex per i-

1 . . d h ' t dM menta measurement uncerta1nt1es, an s ewer conta1nmen·; dxdy = 
accepted Monte Carlo events without QCD, but everything else 

do mentioned above, and dxdy 

( x and y a is tr ibutions) 

theory = monte carlo generating function 
dM of dxdy" The "measurement" should be 

roughly independent of the choice of d~~y and its generator d~~y 
theory. 

b) Results 

The results of Test 1, where we compute the ratio of neutral 

current cross sections to charged current cross sections for both 

neutrino and anti neutrino interact ions, are shown in figures 13a 
2 and 13b. From this ratio test, we determine the value of ( o1 + 

2 2 2 o2 )= 0.29 ± 0.01 and (o3 + o4 ) = 0.035 ± 0.008, and finally we 

retrieve Sin2 e = 0.25 ± 0.01. w 
The extraction of the structure functions F2 and xF 3 in Test 2 

is accomplished by taking the sum and differences of the neutrino 

and anti-neutrino cross sections and is therefore subject to the 

neutrino flux normalization errors. These errors have been 

estimated to be .r 3 % 9 The results of this test are shown in 

figure 14 for the neutral current interactions and in figure 15 

for the charged current interactions. The lines through the data 

are the input functions with QCD effects according to Buras and 

Gaemers. 



To see 

directly, 
2 versus Q • 

evolution of the structure functions more 
2 we plot F 2 ( x ,Q ) for a given constant value of x 

These are shown in figures 16 and 17 for neutral 

currents and charged currents respectively. The lines through the 

data are the input functions of Buras and Gaemers. The data follow 

the input functions quite closely, showing that the measurement of 

the structure functions is limited by statisticaland not systematic 

errors due to resolution smearing effects. From these graphs it is 

evident that most of the Q2 dependence is in the region 

Q2 < 50 (GeV/c) 2• Above Q2 ~ 100 (GeV/c) 2,F2 (x,Q2 ) for constant x 

is almost flat. 

Since the QCD effects are logarithmic, the variation with o2 

of F2{x,Q2 ) for Q2 between 50 (GeV/c) 2 and 400 {GeV/c) 2 is 

typically less than ~ 20%. Hence, in the high Q2 region, scaling 

should again be approximately true. Any deviation from the 

predictions of QCD should be quite striking. In fact, boson 

propagator effect should be ~ 10% for o2 ~ 400 (GeV/c) 2 and should 

eventually dominate the QCD effects at high Q2 • 

Finally, to make the comparison between neutral current 

structure functions and the charged current structure functions 

more explicit, we plot the ratios of the two. This is shown in 

figures 18 and 19. Hence, detailed comparisons of the two inter-

actions will be possible, and in particular the smallness of the 

term x~N {x) (see Table I) can be measured. 
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Multi-lepton Events and New Phenomena 

Some hints that there may be interesting new phenomena 

lurking at higher energies is given by the observation at 

Fermilab of some extraordinary events that do not readily 

fit into the accepted mold. These "super" events have visible 

energy greater than 100 GeV and are characterized by extremely 

high muon energies. If these events do in fact represent a 

new interaction seen at Fermilab and not at CERN because of the 

somewhat harder neutrino spectrum, then the Tevatron neutrino beam 

could be an extremely copious source of these events. Any attempt 

at estimating the rates are highly conjectural but if we assume a 

phase space type excitation with a threshold of 10 GeV then we 

might expect several hundred such events in our detector in a 

year's time. 

We emphasize that our detector has excellent angular resolu-

tion (~lmr) and good PJ. resolution of the hadrons (~0.5 - 1.0 GeV/c) 

permitting detailed analysis of these new events that could lead to 

an understanding of their origin. 

VII) Requests· 

To achieve adequate momentum resolution at Tevatron energies, 

we require drift chambers between the toroids as described in 

Appendix A. We require ~ one year of narrow band bea~ at ~ 1013 

protons/spill, 1 spill/minute, (5.4 x 1018 protons on target) on 

the narrow band beam train. 
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VIII) Conclusions: 

We can measure the nucleon structure function for both charged 

currents and neutral currents to very high o2 and thereby test QCD. 

In addition, we will test the Weinberg-Salam Theory in a new energy 

range. The very fine granularity of the detector will allow many 

details of the high energy neutrino interactions to become visible. 
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This procedure is aided by the wide range of energies in 
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Figure Captions 

The charged current interaction: flavor changing 

The neutral current interaction: flavor diagonal 

gluon radiation by bremsstrahlung 

quark-anti~uark pair production 

gluon triple vertex 

Neutral current kinematics for a typical neutrino 

energy. 

The energy versus radius for neutrinos from K and 

from n decay. PK/n = 600 GeV/c 

The neutrino energy resolution for the proposed 

D6,lG beam with .a..E. J' 5% andO(e)-" 0.05 mrad. p 
The expected hadron energy distribution of 

neutral current events in the neutrino narrow 

band beam. 

The expected polor angle distribution. 

The resolution in x = o2/2mpEh as a function of x 

for various values of y. The resolutions in fb, 
Eh are given in Appendix A· Ev = 500 Gev. 

The resolution in y = Eh/Ev as a function of y. 

o2 versus y for various values of x for Ev = 500 

GeV. o2 values up to 400 (GeV/c) 2 are accesible. 

Cuts in a given o2 range limit the x range, e.g. 

low x are inaccessible at large o2• 



Figure 11: 

Figure 12: 
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The hadron mass distribution for ~;ir= 600 GeV/c 

narrow band beam neutrino events. 

The experimental o2 distribution for neutrino and 

antineutrino exposures. 

Figure 13a: The results of Test 1: The ratio of neutral 

currents to charged currents for neutrinos. 

Figure 13b: The result of Test 1 for antineutrinos. 

Figure 14a: The reconstructed neutral current structure 

Figure 14b: 

Figure 14c: 

Figure 14d: 

functions for 2 < o2 < 40 (GeV/c) 2 • The solid 

line is the input function for F2 (x,Q 2 ) and the 
2 dotted line in the input function of xF 3 (x,Q ) 

from Buras and Gaemers. 

40 < o2 < 80 {GeV/c) 2 

80 < o2 < 180 (GeV/c) 2 

180 < o2 < 500 (GeV/c) 2 

Figure 15a: The corresponding structure functions for the 

Figure lSb: 

Figure lSc: 

Figure lSd: 

Figure 16: 

charged current events analyzed in the same 

manner, with the same cuts as the neutral current 

events. 2 < Q2 < 40 (GeV/c) 2 
-

40 < Q2 < 80 (GeV/c) 2 

80 < Q
2 < 180 (GeV/c) 2 

180< Q2 < 500 (GeV/c) 2 

2 F 2 (x,Q ) for neutral current events for a 

constant x versus o2 • The lines through the data 

are the QCD input functions of Buras and Gaemers. 



Figure 17: 

Figure 18: 

Figurel9: 
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F2 ( x ,Q 2 ) versus Q2 for constant x for charged 

currents. 

The ratio of F2 - neutral current to F2 - charged 

currents for given o2 bins 

The ratio xF 3 - neutral current to xF3 charged 

currents for given Q2 bins 
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APPENDIX A: THE APPARATUS 

I. INTRODUCTION 

The Lab C flash chamber - proportional tube calorimeter 

is well suited for Tevatron era neutrino physics. It is ideal 

for studying neutral and charged current interactions, v-e 

scattering and beam dump v~ physics. The calorimeter is fine 

grained (-400,000 flash tube cells) with a sampling step every 

3% of an absorption length and 22% of a radiation length. It 

can distinguish electromagnetic from hadronic showers and has 

good energy and angular resolution for both. It has an excellent 

pattern recognition capability. Good muon momentum resolution 

at Tevatron energies is achieved by the 24' and 12 1 iron toroids 

which will be instrumented with drift chambers. 

IIo DESCRIPTION OF THE CALORIMETER 

A. Arrangement of the Calorimeter 

The flash chamber - proportional tube calorimeter is 60 

feet (18 meters} long comprising 340 metric tons (see Fig. 1). 

The flash chambers are arranged in three views {X, Y and U} with 

cells which run o0 , ao0 and 100° relative to horizontal (see 

Fig. 2}. Each flash chamber is sandwiched by a sand plane and 

a steel shot plane. These target-absorber planes are made from 

extruded acrylic plastic sheets with 5/8" x 5/8" x 12' vertical 

cells filled with either sand or steel shot. Table I shows the 

arrangement of the target-absorber planes within the flash 

chambers and lists the corresponding absorption and radiation 
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lengths. The proportional tube planes are located one every 

16 flash chambers. Hence between adjacent proportional planes 

are 0.5 absorption lengths (64 g/cm2 ) or 3.5 radiation lengths. 

The proportional tubes are alternately ~ertical and horizontal. 

B. General Properties 

The average density of the calorimeter is 1.40 g/cm3 • 

The average nuclear charge Z is 19.1. This low average Z was 

obtained by using sand as a part of our target-absorber and 

allows us to measure the angle of electromagnetic showers well. 

The average collision, absorption and radiation lengths in the 

calorimeter are 51.8, 83.1 and 11.7 cm respectively. The size 

of hadronic showers in the calorimeter, or more precisely the 

dimensions required for containment of the shower energy, is 

given in Fig. 4. The curves in Figo 4 were obtained using 

shower depth calculations in liquid scintillator by the HPWF 

group. 1 The hadronic shower resolutions, discussed later, 

demand at least 99% of the shower is contained in the calorim-

eter longitudinally and at least 95% laterally. The calorimeter 

properties are summarized in Table II. 

C. The Flash Chambers 

There are about 600 flash chambers, each with approximately 

650 5 nun x 5 mm cells. This fine granularity of the flash 

chambers allows a small sampling step of the recoil showers 

leading to excellent energy and angle determination, pattern 

recognition and muon track finding. The flash chambers are made 
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of extruded black polypropylene with aluminum foil electrodes 

glued on both sides. Each flash chamber has an active area of 

12' x 12' (3.66 m x 3.66 m). Standard spark chamber gas: 90% 

Ne, 10% He, is circulated through the cells. 

When an event is detected, a high voltage pulse of 4.5 kV 

is applied across each chamber for 0.5 µsec. During this high 

voltage pulse, a plasma discharge is developed in the hit cells 

of the flash chambers. This plasma discharge propagates down 

the full 12' length of the flash chamber cell and into a read 

out region at the end of each cell. A copper strip for each 

cell is glued over this 2-ft long read out region and develops 

a current pulse when the cell is hit. The current pulse is 

then read out by magnetostrictive techniques. 

D. The Proportional Tubes 

The trigger and energy determination at large energies are 

provided by planes of proportional tubes. There are 37 such 

planes, each containing 144 tubes. The planes are made of 

extruded aluminum. Each tube is l" x l" x 12' and is strung 

with a single 2 mil gold plated tungsten wire. Four tubes are 

connected to one amplifier to reduce the cost of electronics 

while still maintaining adequate-granularity for triggering 

purposes. An argon-ethane (50%-50%) gas mixture is used to give 

fast drift times (:S200 ns) needed to form the trig'ger within the 

flash chamber sensitive time. 

The trigger will be based on the total energy deposition 

and on the topology of the energy deposition. Discrimination 
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in the trigger between electromagnetic and hadronic showers 

will be accomplished using the shower length (the number of 

proportional planes hit) and the shower width (the separation 

of hit channels within a plane). 

E. Scintillation Counters 

Liquid scintillation counters with a 12' x 12' sensitive 

area are placed every 80 flash chambers throughout the calo-

rimeter. The most upstream counter serves as a front wall veto 

counter. The other scintillation counters will be used for 

efficiency measurements and corroborative information on 

hadronic shower energy deposition. They will also provide 

time of flight information. 

F. The Muon Spectrometer 

The muon momentum for charged current interactions and 

multi-muon events will be measured in the muon spectrometer at 

the rear of the apparatus (see Fig. 1). There are three 24-ft 

diameter by 2-ft thick iron toroids immediately downstream of 

the calorimeter and four 12-ft diameter by 4-f t thick iron 

toroids behind these. The muons travel through the equivalent 

of approximately 13 kG in 5 meters of magnetized iron, corre-

sponding to a pL kick of about 2 GeV/c. 

The toroids are instrumented with scintillation counters 

to supply trigger information regarding the presence or absence 

of a muon in the toroids. Behind each of the seven toroids. 

will be four planes of drift tubes. The planes are made of 
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extruded aluminum, each tube having a l" x l" cross section. 

Two of the four planes will have vertical tubes: the tubes of 

one plane being offset one-half of a tube with respect to those 

of the other plane to resolve right-left ambiguities. The 

other two planes of the set of four will have horizontal tubes. 

III. RESOLUTIONS 

A. Energy Resolution 

The hadronic shower energy is measured by the flash chambers 

at low energies and the proportional tubes at high energies (see 

Fig. 4). Because of their fine grained sampling, the flash 

chambers provide good resolution as low as 10 GeV. At high 

energies (above 200 GeV), where multiple hits per cell degrade 

the flash chamber resolution, the proportional tubes provide a 

good energy measurement. Figure 5 shows the electromagnetic 

shower energy resolution determined only by the flash chambers. 

For both kinds of showers, the flash chamber energy measurement 

is determined by cell counting. The proportional tube energy 

measurement is determined by summing the analog signals from all 

the wires. 

The preliminary flash chamber energy resolutions in Figs. 4 

and 5 were directly measured in a hadron and electron beam using 

our test calorimeter.2 The test calorimeter was made with plastic 

flash chambers, smaller in size and number than our Lab C cham-

bers, and read out optically. The longitudinal sampling of the 

test calorimeter: 3.5% Aabs and 24% X0 , was almost as good as 
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the Lab C calorimeter. Therefore only corrections for the 

limited hadronic shower containment of the test calorimeter 

were made to the measured resolutions. The proportional tube 

resolution of Fig. 4 was estimated by scaling Anderson et al. 3 

to our sampling step, giving 

104% -
IEh 

B. Angular Resolution 

The hadronic and electromagnetic shower angular resolutions 

determined by the test flash chamber calorimeter are shown in 

Figs. 6 and 7. The angular resolutions depend critically on the 

spatial resolution of the shower vertex. The angle of the 

showers is computed by first locating the vertex and then using 

the "center of gravity" of the shower as a function of shower 

depth. 

Because every cell of the test calorimeter ran horizontal, 

the sampling step per view was approximately a factor of two 

finer in the test calorimeter. than in the Lab C calorimeter. 

By ignoring every other plane in the test calorimeter's angle 

measurement, therefore, we were able to plot the expected angu-

lar resolution of the Lab C calorimeter. The test calorimeter 

confirmed the expectation of good angular resolution at low 

energies: an important feature for beam dump physics. Figure 8 

shows test calorimeter showers at all energies. Note the good 

vertex determination even at low energies. 
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c. Pattern Recognition 

We will be able to distinguish electromagnetic from 

hadronic showers by their size, shape and structure. This is 

an important capability for the study of v-e scattering where 

hadronic backgrounds are large. As seen in the test calorimeter 

showers of Fig. 8, electromagnetic showers are easily distin-

guished from high energy hadronic showers by differences in 

their size. We distinguish low energy hadronic from electro-

magnetic showers by the presence of large angle secondaries in 

the hadronic showers. Also, unlike electromagnetic showers, 

tracks are visible within the hadronic showers. Using the test 

calorimeter in a hadron beam with about 1% electron contamina-

tion, we were able to experimentally confirm that less than 1% 

of hadron showers are misidentified as electron showers. 

We will also be able to observe and locate the muon track 

in charged current interactions. We expect a very small amount 

of charged current interactions posing as neutral current inter-

actions because the muon could not be seen. 

D. Muon Momentum Resolution 

Figure 9 shows the muon momentum resolution we expect to 

achieve when the 24 and 12-ft iron toroids are instrumented with 

drift tubes. The drift tubes will provide position measurements 

with an estimated a of 1 mm. The flash chambers will supply 

information regarding the muon's trajectory at the point of 

entry into the first toroid. The resolutions corresponding to 

the drift tube and flash chamber position measurements, as well 

as multiple scattering were used to produce the resolution shown. 
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IV. PERFORMANCE OF THE CALORIMETER 

A. Flash Chamber Perf orrnance 

We have debugged and operated 320 flash chambers. From 

our experience we find that the flash chambers have performed 

well. 4 Using cosmic ray muons, we have measured their efficiency 

at the proportional tube trigger time delay (650 ns from the 

event to the time high voltage appears across the chambers) to 

be between 80 and 90%. The multiplicity (cells lit per flash 

chamber per cosmic ray) is 1.3. Adequate recirculation of the 

neon-helium gas was found to be 1.5% of the volume per minute. 

For the entire detector, this implies a recirculation rate of 

900 liters per minute. The high voltage plateau region is 

broad: 3.5 to 5.5 kV {see Fig. 10). The signal-to-noise ratio 

of the amplified signals on the magnetostrictive lines is 10:1. 

Our maximum repetition rate with almost no cell reignition thus 

far is -1 flash per second. We have not added any electronega-

tive gas to try to improve this. 5 The readout dead time (up to 

the computer) is -70 ms. Because data transfer time to the disk 

is 50,000-80,000 words per second, the computer cannot handle 

much more than one event per second. If we wanted to take data 

at a faster rate, we could transfer data without the disk by 

obtaining much more addressable core memory {such as a VAX) or 

by using a 6250 BPI tape drive. 

Figure 11 shows a cosmic ray muon in 160 of our chambers. 

(Offline alignment corrections have not yet been made.) In Fig. 

12, a cosmic ray muon initiated an electromagnetic shower. In 

Fig. 13, which shows a cosmic ray muon interacting, 320 of our 

chambers were in operation. 
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B. Proportional Tube Performance 

The proportional tubes have also performed well. Using 

50% argon - 50% ethane gas and running at a high voltage of 

2000 volts gives us a gas gain of about 2000 and drift times 

of ~200 ns. The amplifier gain is 1 mV/fC. A minimum ionizing 

particle gives a signal of 8 mV: a factor of 8 above noise. 

The linear swing is 0-4 volts or 0-500 particles. This is a 

factor of 2 or so above the largest number of particles per 

channel expected for Tevatron energy showers. 

uniformity has been measured to be very good: 

peaks for a large sample of tubes shows a o of 

V. CONCLUSION 

The tube to tube 
109 a plot of Cd 

~5%. 

The flash'chamber - proportional tube calorimeter is a 

high tonnage, fine grained device with good energy and angle 

resolutions for both hadronic and electromagnetic showers. It 

has a good hadronic-electromagnetic shower distinction capa-

bility and a low average z, making it ideal for the study of 

v-e scattering. Its good vertex determination and good muon 

momentum resolution make it ideal for studying charged and neutral 

current interactions. Its good pattern recognition and angle 

determination at low energies make it an excellent beam dump 

detector. It will be a powerful device for studying a number 

of interesting physical processes at Tevatron energies. 
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TABLE I 

Arrangement of Calorimeter Components 

flash chambers: u x y x 
t t t t 

absorber planes: shot sand shot sand 

absorption lengths: 3.7% 2.5% } 6.1% per view (7. 2 g/cm2 ) 

radiation lengths: 36% 8% } 44% per view 



TABLE II 

General Properties 

Tonnage: 

Fiducial Tonnage for a 
Neutral Current Experiment: 

Fiducial Tonnage for a 
v-e Scattering Experiment: 

Average Density~ 

Average Z: 

Average A.COL: 

A.ABS: 

x : 
0 

340 metric tons 

100 metric tons 

225 metric tons 

3 1.40 g/cm 

19.1 

51.8 cm 

83.1 cm 

11.7 cm 
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Physics Goals 

The small distance structure of the nucleon is to be 

measured using high energy neutrino deep inelastic scatter-

ing in the fine grained flash chamber - proportional tube 

calorimeter in Lab C. The calorimeter allows a determina-

tion of the structure functions of both charged and neutral 

current neutrino interactions. These measurements will test 

gauge theories of electroweak interactions and confront QCD 

theory in a new high energy range. 

After this proposal was made in April 1980, extensive 

data in both a broad band neutrino beam (1981) and a narrow 

band beam (1982) have been taken. These data have demon-

strated a good signal for the process vµ+e->vµ+e and will 

yield the x-dependence of weak neutral current structure 

functions. In addition, the detector has been calibrated 

with beams of hadrons, electrons and muons in the energy 

range 5 to 125 GeV. (See the A?pendix for calibration beam 

results). 

Resolutions 

Because P-649 was proposed before the flash chamber-

proportional tube calorimeter was completely constructed 

and before it was calibrated, the resolution in the res-

olution in the scaling variable x = Q2 /2MpEH for neutral 

current events in the narrow band beam has to be re-examined. 

The resolution in this variable arises from the hadron shower 

energy resolution, the resolution in the angle of hadron 

energy flow and on the incident neutrino energy. Using the 

( 



( 

resolutions from the 1980 calibration given in the appendix, 

we obtain the resolutions for Ev=500 GeV compared to Ev=l50 GeV. 

This is shown as a ratio in Figure 1. There is little dif-

ference between the two energy regions. Furthermore, the 

achieved resolution in xis close to that used in the Monte 

Carlo simulation given in P-649. The corresponding ratio 

for charged current events is shown in Figure 2. 

The resolution in the other scaling variable y, can 

also be calculated. The ratio of they resolution for 

neutral current interactions at 500 GeV beam energy com-

pared to 150 GeV is shown in Figure 3. The corresponding 

result for charged current interactions is shown in Figure 

4. We see no degradation at the new energy region offered 

by the Tevatron. 

Present Status of the 400 GeV Narrow Band Data 

At this time, data are being taken in the narrow band 

beam. During the run we have made checks of the quality of 

the data. 

Perhaps the most significant of these is the reconstruc-

tion of neutrino energy for charged current events. Figure 5 

shows the reconstructed neutrino energy for +165 and -165 GeV 

narrow band momentum. Similar plots exist for the other ener-

gies we have studied. These plots indicate that the muon 

momenta as well as hadron energies are being measured properly. 

All resolutions appear to be consistent with expectations at 

this stage of the analysis. 
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h_E_St!.:~~_!:: 
The ooeration of a large flash chamber 

neutrino detector at Fermilab is described. 
The detector consists of 608 flash chambe~s, 
and 37 proportional chambers with an active 
area of 12'x12'. Planes of sand and steel 
shot are interleaved with the flash chambers 
and proportional chambers to provide a fine 
grain sampling of recoil sho~ers. The mass 
of the detector is 340 tons. The calibration 
of the instrument for electrons and hadrons 
in the energy range of 5 to 125 GeV is 
described. 
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To study neutrino-induced weak neutral 
current interaction it is necessary to have a 
massive neutrino detector capable of 
measuring both the energy and the direction 
of the reaction products. A pattern 
recognitlon capability of the showers 
resulting from the primary neutrino 
interaction is also a useful design 
consideration, and allows the study of rare 
processes. To realize these latter 
capabilities, the neutrino detector must be 
fine erained. !n this paper we describe such 
a fine grained detector which we have built 
at Fermilab. The detector is based on 
polypopylene flash chambers and proportional 
tube chambers. These devices allow a very 
hi1:,h degree of segmentation in both the data 
as well as selectivity to rare processes in 
the trigger. The experience we have obtained 
in long period operation of the detector in 
quadrupole triplet and single horn neutrino 
beams and the results of a calibration of the 
detector for electrons 1 ·hadrons and muons 
will be described in this paper. 

The_Detector-General_Description 
The flash chamber - prooortional tube 

calorimeter is 60 feet long (18.3m) and has a 
12 1 x12' (3.65mx3.66m) cross section and a 
mass of approximately 340 metric tons. The 
flash chambers are used to determine the 
pattern or the neutrino reaction products 
thereby furnishing an identification of the 
event type as well as determining the energy 
and angle of energy flow. The proportional 
~ube chambers are used to trigger the flash 
chambers and to provide another measurement 
~f the energy of the shower. The layout of 
the detector is shown in Figure 1. 
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Fig. 1: Layout of the detector. 

sandwiched between a sand filled plastic 
extrusion plane and a steel shot plane. The 
flash chambers are read out electronically. 
The details of this system have been 
described earlier. 

The proportional tube planes are located 
every 16 flash chamber planes (one module) in 
an alternating horizontal - vertical pattern. 
Each module weighs approximately 9 tons. 

The proportional tube chambers are 
instrumented with an amplifier for every~ 
wires with a wire separation of 1 inch 
(2.54 cm). This high level or·segmentation 
gives pattern recognition at the trigger 
level as well as analog information on the 
energy deposition of the shower profile. 

This arrangement of flash chambers 
proportional tube chambers - sand and steel 
shot has an average radiation length of 12 cm 
sampled every 22% X0 by the flash chamber and 
every 3.5 X by the proportional tube 
chambers. TRe 2 avera,e absorption length is 
83 cm (116 g/cm·) and is sampled every 3%A by 
the flash chambers and every 50%A by the 
proportional tube c 3ambers. The average 
density is 1.4 g/cm and the average Z is 
approximately 21. This properity of low 
density and low Z is important in achieving 
good energy flow mc~surements for hadron 
showers. 

Downstream of the flash chamber 
proportional tube chamber calorimeter is an 
iron toroid muon spectrometer. This 

0018-9·l99/82/02C~J-OJ63S00.75© 1982 IEEE 36.l 



s?cctromcter is instrumented with double 
piane proportional tube chambers and is 
described in detail elsewhere in this 
conference. 

In addition to the proportional tube 
chambers there are 10 12'x12' liquid 
sclntil l.ation counters. One plane is at the 
upstream end of the detector to act as a 
charged particle veto, one plane is 
downstream of the muon spectrometer, and one 
plane is placed every 80 flash chamber 
planes. They are used to provide an 
independent muon trigger of the calorimeter 
for dignostic and monitoring purposes. 

The pattern recognition capabilities of 
the detector are evident in Figure 2 1 which 
shows an online display of a high energy 
neutrino interaction taken d~ring the spring 
1981 engineering run. Shown are the 3 views 
of flash chamber planes (x,u,y on the 
display). Each dot drawn on the display 
represents a struck cell ~n the calorimeter. 
The total number of struck cells is shown as 
the quantity· HITSUB, which is 1036 in this 
event. (There are roughly ~00 000 cells in 
the calorimeter.) Since the fatal number of 
hit cells is p~oportional to the energy of 
the shower, we estimate the energy of this 
event to be - ·25 GcV. • • · 
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2: Typical high energy charged current 
neutrino interaction. The high 
degree of segmentation of the data is 
evident. 

Also shown in Figure 2 are the pulse 
heights of the proportional tube planes which 
provided the trigger of this eveDt. These 
pulse heights appear as bar graphs along the 
lower edge of the picture for the horizontal 
(H) and vertical (V) plane orientation. The 
lateral profile of energy deposition of the 
150 GeV shower is evident. 

The toroids are shown at the right of 
Figure 2. The "t~ signs indicate th~ track 
of the muon througn the spectrometer in the 
horizontally (bottom) and vertically (top) 
oriented proportional planes. 

We have operated the calorimeter for two 
major running periods. The first period was 
April to June 1980 during which time 180 tons 
of the detectoi were instrumented. Data were 
taken during this running period on neutrino 
interactions in the quad-triplet beam and the 
response of the detector was measured to a 
test beam consisting of electrons, muons, and 
hadrons. The second running period was 
January to May 1981, during which time 240 
tons of the detector were instrumented. The 
detector was exposed to a ~ingle horn wtde 
band neutrino beam. Various selective 
triggers were developed during th!s peri?d 
and data were accumulated on deep inelastic 
neutrino scattering as well as various rare 
processes .. 

1) Opcration_of_the_Flash_Chamber 

The flash chamber system of the 
calorimeLer has three major components: 1) 
the gas system, 2) the high voltage pulsing 
system, and 3) the readout system. 
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1) 9Ecration_of_flash_chamber_gas_system 

The 6as mixture and the gas purity 
affect the efficiency, reignition probability 
and the sensitive time characteristics of the 
flash chambers. Owing to the diffusion of 
the gasses through the (0.5mm thick) 
polypropylene walls of the flash chambers, 
and the long term outgassing of the ( 
polypropylene, it is necessary to change the 
gas in the flash chambers at a rate of 
approximately one chamber volume/hour. The 
gas is recirculated and purified by a two 
sieve gas purific~tion system, which can 
purify up to 5.4x10 liters/hour. 

The initial operation of the flash 
chambers was carried out with a standard 
Ne-He (90%-10%) mixture. (Under long term 
operation conditions this gas mixture changes 
to 96% Ne, 4% He by the diffusion of He gas 
out of the system.) This mixture gave a good 
HV plateau with good efficiency versus delay 
characteristic, and was used during the 1980 
run. However, the reisnition probability, 
that is, the probability that a siven hit 
cell in the flash chamber will refire, was 
rather hiijh (6 to 8%), and gave rise to an 
after-imaging of the previous event, even 
with a time between events of 10 seconds. 

Considerable experimentation was 
invested in reducing this reignition 
probability. A two phase solution was found: 

a) By introducing a small amount of 
argon at the concentration of -0.2% of the 
Ne-Ho gas content the long lived meta-stablt 
excited states of Ne were de-excited by th, 
Pennins effect. The exact amount of Ar was 
determined by the chamber performance, and by 
the practical constraint that too much Ar 
would rapidly contaminate the cold sieve of 
the gas purification system. The addition of 
the Ar gas makes the plasma discharge 
stronger at a given high voltage and 
therefore allows the high voltage operating 
point to be lowered. Measurements have shown 
that the reisnition probability is unaffected 
by the addition of Ar at a siven HV, but 
since the Ar allows the operating point to be 
loweredi a reduction in the reignition ( 
probabi. j_ ty is achieved. 

b) A small amount of electronegative gas 
was introduced into the Ne-He-Ar mixture. 
This was accomplished by passing roughly 1/3 
of the recirculating gas back into the 
chambers without going through purification 
by the gas system. The electronegative gases 
were the o2 , N2 and H?O which naturally 
contaminate the flash Chamber gas through 
diffusion and outgasing. The 
electronegativity was controled by monitoring 
the o?, N~ and HftO content with a gas 
ctromatograph. The~gas mixture returning to 
the flash chambers was 96%Nc, 4% He, 0.17% 
Ar, 0.10% H2 o and 0.04% o2 and N2 . 

The flash chamber characteristics for 
various gas mixtures are shown in Figure 3. 
It is evident from this Figure that the 
reignition probability is not reduced at a 
fixed high voltage by the addition of the Ar 
gas alone, but by the lowering of tho high 
voltage operating point allowed by the lower 
HV characteristics of the Ne-He-Ar mixture, 
and by the addition of sm~ll levels of 
eiectronegative gases, the reignition 
probability is reduced from 6 to 8% to 1 to 
2% at a 10 second repetetion rate. The 
efficiency remains the same under this 
condition. The addition of too much Ar or 
too much electronegative gas. degrades the 
uniformit·hty 
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Other gas mixtures using a different 
ratio of Ne to He were investigated. It was 
found that the flash chambers work well for a 
mixture of 30% Ne and 70% He with roughly 
0.17% Ar. This gas mixture is less expensive 
than the 90% Ne-10% He, but the gas losses 
from He diffusion arc greater, makin~ ~as 
replacement larger. More cxperimentatlon 
using this gas mixture is planned. 

The various chamber characteristics were ( 
measured throughout the run, ancl were fonnd 
to be reasonably stable. The chamber 
efficiency was slightly affected by the 
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ambient humidity, dcgradin~ by roughly 1,4% 
for every additional' g/~~3 • of H;,O in the 
surrounding air. This smalJ variat1on can be 
controlled by air conditioning. 
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2) Operatio~_of_the_HV_System 

Each flash chamber is equipped with a 
PGlse forming network (pfn) (sec Figure 4) 
w~ich ~cnerates a hiijh voltage pulse of 
1·ouehly' 60 nsec rise time, 11.5 kV mar;;nitu(je, 
and 500 nsec duration. T~e pfn s are 
~rlggered roughly 700 nsec after.the event. 
In order to maintain consistency in the HV 
pulse quantity, a computer based monitoring 
~ysten was designed. 

The system measures the total charge in 
e~ch of the high voltage pulses applied to 
tl:c cha;nbers, checks the front-edge timing, 
an1 verifies that no spurious pulsing takes 
Place between triggers. 

C 'J 

The system, shown in Figure 5a, has a 
acity of monitoring 640 channels and 
1!sts of 8 special crates of electronics 
trolled by an LSI 11-23 based computer 
te~. Each of the crates holds a crate 
troller module and five data modules. 
fl d,,t.a nodule contains th(> electronics to 
!tor 16 pulsers as well as an 8 bit ser1,1 
r. register readout system shown in 
ur~ Sb. The inputs to the data modules 

fro r: a rn on l tor o u t p tit connector on e R ch 
voltage pulser via RG-}74 co~xial cable 

•:::, arc det·ived from the high voit,l/~e pulse 
:.~i ,~,.Jr,:1 a 100 to 1 resistor voltc!ge d1.vider. 

J1!E 1-i:GK VOL Tt.GE f1JLSE FOfl'm;G 1,0:T.'.'GRK HIGH VOLTN;E PL~ 

Fig. q. Circuit. diagram for the HV 
• ( pulse forming networks -pfn). pulses 

The high voltage pulsers, shown 
schematically in Figure 4, upon receiving a 
trigger, switch the charge stored in their 
capacitors (99 nF) across the chambers. The 
pulse monitor sjstem then a) checks whether 
the front edges arrive in proper synchronism 
with the trigger! b) determines whether there 
is spurious pu sing, and c) measures the 
total charge in each pulse. 
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Fig. 5:The HV monitoring system. 
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a) The front edge arrival time is 
considered satisfactory if the pulse 
amplitude exceeds a preset comparator level 
by ~he time a signal derived from the trigger 
arrives at the crate controller. A channel 
with a bad front edge is flagged by setting a 
bit in a storage register for later readout. 
The comparator level for all 80 channels in a 
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crate is set by adjusting n ten-turn 
potentiometer on the controller module. 

b) To check for spuriously firing 
(runaway) spark g;,psJ each 16 channel data 
module contains two 14 Dit "run-on" counters. 
The input to each of these is the logical 
"OR" of 8 adjacent monitor channels. This 
arrangement results in the run-on counters 
contafning a count of 1 if the pulsers have 
worked properly. In the event of a spuri9us 
discharge of any of the 8 pulscrs being 
monitored, the count in the run-on counter is 
increased by 1. Thus 1 a runaway pulser can 
easily by located to a group of eight from 
where it can be spotted visually. 

c) To measure the total charge in the 
high voltage pulse, the r.:onitor sig11al for 
each channel is inteijrated with a resistor 
caeacitor combination and ;h~~ digittzed 
using an 8 bit analog - to - d1g~~a1 dig1t~l 
converter (ADC). The details of this 
circuitry are shown in Figure 5. A single ~O 
pin integrated circuit contains the necessary 
analog multiplexer and ADC to service a 16 
channel module. The voltage across the 16 
integrating capacitors are digitized in 
succession with each conversion taking about 
100 µsec. The capacitors are allowed to 
discharge during this process with a time 
constant of 50 msec, a rate that insures 
complete discharge by the time the next pulse 
arrives (> 10 sec). No dispersion in the 
measured pulse-heights is introduced by the 
capacitor discharge since the digitization of 
the charge is always done at the same time 
relative to the monitor pulse. . 

The information fron the three - pulse -
analysis section in a_ data m9dule is.read 
into the computer by a single shift register 
bit serial data path linkin~ all the modules. 
The program used for data: acquisitio9 ~nd 
display is an RT-11 version of MULTI with 
special data handlers to accomodate our 
hardware configuration. Further details of 
this reagout system can be found in 
reference . 

3) OE.s'.£.~.l:.!on_of_Flash_chamber_Readout_Sy~tem 
The flash chambers are electronically 

read out using a magnetostrietivc syste~. 
There are 1216 magnetostrictive amplifiers 
and a corresponding number of 
discriminator-comparator circuits. Proper 
operation of. this system is ~ai~tained_by 
assuring that the magnetostr1ct1ve . wire 
magnetization remains constant. This is 
achieved by automatically pulsing a 
solenoidal magnet wrapped around each 
magnetostrictive wand every 200 flash chamber 
pulses. The locations of the fiducial 
markers on the magnetostrictive outputs are 
monitored and arc found to be stable to 
within -2 mm (1 digitizing clock count) over 
long periods. This readout system, once set 
up and tuned, requires very little 
mai.ntenancc. 

CaH bra tion_of - the _Calort!!:£l£!: 

The energy and angl~ resolutions ?f the 
calorimeter were determined by measuring the 
response to beams of known properties. The 
calibration beam contained electrons, muons 
or hadrons with electrons identified by· a 
Cerenkov counter. The energy range of the 
calibration data was 5 to 125 GeV. 

1) Electrons 

The angle resolution of electron showers 
i~ shown in Figure 6a. The electron shower 
angle was computed by a weighted least 
squares method using the flash chambnr hit 
cell information. The weights in the fit 
were determined by the average shower 
characteristics and the statistics associated 
with the hit cells. 

The electron energy resolution is shown 
in Pigure 6b. The electron energy has been 
comput~d by counting the nunbcr of hit cells 
in the shower. We have compensated for the 
satllration effect caused by more than one 
particle going through a given eel! by 
estimating the actual number of part1ctes 
given through each cut from the local density 
of hit cells. This compensation makes the 
energy response of the detector.nearly linear 
and improves the energy resolutLon. 
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a) The pr?jected resolution of 
electron snowers and muon tracks 
versus energy. A fit to the electron 
resolution is cr(B~)= (3.5+53/E) 
mrad.. b) The eiectron er.orgy 
resolution. c) The projected hadron 
shower angle resolution. A fit to 
the data is a(Gh)= (6+640/E) mrad .. 
d) The hadronic e11ergy resolution. 

( 

2) !:!~QQ~ 
The muon angle resolution is shown in 

Figure Ga. The muon angles were computed by 
a least squares procedure with a weighting 
along the track length determined by multiple 
scattering. • The observed resolution is in 
close agreement with the limit set by 
multiple scattering and the finite flash 
c~ambcr ceil ~ize (0.577 cm). The muon 
momentum resolution has not yet been measured 
but is estimated to be 6p/p = 15%. 

3) !!_~9_E,£nS 
The hadron shower angle resolution is 

shown in Figure 6c. This is computed in the 
same way as the electron shower angle 
resolution but with different weights 
determjned by the much larger fluctuations. 
The quoted resolutions are the average 
r.m.s. resolutions of the x and .of the y/u 
views. 

The hadron shower energy resolution is 
shown in Figure 6d. The hit cell saturation 
effect was compensated for as in the electron 
shower case. This made the energy response 
of the calorimeter linear and improved the 
energy resolution by almost a factor of 2 at 
high energies. The calorimeter energy 
response to electrons and hadrons as well as 
the saturation - corrected response is shown 
in Figure 7. 

The electron energy ~nd angle 
resolutions are roughly what was predicted by 
a small test calorimeter. The hadron energy 
and angle resolutions are somewhat degraded 
from the test calorimeter prediction because 
of an overly optimistic compensation of th~ 
sh6wer noncontainmcnt effects in the test 
calorimeter. \ 
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Fig. 7: Flash chamber energy response. 

Qperatlon of Proportional T~~~-~~~~£~£~ 
The proportional tube chamb~rs 12'x12' 

extruded aluminum planes with 1ttx1tt cells; 
Each cell has a 50 ~ m gold-plated tungsten 
wire ganged four to each amplifier. The 
system was operated at 1650 v corresponding 
to a gas gain of approximately 3000. The gas 
used in these chambers is the standard ttP-10tt 
gas 90% Ar - 10% methane. The entire system 
consists of roughly 5,300 wires and ],300 
amplifiers. The gains of the proportional 
tubes were monitored bv taking source 
calibration data of the ~nd of every spill. 
The pedestals were monitored every 2 to 4 
hours and were found to be stable to within 
10%. The temperature and barametric press~re 
influences on the pronortional tube gains 
were monitored in the calibration cycle. 

Evcnt_TriRRering_and_Electronics 
Hininizlns the response time of the 

dctcclor to neutr!no-inducPd events is a key 
consideration in the design of a trigger. 
Further, in order to tfi~ger ~he detector 
\lilh rn'lny interactions occur1ng in a given 
spi~J requires raal-~ime pattern 1ecogniLion 
capabilities. In this section we describe a 
svstem using the proportional tubes designed 
t~ satisfy these requirements. 

The funadamental constraint on a 
propo?·tion2. l tube based trigger system is the 
fluctuations in the ti~e res~anse due to the 
different drift times of different through 
particles. ~e have reduced these 
fluctuations to a minimum by employinR a 
simple and fast pre-trigger. The "higher 
level" (and slower) logic then follows the 
satisfaction of the pre-trigger requirement 
allowing for signal development without 
introducing further significant delays. 

Each of the 36 araplifier channels ;n a 
proportional plane is capable of generating a 
fast, differential analog output pulse (FO). 
The trigger electronics are bloc%-diagrammed 
in Figure 8. Fast processing electronics on 
each plane distrim1nates these 36 FO signals 
with respect to a programmed threshold. 
These discriminated FO signals are then 
combined to generate the several analog and 
lotic signals used in an event trigger. A 
brief description of each follows: 

1. 

This signal is the linear sum of the 
undiscriminated individual FD 
signals from plane i making a single 
analog output pulse for each plane. 

CALORII/.ETER TR!GG::RiNG SYSTEM 

Fig. 8: Calorimeter triggering system. 

2. Analog Multiplicity (AH.): 
This is an analog signal with a 
pulse height equaling a constant (60 
mV) times the number of FO above the 
discriminator threshold of 20 mV in 
plane i. 
Single (S.): 
This out~ut is the logical "OR" of 
all discriminated FO in plane i. 
The single plane efficiency for a 
single muon at the 20 mV operating 
threshold is 80%. 
Fat Showe~ Veto (FSV.): 
This output is ia logic pulse 
generated when the ionization 
pattern width in plane i is 
determined to have exceeded a 
programmed width (a multiple of qu 
segments). 

The pre-trigger requirement (M) demands that 
the Ii signals of any two or more planes be 
above a common threshold of 50 mV which is 
slightly below the minimum ionizing particle 
pulse height. 

The simplest second level criterion 
employed in an event trigger was the 
requirement that the total pulse height 
summed from all proportional planes (EE) be 
above some predetermined threshold level. 
This is essentiallv a requirement of a 
minimum energy deposition. The level was 
chosen by the require~ents of the physics 
reaction of interest and the requiremenl of 
uinimizing the additional dead Lirae fro~ 
cosmic rays and spurious coincidence 
triggers. These false triggers contributed 
about 8% and 2% respectively to the low-bias 
trigger with EE= 750 mV. 

This unique, versatile triggering system 
allows the .e~ploitat;on of trigger-time 
pattern recognition required for minimal dead 
time in rar~-reaction searches. 
~.':l.1!'.~<.:.i::.¥. 

The flash chamber-proportional tube 
calorimeter has been calibrated, has taken 
data in an engineering run, and has remained 
stable for long periods of time. Various 
improvements in the operating characteristics 
have been made. Additional data will be 
taken with the full 608 flash chambers - 37 
proportional tube chambers in operation in a 
narrow band neutrino beam during 1982. 
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ill. Physics Goals 

In Experiment 649 we will probe the structure of the nucleon 

using the deep inelastic scattering of neutrinos and 

antineutrinos through the neutral current process. We wil 1 

the charged compare this structure with that determined by 

current process from data to be taken simultaneously. The 

kinematical variables of these neutral current events will be 

reconstructed from the recoil hadron shower information gathered 

in the flash chamber-proportional tube calorimeter located in Lab 

C. A narrow band neutrino and antineutrino beam will be used to 

fix the incident neutrino beam. 

Although the observed structure of the nucleon is believed 

to be essentially independent of the probe, it is important to 

make model independent checks of this assumption. In fact, 

subtle differences are expected to exist between the nucleon 

structure functions as determined by the two weak gauge bosons 

probes since the charged current interaction must transform the 

charge (weak isospin) of the struck q_uark and thus couple 

different quark flavors, whereas the neutral current interaction 

is beli1eved to be "flavor diagonal" and does not couple different 

q_uark flavors. In addition to searching for differences of the 

structure functions in the context of the standard model, there 

could be some as yet unobserved quark structure which interacts 

preferentially with the weak neut~al current. 

be heavy and thus would appear at high G. 2 

These quarks could 
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Since the outgoing lepton can not be detected 1n weak 

neutral current deep inelastic scattering, as it is in electron 

<muon>- nucleon scattering, the kinematics or a given neutral 

current neutrino event have to be reconstructed by measuring the 

recoil hadron shower energy and angle. The energy versus radius 

corr·elation of the narrow band neutrino beam is used to estimate 

the incident neutrino energy. 

This measurement requires a special kind of neutrino 

detector which is both massive and highly segmented to allow both 

the recoil shower energy and angle to be measured. The techniq_ue 

presents a considerable technical challenge since the recoil 

hadron shower 

fluctuations 

is difficult to define owing 

in the the shower development. 

to intrinsic 

Figure 1 shows a 

deep inelastic charged current event and a deep inelastic neutral 

current event. The segmentation of the detector is 5 mm lateral 

and 1. 6 cm longitudinal which corresponds to 31/. of an abs'orbtion 

length and 12 % of a radiation length. 
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A list of our physics goals for E-649 is given below. 

1) Determine both the neutral current and the charged 

current structure functions. 

2) Measure the electro-weak coupling parameters at high 

energy accessible in deep inelastic scattering with an isoscalar 

target. 

3) Measure the total neutrino cross section as a function of 

energy. 

4) Search for anamolous events occuring only at high energy 

or h . h ~ 2 lg l:L 

The high energy of the Tevatron neutrino beam and the large 

mass (340 Tons) and the fine granularity of our detector are 

ideal for such a search. 

Secondary physics opportunities will arise from actually 

using the flux monitoring data we will take with a quasi-elastic 

neutrino nucle6n stattering trigger. t.Jithin this data sample 

IJJ i 11 be events of the inverse muon decay process. A measurement 

of these events in the narrow band beam will allow the absolute 

cross section to be determined and will lead to limits on V+A 

interactions and right handed neutrinos. A signal of roughly 50 

events from this process have been observed in the E-594 narrow 

band data. A comparable data set is expected to be obtained 

during the E-649 beam exposure. 
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il!.l Comparison with Other Experiments 

There is no other massive, fine grained calorimeter at the .. 
Tevatron that will address the neutral current structure function 

measurement. 

with E-649. 

Hence there is no experiment in direct competition 

The closest comparable experiments are the CHARM I 

and CHARM II detectors CERN. The CHARM I detector has been used 

to measure the neutral current structure functions in a 200 GeV 

nar1·ow band neutrino beam as well as neutrino - electron elastic 

scattering in a broad band beam at CERN. The CHARM II detector 

is an upgraded version of the CHARM I detector and will be used 

to study neutrino - electron elastic scattering and inverse muon 

decay at the CERN SPS. 

plans to study deep 

We do not 

inelasti-c 

know if this collaboration 

scattering with their upgraded 

detector. In their proposal, the CHARM II Group emphasize the 

purely leptonic reactions. The comparison of these detectors is 

shown in Table I below. 



Mass 

:-,'=:~'- Lateral 

' ..... 

Table I 

Comparison OT E-649 !:!:!.Uh. CHARM land ll 

E-649 

340 

+ 
CHARM I 

180 

CHARM II 

618 

7 

++ 

sampling 0. 5 cm 15 cm scint. 
or 

1 cm streamer tubes 

3 cm prop. drift tubes 

Longitudinal 
sampling 12% Xo 

Target 
material sand and shot 

100% Xo 

marble 

+A.N.Diddens, etal.;NIM 178 (1980) p. 27 

++ C. Busi, et al.; CERN/SPSC/83-24 April 1984 

33'1/. Xo 

glass 
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CIII) Test Results 

There are no test results from E-649 since there has not 

been a high energy calibration run or any neutrino data taken by 

this experiment. 

experiment E-594, 

However there are results from the proceeding 

which used the same apparatus and which 

measured the deep inelastic neutrino and antineutrino nucleon 

scattering at the 400 GeV machine. 

much the same as the goals of E-649. 

The E-594 physics goals were 

The essence of the neutral current experiment is to be able 

to measure the angle of the recoil hadron shower since the 

BJorken-x scaling variable of the neutral current events is 

determined by the 

approximations): 

expression below 

X - Eh e2 

(1- Eh ) 2M p 
E,v 

<using small angle 

Hence the x resolution depends critically on the recoil hadron 

shower angle resolution. To demonstrate that there is a 

measurement of the hadron angle, we look at the transverse 

momentum balance for· charged current events where we can compare 

the transverse momentum of the hadron shower to that of the 

outgoing muon. Figure 2 shows the transverse momentum 
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correlation between the muon and the recoil hadron shower. We 

see that there is an evident correlation indicating that there is 

a measurement of the recoil hadron shower ~ngle. 

In the predecessor experiment E-594, we have measured the 

ratio of the neutral current deep inelastic x-distribution with 

that of the charged current neutrino - nucleon scattering. This 

is called TEST 1 in the E-649 proposal. The ratio directly 

compares the charged current structure functions with the neutral 

;,}':,.;.,._ current structure functions. The preliminary results from E-594 

are shown in Figure 3 for each of the 4 secondary beam settings 

of our data set. The dotted line in the figure are the 

expectation from a monte carlo simulation of the experiment. We 

see that the ratios are roughly flat and a detailed analysiL.1..s 

under way to determine the shape parameters of the neutral 

current structure functions. We expect that the results of E-649 

will have a comparable statistical weight but be of higher 
·2 

energies and Q values and thus extend the range of comparison 

between the two interactions. 
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(IV) Schedule for Construction and Installation 

used 

The basic calorimeter is completely constructed and has been 

to gather narrow band neutrino data at the 400 GeV machine. 

The only maJor upgrade of 

calorimeter planned for 

the flash 

E-649 is 

chamber-proportional tube 

the installation of drift 

instrumentation in the proportional tube chambers in the iron 

toroid spectrometer. At this time, the 12' chambers are 

constructed and installed. Tests of their spatial resolution are 

under way. Drift planes are being installed in the rear of the 

calorimeter Just upstream of the 24' to1·oid magnets to furnish an 

accurate entrance position and angle of muon tracks. These will 

be tested during 

construction and 

place this summer. 

this calibration run (Spring 1984). The 

cosmic ray tests of the 24' planes will take 

Since the drift system has to work for the 

E-733 experiment, it should be well understood and tested for the 

E-649 effort scheduled to take place a year and half from now. 
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(V) Requests 

No maJor construction is forseen for E-694. To maintain and 

perform small but important upgrades necessary to have a 

successful experimental program, we request continued technical 

support for the work in Lab C. The new dichromatic beam has ta 

be tested and the flux monitoring instrumentation has to be 

developed and tested. We re~uest that a sustained effort be 

exerted on this very necessary part of the experiment. Finally, 

we request that the calibration beam presently being commissioned 

be maintained and made available for at least 2 months during the 

fall and winter of 1984-1985. There is a further possibility 

that we will require a check of our calibration at the beginning 

::\,1-~,"'1'~·• of the narrow band running presently scheduled for the fall and 

winter of 1985-1986. 

A continuing effort is underway to upgrade the calorimeter 

instr·umentation. We are examining the possibility of a gain 

c on t r o 1 f e e d b a c k s y s t em f or t h E! p r o p or t i o n 2d t u b E, p l a n E• s in the 

c,3lorimeter, and studies .::n·~• in progress tc, improve the operation 

of the flash chambers. 
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Figure Captions 

Figure 1: A typical charged current and a typical neutral currant 
event in the Lab C neutrino detector. These events were 
taken in the 1982 narrow band neutrino beam exposure. 

Figure 2: The transverse momentum of the outgoing muon in deep 
inelastic charged current scattering is plotted against 
the transverse momentum of the recoil hadron shower. The 
momenta are correlated, indicating that the hadron angle 
can be measured. Also shown is the difference of 
proJected momenta in comparison with the monte carlo 
simulation. 

Figure 3: The ratio of the x-distribution of neutral current events 
to that of charged current events for data taken in the 
1982 narrow band beam exposure of E-594 is shown. The 4 
plots are for the 4 secondary momentum settings of the 
narrow band beam. The dotted line shows the monte carlo 
simulation. 
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Summary= 

High energy neutrino interactions induced by a dichromatic 

(anti)neutrino beam are to be studied using the 340 ton fine grained 

calorimeter located in Lab C. The calorimeter is instrumented with 

plastic flash chambers and proportional tube chambers endowing it with 

good pattern recognition cap ab i 1 it i es. An iron toroid spectrometer 

located at the rear of the calorimeter is instrumented with drift 

chambers to give good muon momentum resolution on the outgoing muons 

from deep inelastic charged current interactions. With data taken in a 

dichromatic neutrino beam we are able to reconstruct the kinematics of 

both neutra I current and charged current events. Emphasis w i 11 be on the 

study of the neutral current. The structure functions will be determined, 

and a measurement of sin2ew and p will be performed. The total 

neutrino-nucleon cross section will be measured up to 500 GeV. 
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(I) Introduction 

Despite the great success of the Standard Mode I of electroweak 

interactions, there remain parts of the theory which are poorly 

understood. The Higgs sector of the theory is free, and there ls no 

explanation for the di f (erent quark and lepton general ions. There may be 

supersymmetric companions to the spin 1 /2 particles, and quarks and 

leptons may really be composite. Some glimmer of light may be shed on 

these questions by a careful measurement of high energy neutrino 

interact ions. 

The dichromatic neutrino beam at the Tevatron offers the exciting 

possibi I ity of studying high energy neutrino interact ions under control led 

conditions. In this beam the energy and flux of the incident neutrinos can 

be absolutely determined. The hard energy spectrum of the dichromatic 

beam allows deep inelastic scattering through the weak neutral current 

interact ion to be studied. Therefore a new probe of the nucleon structure 

using the weak neutral current becomes available in an unexplored region 

of higher energy and smaller distances. 

By taking data in the narrow band beam, the following topics will 

be addressed: 

( 1) Measurement of the total neutrino - nucleon cross section up to 500 

GeV. Is there a threshold opening up at high energy? Does the cross 

section continue to grow in a linear fashion at high energies? 

(2) Precision determination of sin2ew and p under control led conditions. 

The systematic errors arising from event-type confusion and charmed 

quark production in the charged current interaction become small at high 

energy. Is sin2ew independent of a2 and Eu? 

(3) De term l nation of both the neutra I current and the charged c~rrent 
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strncture functions. Are there any observable differences between the 

x-dependencies of the two interactions? 

(4) Search for exotic final states, such as heavy neutral leptons, which 

could De produced in deep inelastlc scattering. The energy constraints 

of the narrow band beam w i 11 a I low a measurement of the missing 

neutral energy. Lim its on the mass and lifetime can be set. The fine 

granularity of our calorimeter will allow the associated event topology 

to be observed. 

We have used our detector to explore neutrino interactions in the 

narrow band beam during the 1982 exposure at the 400 GeV machine. 

From these data we have addressed the followlng topics= (1) Compared 

the neutral current structure functions with those of the charged 

current 1, (2) Determined2 sin2ew and p, (3) Measured3 the total 

neutrino-nucleon cross section O't, (4) Extracted the value of the mean 

parton Pt in deep inelastic.charged current scattering4, (5) Set a limit on 

uµ -> Ux oscillations5, and (6) Tested6 the standard V-A theory of 

weak interactions by the reaction: u J.l +e--> µ-+ue. 

We be! ieve that another dichromatic neutrino run is necessary to 

comp.lete our program. The narrow band beam technique is the only way 

to study the x-dependence of the neutral current interaction, to 

determine the absolute normalization of the total neutrino cross sect ion, 

and to measure sin2ew with sma 11 systematic errors. The higher energy 

avai !able at the Tevatron w i 11 significantly extend our previous 

measurements. 

I 3 



(11) Theory 

( i) Genera\: 

The nucleon Dresents a rich structure when it is examined on anu 
• V 

distance scale. At short distances, the nucleon contains quark-ant iquark 

pairs of various flavors. On the long distance scale the nucleon may 

contain intrinsic heavy quark flavor states7 as well as the three valence 

u and d quarks. These heavy quark states may account for the I ike sign 

dimuons seen in high energy neutrino-nucleon scattering. They may also 

lead to exotic heavy baryons which can be produced in both neutra I 

current and charged current scattering. 

In the Standard SU(2)@U( 1) Model, the neutral current z0-quark 

coupling depends on the weak isospin, the quark electric charge, and 

sin2ew. The basic neutral current interaction is believed to be an elastic 

scattering process which is flavor conserving and has no energy 

thresholds associated with the mass of the participating quark. In deep 

inelastic neutrino-nucleon scattering the z0-nucleon coup I ing is given by: 

(g/cosew) Ecx <qcx IT 3cx - acxsin2ew I qcx> ( 1) 

where T 3cx is the weak isospin of the quark of flavor ex, and ocx is the 

quark electric charge. The mixing parameter sin2ew is free in the Model. 

In contrast, the charged current interaction is flavor mixing and has 

an energy threshold associated with the light to heavy quark mass 

transitions. Thew± - nucleon coupling is given by: 

(2) 

where LfXJj is Kobayashi-Maskawa matrix. The threshold suppression for 

the terms in the cross section associated with the light-to-heavy quark 

mass transitions is accounted for by changing the scaling variable x = 

02/2MyEu into the so-called slow rescaling variable t= x + m~ 2 /2MyEu, 

4 



In the expression for t. ms is the mass of the final state quark, M 1s 

the nucleon mass, Eu is the incident neutrino energy, y = (Eh-M)/Eu 

where Eh is the energy of the hadronic recoil system. The components of 

the cross section associated with the light-to-heavy quark transitions 

have a threshold factor ( 1-y+xy/~) which suppresses the heavy quark 

production near threshold. Figure 1 shows the basic neutrino-quark 

scatter·ing for the two interactions. 

(2) The Cross Sect ion and Structure Fu net ions: 

The deep-inelastic scattering cross section is given by the 

following: 

d2o/dxdy=(Gr2MEz/rr)[( 1-y)F2(x,Q2)+y2xF 1 (x,Q2):!:(y-y2/2)xF3(x,Q2)] (3) 

where the structure functions Fi(x,Q2) contain the information of the 

quark distributions inside the nucleon. We assume the Ca I Ian-Gross 

relation 2xF 1 = F2. By using the coup! ings given above but neglecting the 

heavy quark thresholds, we express the charged current structure 

functions for an isoscalar target as: 

F2cc(x,Q2) = x~(x,Q2) = xq(x,Q2) + xq{x,Q 

xF 3 cc(x,Q 2
) = xV(x,Q2) :t 2(xC(x,Q 2 )-xS(x,Q 2

)) ( 4) 

xV(x,02) = xq(x,Q2) - xq(x,Q2) 

where xc and xS are the charm and strange quark x distributions. The 

corresponding neutral current structure functions are: 

F2nc(x,Q2) = ( u\ + d\ + u2R+ d2R ) XL(x,Q2) 

- ( u2L - d2L + u2R - ct2R ) 2(xC(x,Q2)-xS(x,Q2)) 

xF3nc(x,Q2) = ( u\ + ct\ - u2R - d2R) xV(x,Q2) (5) 

I 5 



wnere ul is the left-nanded z0-quark coupling and is given b!:J 

T 3-Osin2ew. T 3 is the weak isospin assignment of the charged 2/3 

quarks. dl is the corresponding coupling for the charged -1/3 quarks. uR 

and dR are the right handed couplings. 

The charged current F2cc is a pure isosinglet, and xF3nc is a 

function of only the valence quarks and the weak neutral current 

couplings. Significant differences in the two interactions arise from the 

fact that the neutral current has both a V-A interaction as well as a 

small but finite V+A interaction. 

The presence of these extra V+A terms has the consequence that the 

neutral current - nucleon deep inelastic scattering has a larger 

contribution of sea quarks than the charg~ current cross section does. 

For sin2ew ~ 0.23 we expect: 

F2nc(x,Q2) /xF3nC(x,Q2) ~ 1.2 F2CC(x,Q2)/xF3CC(x,Q2) (6) 

This greater coupling to the sea quarks in the neutral current cross 

sections would be interesting to observe in E-649. In particular we 

expect that the neutral current structure functions should have a 

somewhat stronger o2 dependence through QCD effects than the charged 

current structure functions. 

6 



(III) Design of the Experiment 

( 1) t~arrow Band Beam Settings: 

The choice of the narrow band beam (NBB) setting of the E-649 data 

run involves a compromise between optimizing the high energy neutrino 

flux and the overal I event rate. The physics of interest is at the highest 

incident neutrino energy where the large values of Q2 and W2 become 

accessible. But the flux of energetic pions and kaons which are allowed 

to decay to produce the narrow band beam decreases as a steep function 

of the scaling variable8 xf ~ xR = E* /(/S/2) as (l-xR)n~3_ 

The energy of a neutrino in the narrow band beam arising from the 

two body decays n± -> µ± + u µ· and K± -> µ± + u µ is given by: 

(7) 

where m is the pion or kaon mass, P is the narrow band beam central 

momentum, and eu is the angle of the neutrino with respect to the 

parent beam direction. 

There is sizable folding of the decay kinematics at high energies 

when the neutrino angle eu subtended by the detector can become larger 

than m/P. For angles above this limit the mean neutrino energy 

decreases for increasing P, whereas for angles below m/P the incident 

neutrino energy increases for increasing P. This broadens the accepted 

neutrino spectrum at a given train setting. Consequently, only a few 

settings of the NBB train are necessary to cover a wide neutrino energy 

range. The neutrinos from the kaon band are a much bigger fraction of 

the flux at the Tevatron than at the 400 GeV machine. Figures 2a, 2b, 

and 2c show the energy versus radius (angle eu) correlation for 

secondary momentum settings of 300 and 500 and -300 GeV/c 

secondaries, respectively. 

,7 



(2) Trie Number of Events: 

Putting all of these factors together we compute the neutrino event 

rate as a function of P. Figure 3 shows the resu Its for two different 

values of the accelerator energy. We note that the 800 GeV setting has 

roughly a factor of two fewer neutrinos per incident proton on target 

(pot) than the 1 TeV setting. Hence our choice of beam settings depends 

somewhat on the accelerator condition. In this design we will assume 

that the energy of the accelerator is 900 GeV. Examining the neutrino 

energy spectrum and the event rate versus P, we find that the sett lngs 

of 300 GeV/c and 500 GeV/c allow a smooth coverage of incident 

neutrino energies up to ~soo GeV. 

As a practical experiment we assume a neutrino beam exposure of 

5x 1 O 17 pots (the last E-733 beam exposure accumulated 4x 1 o 17 pots) 

with the time split in the ratio of 1 to 4 for the 300 and 500 GeV beam 

settings, respectively. Using a fiducial mass of 100 tons corresponding 

to a radius of 1.35 m about the beam axis, we w i 11 obtain the fol lowing 

number of events. 

Table Ia 

Number of Neutrino Events 

Po(GeV le) 1t + K 

300 

500 

NC+CC 

9050 

23200 

n-Band 

NC 

1327 

2354 

cc NC 

4423 762 

7846 3000 

K-Band 

cc 

2538 

10000 
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To compliment U1e neutrino data, an antineutrino beam exposure is 

proposed. The number of accepted events for 5x 1 o 17 pots at a train 

setting of -300 GeV/c is given in the table below. 

Table lb 

The Number of Antineutrino Events 

Po(GeV/c) rr+K rr-Band K-Band 

NC · cc NC cc 

-300 7424 1514 3986 530 1394 

For a total beam exposure of 1x10 18 pots we can accumulate 32,250 

neutrino events and 7,424 antineutrino events. The corresponding number 

of events in E-594 was about 15,000 in the neutrino beam and 3,000 at 

the antineutrino setting. A fiducial mass of 55 tons was used for the 

E-594 analysis. The smaller fiducial tonnage was choosen in E-594 to 

reduce the kaon neutrino background in the pion band neutral current 

analysis. With the E-594 tonnage, the numb_er of events in E-649 would 

be reduced from the figures above by only about 17%. 

The energy spectrum for accepted charged current events is shown 

in Figures 4a and 4b for the neutrino and the antineutrino beam exposure, 

respectively. The corresponding distributions in Eh and Q2 for the three 

narrow band beam settings are shown in Figures 5a and 5b, respectively. 

(3) Kinematic Regions: 

The study of the weak neutral current depends on control I ing the 

background events. These come from charged current events which are 
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confused as neutral current events, from neutral current events which 

are induced by the three body kaon decays Ke3 and K J.13 , and from K J.12 

decays which are not kinematically separated from the pion band 

neutrinos. 

By making kinematic cuts and defining three regions in the plot of 

hadron energy-versus-event radius the backgrounds can be reduced and 

understood. The pion band neutral current events are required to satisfy 

an upper Yrr < 0.8 cut, where the incident neutrino is assumed to come 

from the pion band. This wi II e I im inate most of the charged current 

events which are misidentified as neutral current events. The kaon band 

neutra I current events are required to sat isy Yrr > 1.2 and YK < 0.8. Since 

the kaon neutrino flux increases with increasing radius, the pion band 

region is cut into two radial regions which will have two levels of Kµ~ 

background. The rr 1 region is defined for the event radius r u <40cm and 

the rr2 region for 40cm<r u < 135cm. Figure 6 is a schematic illustration 

of the three kinematic regions. 
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The defining cuts and the major backgrounds for each region are 

summarized in the following table. 

Table II 

Kinematic Regions of the Neutral Current Analysis 

------------------------------------------------------------------------------------------------------------------
Region cuts 

Yn < 0.8 

r u < 40cm 

Yn < 0.8 

40 <r u<135cm 

Eh-Mp> 10 GeV 

K Yn > 1.2 

YK < 0.8 

remarks 

clean n µ2 data 

::::: 10% K µ2 background 

equivalent' to E-594 

nµ2 data 

:::::27% K µ2 background 

K µ2 data 

NC events ::::: 18% 

Ke3+Kµ3 background 

--------------------------------------------------------------------------------------------------------------------
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Tr1e corresponding number of accepted events for event t~pe for each 

energy region is given in the Table III. 

Table III 

The Number of Accepted Events for Neutra I Current Analysis 

------------------------------------------------------------------------------------------------------------------------
P = 300 GeV/c 

n 1 Region 

rr2 Region 

K Region 

P = 500 GeV/c 

rr 1 Region 

n2 Region 

K Region 

P = -300 GeV/c 

rr 1 Region 

rr2 Region 

K Region 

NC 

496 

462 

576 

1619 

631 

1897 

579 

486 

271 

cc 

1633 

1467 

1582 

5368 

2038 

5255 

1639 

1392 

598 

------------------------------------------------------------------------------------------------------------------------
E 5681 E17343 
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(4) Separatlon of Neutral Current from Charged Current Events: 

one of the main experimental problems in studying the weak neutral 

current is to separate them from charged current events. Our fine 

grained calorimeter enables the event type to be separated on an 

event-by-event basis with a small error. To determine how well this 

separation operates at high energies, we have performed a Monte Carlo 

simulation of the experiment in which actual hadronic showers were 

generated in the calorimeter according to the expected distributions 

determined by the physics, the narrow band beam, and the detector 

properties. The Monte Carlo events were analyzed with the same 

programs that w i 11 be used on the data. 

The major correction in the neutral current data comes from 

misidentified charged current events which are concentrated at high y. 

The Monte Carlo calculation of the charged current identification 

efficiency as a function of the energy of the outgoing muon is shown in 

Figure 7 for both E-594 and E-649. We see from the figure that the 

identification efficiency is a function of the muon energy and is not very 

strongly dependent on the hadron energy or the incident neutrino energy. 

Taking EJ.l > 3 GeV to be the region where the efficiency becomes 

high, we observe that the corresponding y range where charged current 

events are mistaken for neutral current events is reduced by a factor of 

2 in going from E-594 to E-649. Thus, the overall detection efficiency 

increases with increasing neutrino energy. Consequently the systematic 

error associated with misidentified events will decrease in E-649. Given 

the y cuts defined in Table II above, the fraction of "misidentified 

charged current events is roughly <1% for the rr 1 region, <9% for rr2, and 

<7% for the K region. 

The fraction of neutral current events which are misidentified as 
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charged current events has been measured using our hadron ca I ibrat ion 

data. Figure 8 shows this background as a function of hadron energy. We 

note that over the energy range of the experiment that this background is 

always less than 4%. 

(5) Kinematic Reconstruct ion: 

The kinematics of the neutral current deep inelastic scattering 

events are reconstructed by measuring both the energy and angle of the 

recoil hadron shower. The incident neutrino energy is inferred by the 

energy-versus-radius correlation in the narrow band beam. The B jorken 

scaling vaciable x = Q2/2MyEu is computed by Eh and eh observable in a 

neutra I current event: 

x ~ Eheh2/2M( 1-y) 

and the inelasticity is given by: 

y = (Eh - M)/Et/r) 

(8) 

(9) 

where Eu(r) is the energy of the incident narrow band beam given by the 

energy versus radius correlation. Figure 9 shows the deep inelastic 

scattering kinematics in terms of the energy and angle of the recoi I 

hatlronic system. 

The x resolution depends strongly on the hadron angle resolution 

through the eh2 dependence. The Eh and Eu dependence makes the x 

resolution become poor as y approaches 1. Therefore the y < 0.8 cut, 

which has to be imposed to reduce the number of confused charged 

current events, has the added benefit of avoiding this poor 

x-resolut ion-region. 

Contributions to the x resolution smearing come from the hadron 

energy resolution and the incident neutrino energy· resolution. The later 

arises from ·the intrinsic width of the energy-versus-radius correlation 
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determined b~ the two body decay kinematics and the momentum 

dispersion of tt1e narrow band train and from ambiguous neutrino 

parentage such as the K J12 background in the n1 region. (See Appendices 

.A. and B.) 

The x-resolution may be estimated by= 

(o'x/x) 2 
;:;:; 4(09/0) 2 

+ ( 1 /( 1-y)2 )(o'Eh/Eh)2 

+ (y/( 1-y))2 (0EulEu) 2 
( 10) 

A typical value of the x resolution when all of these effects are put 

together is Ox ~ x. The treatment of this smearing is the central 

experimental challenge in the measurement of the neutral current 

structure functions. 

The deep inelastic charged current scattering events are 

reconstructed either as neutral current events after the calorimeter 

energy of the outgoing muon track has been removed or as a charged 

current event using the measured muon momentum. The charged current 

events can be used to check the neutra I current x reconstruction 

resolution. 
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(IV) The Total Charge Current Cross Section 

( 1) Physics: 

The tot a I deep i ne I ast i c scattering cross section in neutrino 

physics is analogous to the ratio R in e+e- physics. Given a new energy 

regime in either physics setting there is an imperative to measure these 

fundamental quantities. The measurement of the total cross section, as 

the determination of the ratio R, is one of the fundamental experiments 

in the exploration of a new high energy frontier. 

The recent total cross section analyses of E-616 at Fermilab and 

the new data from the CDHS collaboration at CERN are now in agreement 

after a long and difficult period9. Our own result from E-594 is 

forthcoming 10. These measurements reach only to 300 GeV incident 

neutrino energy. The Tevatron offers a factor of two in incident neutrino 

energy and E-649 will be able to extend the measurement of the total 

cross section up to 500 GeV. 

In the quark-parton model, the total neutrino-nucleon charged 

current cross section is dependent on the number of quark flavors and is 

controlled by their scaled momentum distribution inside the nucleon. If 

the quarks are point-like spin 1/2 particles, the elementary 

neutrino-quark scattering will be given by: 

do"/dy = (Gf2MEuht) ...... :....... u q or u q scattering 

dO'/dy = (Gf2MEulrr)( 1-y)2 ..... u q or u q scattering ( 11) 

By sur:nming over all the quarks and antiquarks inside the nucleon, the 

total neutrino-nucleon charged current cross section is given by the 

following= 

O\ =(Gr2MEulrr) ff ( 1 /( 1 +Q2/Mw2)2{ ( 1-y)F2(x,Q2)+y2xF 1 (x,Q2) 

±(y-y2/)xF3(x,a2)}dxdy ( 12) 
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where the scaling variables are defined by x=02/2MyEu and y=(Eh-M)/Eu, 

Mw is the vector boson mass. The structure functions F2, xF 1, and xF3 

contain the sums of the quark and antiquark scaled momentum 

distributions. 

In the absence of heavy quark production, the total neu tr i no-nucleon 

cross sect ion will have an exactly I inear energy dependence in Eu if the 

boson propagator mass is infinite and if there is no 02 evolution of the 

structure functions. However these two 02 effects are expected to 

become significant at high Eu and will make an observable distortion of 

a naive linear Eu dependence. In Figure 10, the deviation from the I inear 

Eu dependence from the propagator and the QCD evolution of the 

structure functions is shown. We note that the distortion from linearity 

is a 12% drop of the cross section over the E-649 energy range. The 

major part of the effect is in the QCD evolution of the structure 

functions, with the boson propagator effect contributing only 4% to the 

12% deviation. A measure of this deviation from linearity will roughly 

determine the QCD scale breaking parameter /\, with certain model 

dependent assumptions, without measuring structure functions. 

This deviation from linearity would be difficult to see in lower 

energy data since the energy range of the measurements is limited and 

pion band - kaon band relative flux normalizations contribute a 

significant error. The kinematic folding of the neutrino energy spectrum 

at the Tevatron will make the flux normalizations easier since the 

neutrino data can be accumulated in only two narrow band train settings. 

It is interesting to ask why the QCD effect diminishes the cross 

section rather than increasing it. At these energies and 02 values the 

major part of the structure functions is still associated with valence 

quarks which can only evolve by gluon emission. The fraction of the 
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i ncrnasi ng Q2. The mi nor part of the structure funct10ns assoc1 ate,j 'tii t:-i 

tr1e quark sea terrn corne:::; frorn quark-anti quark pro1jucti on \•vt•1i cJ1 QrCl'•,•vs 

''l'ii th increasing Q2. Tt-,us n-,e oven31l effect i ::: a sl ov11er tt'ian l 1 :-1ear-

grmvth of total cro:;s :;ection. This .,,.,.,..ill be an interestin!~ eHect to 

observe in E-649. 

The pro,juctrnn of t·,eavy quark flavors or secon,j onjer \•veak 

interactions, such as Hie pn:11ji.1etion of the Hig!~S scalar, 'l'°'iOUJ1j increase 

srnall crnss sections. Fiqure 1 i srrnV•/s Hie increase in O"t vvt',en a quar-k 

rnass of 1 o GeV/c2 is pro1juce1j as a t·1eavy cJ1armed quark vviU1 the sarne 

r<-M rnhdng tenns. The resulting increase in o·t is only 2% up to 500 GeV 

and \•voul 1j be very difficult to observe. 

(2) Method: 

The calculation of the total neutrino-nucleon cross ::;ection is 

per-f orrne,j b!d taking the ratio of the ot,served nurnber of events over- the 

predicted incident neutrino flw~. The difi'iculty of the technique involves 

tt·1e ,jetermi nation of ttrn neutrino fl trn. V•/e envision tt-,at Uli ~; t,e done in 

tt·1e same rnanner as \•1rns E-594/E-701 ,juri ng U1e 1982 natTO''i'i t,an,j 

run. 3 (See R. Blair et al., NIM 226, p281,(1984)) 

Figure 12 is a schematic of U-1e nwni tors used in the pre vi ou::; :jata 

run. The ion chi!rnt,ers and RF cavi t~ 'Nhi c:r, vvere used to monitor tr·1e surn 

of the pi on, kaon, and proton beam are sui tab 1 e for Tevatron use. 

Ho··Never, the Cerenkov counter \•Vil l have to be ret,uil t si nee the o Jtj 

counter t-1as insufficient resolution in .f. to resolve pions from kaons at 

500 GeV /c. Appendi i< c: !Jives ttrn design parameters for thi :; counter. 

Previous experience in,jicates H1at tr,e incident neutrino flw< can tie 

inferred to an accuracy of about 5%. We think that we wi 11 attain the 
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same accuracy in E-649. 

The measurement of the total neutrino-nucleon cross section in 

E-649 will extend the present measurements by roughly 200 GeV. The 

comparison of the observed energy dependence with our expectation w i 11 

be quite interest Ing. 
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(V) Determination of sin2eW and p 

The electroweak coupling parameters sin2ew and p control the 

strength of the neutral-current neutrino-quark coupling. Considerable 

experimental effort has been expended in the measurement of these 

fundamental parameters of the Standard Mode I. These measurements 

range from the very sma II 02 region of the atomic physics experiments 

to the CERN SPS Collider experiments which have actually produced the 

weak bosons themselves. 11 

Recent high statistics measurements of deep inelastic 

neutrino-nucleon scattering at the CERN SPS have pushed the 

experimental errors to new low values. 12 Our own measurement in E-594 

has used tight kinematic cuts to reduce the Ke3 and charged current 

background in the neutral current data sample.2 (See Appendix D). The 

present world's data is in general agreement with a unique value of 

sin2ew within the 02 dependent renormalization corrections. So why 

measure these parameters again? 

A measurement of sin2ew at the Tevatron will extend the tested 

energy range of the Standard Model by a factor of 2, and the systematic 

errors w i 11 be reduced by a factor of 2. A 11 of the machinery of the 

Standard Model has to be assumed in extracting sin2ew in deep-inelastic 

neutrino-nucleon scattering. Thus the measurement is a sensitive 

integral test of the Model. 

Certain possible deviations of the Standard Model can be considered. 

For example, if there were a heavy quark species which coupled 

preferentially to the weak neutral current there would be a deviation of 

sin2ew from prediction as the threshold for the new quark flavor is 
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encountered. This could make sin2ew depend on 02, the incident neutrino 

energy, or the recoil hadron energy. The extended energy range of the 

Tevatron will allow a search for such possibilities. 

The most statistically potent values of sin2ew and p come from the 

analyses of the ratios Ru and Ru in deep-inelastic neutrino-nucleon 

scattering data. However, in the present world's data there are 

significant theoretical corrections that have to be applied which arise 

from the limited range of the incident neutrino energy. These 

determinations of sin2ew and p come from neutrino experiments 

performed in narrow band neutrino beams. The pre-Tevatron data are 

therefore limited to energies of about 75 GeV for the pion band events 

and 150 GeV for the kaon events. Given the nature of the narrow band 

beam technique, most of the data is in the pion band. 

The kaon band data can be used to increase the energy range of the 

experiment, but neutral current events in that kinematic region suffer 

from a rather large (20%) background of electron neutrino charged 

current events. The electron neutrinos come from Ke3 decays. 

Therefore one is forced to use the pion band for the most part. At 

this low incident average neutrino energy the magnitude of the charged 

current cross section is dependent on= ( 1) How the charmed quark 

threshold suppression is calculated, and (2) The magnitude of the strange 

sea. Should the mass of the charmed quark be me= 1.5 GeV/c2? Should 

it evolve with Q2? The specific choice of the charmed quark mass 

significantly affects the value of sin2ew. 

To see why charmed quark production is important in the extraction 

of sin2ew, we will now consider some aspects of heavy quark production 

in deep inelastic scattering. The kinematics of heavy quark production 
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has oeen worked out by Barnett 13, and Kaplin and Martin. 14 The definition 

of variables is illustrated below. 
vµ _µ. 

Hea'vJI ouark Pr(}(/{Jct ion 

Since the mass of the heavy quark is given by= m2 = p• 2 = ( q + ~P )2, the 

scaling variable which accounts for the quark mass m can be expressed 

as: ~ = x + m2/(2MpEuy), where Eu is the incident neutrino energy, Mp is 

the nucleon mass, and y=(Eh-Mp)/Eu· The heavy quark production 

threshold requires~< resulting in the x and y regions being confined 

to the region: 

x < 1 - m2/(2MpEu) and y > m2/[2MpEu( 1-x)]. ( 13) 

These I im its suppress the component of the cross section which 

corresponds to the production of the heavy quark flavor of mass m. In 

our calculations below we will assume that the heavy flavor is charm. 

Bottom quark production should be strongly suppressed by kinematic 

factors and K-M matrix terms. 
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The charged current cross sect ion including the strange sea and 

ct,armed quark production is expressed by using this modified sealing 

variable ~ for the quark components which involve the heavy quark 

production·. For neutrino scattering off an isoscalar target: 

dO'/dxdy = (G2MpEuhr) { (xu +xd + (xu + xa)( 1-y)2 I Uuct 1 2 

+2xs I Uus 12 + (xu +xa)( 1-y)2 I Uus 12 

+2xc(1-y)2(1Udcl 2 + 1Uscl 2) (14) 

+(tu +td) I Ucd 12( 1-y+xy/t)e( 1-t) 

+2ts I Ucs 12( 1-y+xy/Oe( 1-t) I 

where the terms Uud• etc. are the K-M matrix terms. A similar 

expression pertains to the antineutrino-nucleon scattering. 

The charged current deep inelastic scattering cross sect ion given 

above will be smaller than the naive quark-parton cross section by the 

inequality: 

(xu +xd) I Uud I 2 + (tu +td) I Ude 12( 1-y+xy/t)e( 1-t) < (xu +xd). ( 15) 

These comp! ications are confined to the (anti)neutrino charged current 

scattering. No such kinematic suppression is expected in the neutral 

current cross section since the neutral weak current is flavor diagonal 

and there are no mass thresholds to overcome. 

To estimate the sensitivity of sin2ew to the charmed quark 

threshold we note that the NC/CC ratio Ru decreases with increasing 

sin2ew by roughly the amount dR?./dsin2ew ~ -0.7. Taking the CDHS 

de termination 15 for the magnitude of the strange sea 2s/( u +a) = 0.52 :t 

0.09, we find that the ratio Ru changes by about 3% for the pion band 

data, where Eu ~ 75 GeV, making a 5% increase in sin2ew. 

The charm quark production energy threshold becomes a smaller 
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effect with increasing incident neutrino energy. With the narrow band 

beam at the Tevatron, the ambiguity in sin2ew becomes roughly one half 

of its value in the present world's data set. The uncertainties associated 

with the strange quark sea and the neutral current - charged current 

event separation also become smal !er. Figures 13 and 14 show the 

diminishing systematic error associated with the magnitude of the 

strange sea and the charmed quark production threshold, respectively. 

One might expect that QCD effects will become important at the 

higher 02 values of the Tevatron. These effects arise from the slightly 

different couplings of the neutral current to the valence and the sea 

quarks compared to the corresponding coup I ings of the charged current 

interaction. Since the sea quarks and the valence quarks evolve 

differently w Ith 02 there can in principle be a 02 dependent correct ion 

to sin2ew, However the estimate of this effect using the Duke and 

Owens QCD parameterization 16 indicates that it is quite small. 

Therefore, the Tevatron narrow band beam will in principle enable 

sin2ew to be measured with greater precision than before. 

The comparison of the theoretical and experimental uncertainties in 

the determination of sin2ew in E-594 with E-649 is shown in the 

following Table. The E-594 experiment had an average neutrino energy of 

about 75 GeV which is typical of all narrow band pre-Tevatron 

experiments. 
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Table IV 

Estimated Errors in the sin2ew De termination 

Error source E-594 E-649 

NC/CC separation :!:4.2% ±2.% 

muon track elimination :!: 2.% ±1.% 

2s/(u + a) = 0.5:!:.2 :!:0.4.% :!::.0.13% 

QCD /\ = 200 +200 -100 Mev/c :!:0.1 % :!:0.1 % 

charm quark mass ±2% ± 1.2% 

mc=l.5±0.4 GeV/c2 

total error ±5.1.% :!:2.5.% 

------------------------------------------------------------------------------------------------------------------------
We see that the total error in sin2ew is reduced by a factor of 2 in 

E-649 relative to E-594. The higher energy has the benefit of reducing 

both the experimental and the theoretical uncertainties. 

To estimate the statistical and systematic unce·rtainties in the 

determination of sin2ew and p in E-649 we have performed a Monte Carlo 

simulation of the experiment with the expected number of accepted 

events given in Table III above. Using an input value of sin2ew=0.246 in 

the Monte Carlo we find by using both the neutrino and the ant ineutrino 

data in only the rt 1 and rr2 regions that sin2ew=0.251±0.011 ±0.006 

(±statistical ±systematic) for the single parameter fit and 

sin2ew=0.246±0.031 ±0.008 and p=0.994±0.02±0.013 for the two 

parameter fit. If there were no ant ineutrino beam exposure we wou Id not 

be able to determine p, but our single parameter sin2ew errors would 
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be the same. By including the K regions and correcting for the Ke3 

background in the NC events, we reduce the statistical error on sin2ew 
to 0.008 for the single parameter fit and 0.023 for the double parameter 

fit. 

The statistical errors are comparable to or lower than what we 

achieved in E-594 and the systematic errors are reduced by 1 /2. For 

comparison we note that the CDHS collaboration quotes ±0.004 for the 

statistical error of their latest narrow band beam data and a 

systematic error of ±0.003. It would be hard to match their statistical 

error by running at the Tevatron. But it is important to observe that 

their systematic error is on corrections which can be as large as 20% 

(for the NC-CC event separation) at an incident neutrino energy where 

the charm quark mass threshold is a large effect. The E-649 

measurement wou Id extend the tested energy range of the Standard Mode I 

by a factor of two and w i 11 be in an energy range where the systematic 

errors are in principle smaller. 
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(VI) The Neutral Current Structure Functions 

( 1) General: 

The weak neutral current provides a method of investigating the 

nucleon structure which does not involve quark-flavor transitions. Most 

of the determinations of the z0-quark coupling in neutrino physics have 

been through integral tests of the theory. The measurement of sin2ew is 

such a test. These experiments probe the overall strength of the neutral 

current coupling, but do not measure the detailed structure of the 

neutral current interaction. 

The measurement of the y-dependence of the neutral current 

interaction determines the integral of the quark x-distributions and 

therefore the overall strength of the left-handed to the right-handed 

coup I ing terms. But again this differential test does not approach the 

details of the actual z0-quark interaction. That level of experimentation 

can only be done by the measurement of the x-dependence of the neutral 

current structure functions themselves. 

Only the CHARM collaboration at CERN 17 and our effort E-594 1 have 

published high statistics results on the nucleon structure using the zo as 

a probe. Since the detai Is of the neutral current neutrino-quark coup I ing 

become visible in this type of experiment, the data will be useful in. 

extending our understanding of the structure of the nucleon. 

Certain questions can be addressed: (1) Is there some neutral 

component of the nucleon that the neutral current preferentially couples 

to? (2) Does the scaled momentum distribution probed by the neutral 

current agree with the predictions from the charged current data? It is 

interesting to continue these tests with higher statistics and at higher 

energies. This is one of the major physics goals of E-649. 
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(2) Tl1e Ratio Test= 

To directly compare the x distributions of the neutral current with 

the charged current interact ion we compute the ratio: 

Ru(x) = [dNnc/dx]/[dNCC/dx] = O'(uµ+N->uµ+X)/o(uµ+N->µ+X) (16) 

This will reduce our sensitivity to possible systematic error~ associated 

with hadron energy and angle scale errors. By explicitly expressing the 

the coup! ings ul ,etc. in terms of s in2ew the ratio Ru(x) above is= 

Rz/x) = 112 - sin2ew + (20/2_7) sin2ew 

+ (40/81) sin4ew xq(x)/( xq(x) + xq(x)/3 ) ( 17) 

Ru(x) = 1 /2 - sin2ew + (20/9) sin2ew 

- ( 40/27) s in4(x) xq(x)/( xq(x)/3 + xq(x) ) 

Thus we expect that the neutral current/charged current ratio should be 

approximately flat except possibly at sma 11 x where the xq(x) term 

could be important. The antineutrino ratio should be more sensitive to 

this term than the neutrino ratio. The presence of the sea term will 

make the ant ineutrino ratio increase s 1 ightly as one increases x from x = 

0, whereas the effect on the neutrino ratio is to make a slight decrease 

in going from low x to high x. 

An estimate of the magnitude of this effect at a2 ::::: 11 (GeV/c)2 

for E-594 indicates that the neutrino ratio decreases by only about 1%, 

whereas the ant ineutrino ratio increases by 8%. Resolution smearing and 

finite stat is tics make the effect less obvious. The higher a2 range of 

E-649 should increase the effect and make this low x-dependence of the 

ratios an interesting feature to search for. 

In E-594 we measured the NC/CC ratios given above. (see Appendix 

E). The results are shown in Figures 15a and 15b. We note that the ratios 

appear to be roughly flat within the expectation of the Standard Model. 
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we conclude that at the mean 02 ~ 11 (GeV/c)2 of our E-594 data the 

xq(x) remainder term in the ratio is relatively small. 

To quantify the difference between the neutral current and the 

charged current x distributions, we performed two different fits. In Fit 1 

we assumed that the valence distributions for both the neutral current 

and the charged current had the form= 

xV(x) = Ax 112( 1-x)J) ( 18) 

and the nonstrange sea quark distributions by the form= 

2xq(x) = C( 1-x)0. ( 19) 

The strange sea was assumed to be 0.52 xu(x). In Fit2 we changed the 

assumed form of the valence distribution to: 

xV(x) = 3f(cx+i+1)/(r(0<fr(~+l))xcx(1-x)~. (20) 

The line through the data in Figure 15 is the resu It of both Fits 1 and 2 

for the neutral current structure functions xF3(x) and xq(x). The details 

are given in Table II of App endix E. 

E-649 will carry these ratio comparisons to a higher incident 

neutrino energy and 02 region. Figure 16 shows what we expect the 

ratios to look like in E-649. For simplicity no OCD evolution effects 

were included in the simulation. The results of a Monte Carlo simulation 

with the expected statistics given in Table .Ill is shown below. For the 

charged current structure function parameters we have assume·d that 

A=3.28, 0<=1/2, i=3, and C=l .O. 
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Table V 

Neu tr a I Current Structure Function Fits 

-----------------------------------------------------------
Region: 

Beams (GeV/c): 

300 

500 

-300 

300 

500 

300 

500 

-300 

A 2.47±.43 

J3 2.45±.28 

C 1.13±.19 

A 2.26±.67 

J3 2.32±.43 

C 1.26±.39 

0< 0.38±.07 

J3 2.24±.37 

C 1.07±.17 

2.80±.75 

2.84±.48 

1.19±.26 

K 

2.26±.64 

2.38±.44 

1.29±.45 

0.59±.10 

3.59±.55 

1.26±.16 

No fits were performed for the cases left blank. 

All 

2.90±.33 

2.74±.19 

1.01±.13 

2.50±.54 

2.52±.33 

1.24±.30 

0.44±.05 

2.60±.29 

1.00±.11 

The rr1 region alone has a statistical error comparable to E-594. 

The fits using all three kinematic regions have a statistical error of 

about 1/2 of our earlier experiement. We note that the antineutrino 

exposure helps reduce the overall error. The fits using only the neutrino 

data have errors which are ~1.7 times larger than those using both the 

neutrino and antineutrino data. 

In E-594 the systematic error of the fits was calculated to be 

roughly the same as the statistical error. The corresponding systematic 

error in E-649 wi II be roughly 1 /2 of the E-594 value primarily due to 
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the diminishing errnrs in the neutral current/charged current event 

separation. Tt1us the systematic error should track the increased 

statistical power of E-649. 

(3) Unfolding the Neutral Current Structure Functions: 

The effect of the resolution in the measured variab !es Eh and eh, 

which are used to reconstruct the neutral current kinematics is to 

smear the reconstructed Bjerken scaling variable x. To see this 

resolution smearing we plot in Figure 17 the true value of x and the 

experimentally reconstructed value of x. A resolution tail at high x is 

quite evident. The x-resolution depends on several variables but it has 

the rough value of Ox ~ x. With such a large smearing it is important to 

consider the bin-to-bin correlations in the x-distribution. 

The resolution smearing and acceptance correct ions can be 

represented by a smearing matrix Ai j which transforms the exact x 

distribution xj into the observed distribution bi. The transformation is 

given by= 

(21) 

The smearing matrix A can be calculated by Monte Carlo methods, 

using the detector resolutions as input without requiring any a priori 

assumptions of the shape of the true dist ibut ion x j. The true x 

distribution can be obtained by inverting the matrix A by the fol lowing 

equation: 

(22) 

as long as the matrix A can be inverted. However the solution gives large 

correlations in the errors of the components of xi which mask the true 

resolving power of the experiment. 
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It is therefore more instructive 18 to examine the X2 function 

defined by: 

(23) 

By this definition, the solution xi which produces the minimum at x.2 =O 

is the same as that obtained by solving the inversion equation given 

above. But in a more general sense, we have determined the xi which 

gives the minimum in X2 , and we now have the ability to look at 

variations of x.2 about the minimum. 

The xi which gives the minimum in X2 is the solution to the 

equation 8X2/8xk = 0. Thus: 

IC l'.AijAik/oi2) xj = IbiAik/oi2 (24) 

By defining the matrices: 

H·k = I A .. A,k/0'·2 
I I J I I 

Rk = I biAik10/ (25) 

we see tl,at the xi are solutions to the equation: 

(26) 

The matrix Hjk contains the information about the variation of X2 

about the minimum. The multidimensional surface representing a unit of 

increase of X2 is an ellipsoid centered about the minimum. The principal 

axes of this ellipsoid are in the direction of the eigenvectors of H with 

lengths proportional to the eigenvalues. 

The solution xi which minimizes the X2 function can be expanded as 

a series in the eigenvectors of H. In this orthogonal basis, the errors in 

the coefficients are uncorrelated. The solution xi can then be 

constructed as a sum of uncorrelated components, each with a specific 
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contribution to the x2. The eigenvectors with the largest eigenvalues 

t1ave the largest statistical significance and will make the largest 

contribution to the x2. The eigenvectors with the smallest eigenvalues 

represent the high frequency structure. which after resolution smearing, 

tend to contribute little to the observed x distribution. 

The resolution of the detector provides a cutoff in the expansion of 

significant eigenvectors, where we find that the higher frequency 

components represent the unresolvable structure in the true distribution. 

The point of truncation can be determined by Monte Carlo simulation. 

Tr,e truncated eigenvector expansion is a visual display of the 

unfolded distribution. The full summation is the exact solution to the 

complete unfolding problem. Therefore, any fits to the unfolded 

distribution must use the complete series. 

We have applied this method to both the E-594 data (in progress) 

and to the E-649 simulation. We give our result in terms of the cross 

sect ion integrated over y by the structure functions F + , where F + is 

defined by the fol lowing: 

dO'/dx = (Gf2M/2rr) F :!:(x). (27) 

Note that the neutral current structure functions F+ nc contain the 

coup I ing constant terms. See Equation 5. 

The pre I im inary deconvoluted x-distribut ions 19 (not normalized) for 

E-594 are shown in Figure 18. These plots represent about 1/3 of the 

neutrino data and al I of the antineutrino data. 

The deconvoluted E-649 Monte Carlo simulation is given in Figure 

19. In this figure the expansion of the eigenvectors has been truncated 

at the point where additional terms contribute a neglectable amount to 

the x2 of the fit. The line in the figure represents the exact structure 

functions used in the Monte Carlo simulation. 
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we have a !so fit the unf aided structure functions F +(x) of the 

simulation above in terms of the valence and sea parameterizations. In 

these fits the full expansion was used. The results are: 0< = 0.50±0.057, 

-B = 3.15±0.33, and c = 1.03 ± 0.10. These errors are comparable to those 

given in Table V of the ratio test described above. 

The method has been carried further to actua I ly deconvolute the 

neutral current valence and sea distributions as well as F2 and xF3. The 

results of the Monte Carlo study are shown in Figure 20. We see that 

these separate distributions can actually be resolved. The errors 

represent the sum of the statistical and the deconvolution errors. 
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(VII) Exotics 

( 1) Genera! Remarks: 

Often discoveries are made when smal I discrepancies are observed 

in a physics setting where there is a "good" understanding. The Standard 

Model is mature and thus there are many well defined predictions to test 

with the data. In this section we consider the possibility of detecting 

heavy neutral leptons and exotic hadronic states. These objects may be 

produced in a high energy deep inelastic neutrino-nucleon scattering. The 

narrow band technique w i 11 enable certain kinematic constraints to be 

imposed which will enhance the detection of such objects and increase 

the possibi I ity of understanding them. 

(2) Heavy Neutral Lepton Search: 

In certain extensions of the Standard Mode I there may exist heavy 

neutral leptons.20 These objects may be produced in a neutral-current 

deep inelastic neutrino-nucleon scattering if there is a sufficiently large 

mixing between the ordinary neutrino and the heavy one. The production 

threshold Eu th w i II be given by: 

(28) 

where ml is the heavy neutral lepton mass, and M is the nucleon mass. 

In the narrow band beam at the Tevatron, the maximum energy in the 

center of mass is / s ~ 30 GeVtand thus quite massive objects ml < / s 

in principle can be produced. 

If the heavy lepton is. point-I ike, it wi 11 have an excitation curve 

relative to deep inelastic scattering which will go roughly as E(s) ~ 

(s-ml 2)/s. 
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For a certain range of masses and lifetimes it will be possible to 

observe the heavy lepton in our calorimeter. We would see the decay of 

the object as a shower located downstream of the primary vertex of the 

interaction. This shower could be electromagnetic, or hadronic. The 

decay could also be into muons. 

The fine granularity of our detector will allow the decay products 

of the heavy lepton to be observed down to rather low energies which we 

estimate to be on the order of 2 to 3 GeV. Furthermore, the construction 

of the detector permits hadronic showers to be easily distinguished from 

electromagnetic showers. Therefore some of the detai Is of the decay 

would be accessible. 

The phase space avai !able for the heavy neutral lepton search is 

controlled by the length of the calorimeter, and the average length of the 

recoi I hadron shower. Our detector is about 20 meters long, and the 

average shower length is about 480 cm. Therefore laboratory lifetimes 

in the range of 25 to 50 nsec can be observed. 

To study the electromagnetic decay signature of the heavy lepton, 

we have performed a Monte Carlo simulation. In this calculation, the 

heavy lepton of some chosen mass has been allowed to decay into an 

electromagnetic shower at some distance from the primary 

neutrino-nucleon interact ion vertex determined by the di lated I ifet ime. A 

typical Monte Carlo event is shown in Figure 21. We note that the 

downstream electromagnetic shower points back to the primary vertex. 

and is easily visible. 

As a first pass estimate, the detection efficiency as a function of 

mass and I ifetime was determined by scanning these Monte Carlo events. 

Other mass-I ifetime combinations were scaled from the original Monte 

Carlo curve. The resu Its are shown in Figure 22. We see that the 

detection efficiency is never more than about 55%'. This efficiency is 

determined by both the random location of the primary interaction vertex 
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and the finite length of the recoil shower. 37 

The sensitivity of the heavy lepton search can also be estimated by 

using bremsstrahlung showers along the outgoing muon track in ordinary 

deep inelastic charged current events. By removing the muon track but 

retaining the e \ectromagnet ic shower, the electromagnetic decay 

signature is simulated. Figure 23 shows a typical bremsstrahlung event. 

On the basis of the Monte Carlo simulation of the experiment we 

estimate that for a total of 5700 deep inelastic neutral current 

scattering events, the 90% confidence upper I im it for the 

non-observation of such objects corresponds to a probability of < 6.5 

x 1 o-'t. The kinematic region in mass-\ ifet ime which wou Id be excluded 

can be estimated from Figure 22. 

If we were to be so lucky to see a statistically significant signal, 

the ratio of m L/'t'o could be determined by the data. The energy of the 

scattered lepton is fixed by the hadronic shower energy and the energy 

of. the incident neutrino (to within the K-rt band ambiguity) by: EL ;:::: 

E1jr) + M - Eh. Therefore the measured length distribution of the 

downstream vertex can be scaled by the computed outgoing lepton energy 

to give a curve characteristic of the mass and I ifet ime of the object: 

(29) 

where A = L/EL is the scaled length. Background vertices coming from 

neutral hadrons boiling off the primary hadronic shower will not give a 

universal slope in A. Thus the A distribution could help in discriminating 

against background events. 

The muonic decays of a heavy lepton can also be detected. Figure 24 

shows a candidate event with a very low hadronic energy and two muons 

coming from the primary vertex which could be a heavy lepton event. 

The data of E-649 w i 11 be scanned for strange topologies. The hard 



energy spectrum and kinematic constraints of the narrow band beam 

make it a good place to search for heavy neutral leptons. 

(2) Exotic Hadronic States= 

It has been suggested that the nucleon contains intrinsic heavy 

quark states.7 These states have been postulated to account for the 

same-sign di lepton puzzle in neutrino scattering and the large 

diffractive production of charmed hadrons at large longitudinal 

momentum in high enegy proton-nucleon scattering and pion-nucleon 

scattering. 

The same-sign dimuon signal has been observed by several 

experiments and has been found to be quite sma 11, < 10-4 of the ordinary 

charged current events. At this level there would be only a few of these 

events in the narrow band beam exposure. But there is the possibi I ity of 

observing the hypothetical intrinsic heavy quark states in another mode. 

In the narrow band beam the mass of the hadronic recoi I system can 

be calculated for both charged current and neutral current events. The 

mass W of the system is given in terms of the observables by: 

w2 = M2 + 2M(Eh -M)( 1 - x) (30) 

A hadronic resonance wou Id appear as a perturbation in the otherwise 

smooth w2 distribution. However, the x resolution smearing, especially 

in the neutral current analysis, w i 11 make the mass resolution rather 

poor. A better chance of observing some anomaly occurs if one assumes 

that the x distribution of the exotic hadronic state is peaked near x :=--: 0. 

Thus solving the equation for the recoi I energy we find: 

Eh = M + (W2 - M2)/(2M( 1-x)) (31) 

Therefore the hadronic energy distribution will develop a step 

corresponding to the threshold of the product ion of the new hadron state. 

since the detect ion of the step involves the measuring of only the 
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hadronic energy Eh, the resolution of the effect should be better than 

actua I ly trying to measure W. 

Because of their large masses, the heavy quark states will carry a 

large fraction of the nucleon's momentum.7 Using the slow rescaling 

phenomenology given above but assuming that t is peaked near 1, (x can 

still be near 0), we can simulate the perturbation of the hadronic energy 

spectrum corresponding to the production of some hypothetical object. 

The recoi I hadronic energy spectrum for the excitation of a mass ~ 9 

GeV /c2 state is shown in Figure 25. We expect that the width of the 

energy spectrum distort ion w i 11 • grow as the incident neutrino energy 

increases, but the lower edge will remain fixed. 

The recoil hadronic energy spectrum in deep inelastic scattering is 

determined by the y-distribution and the incident neutrino spectrum and 

therefore should be known. Small correct ions of the event-type confusion 

have to be made, but they shou Id be easy to control given various Monte 

Carlo studies and se If consistency checks of the data. 

A search of this kind is more difficult in the wide band beam 

because the neutral current - charged current event separation is more 

uncertain. The control over the incident neutrino energy spectrum is lost 

in a broad Dand beam so that the excitation curve of the object can not 

be studied. 
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(VI II) Requests 

Beam· 
( 1) To perform this experiment we need at least Sx IO 17 pots with the 

narrow band train transporting positive secondaries for neutrino running, 

and 5x 1 o 17 pots with negative secondaries for anti neutrino running. 

Since the neutrino beam is a tertiary beam, there is considerable 

benefit in operating the accelerator at the highest available energy. Even 

though the event rates are low in the narrow band beam, we would like 

the beam to be delivered in a multi-ping mode to keep our deadtime to a 

minimum. A rate of 4 to 6 pings evenly distributed over the 20 second 

flat top is ideal. 

(2) A hadron calibration beam of vari_able energy from 20 GeV to 

400 Gev operational during the neutrino data taking will enable us to 

continuously calibrate the detector under various conditions. 

Technical Support; 

( 1) We wou Id I ike to have technical support for the beam monitoring 

system. This includes the design and construction of the new Cerenkov 

counter and the reinstal lment of the narrow band beam monitoring 

system. We wou Id I ike to col Iaborate with the Laboratory on this 

important aspect of the narrow band beam program. 

Since the Cerenkov counter is large and complex it would be wise 

to build and test it before the narrow band data run. If the construction 

of the device is started now (March 1986), it could be installed in the 

the decay pipe and tested during the next running period using the 

protons that are transported to the NWest area. 

(2) Continued technical support is needed for the design and 

installation of the new magnetostrictive magnetizing circuit. This 

system will enhance the operation of the flash chambers. 
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On! ine Computer Upgrade; 

We would like to install a Microvax2 computer to augment our 

PDP-11 online computing capabllity. The new system would be dedicated 

to monftoring the narrow band beam operation. 
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Figure Captions: 

Figur~ J a: Feynman diagram for the charged current interaction. 

Figure 1 b= Diagram for the neutral-current interact ion. 

Figure 2= The energy-versus-radius correlation for the three setting 
of the narrow band beam in E-649. 

Figure 3= The neutrino and ant ineutrino event rates as a function of 
the narrow band beam train setting. The rates are for a 
100 ton calorimeter at Lab C. 

Figure 4a= The incident neutrino energy spectrum for accepted 
charged current events. The two beam settings 
are indicated as well as the combined distribution. 

Figure 4b: The corresponding antineutrino energy spectrum. 

Figure 5a= The hadron energy spectrum for the three beam settings. 

Figure 5b= The 02 distribution for the three settings. 

Figure 6= A schematic representation of the three kinematic 
regions used in the neutral current analysis. 

Figure 7= The detect ion efficiency as a function of Eµ for charged 
current events for a typical E-594 setting compared 
with a typical E-649 setting. The efficiency as a 
function of E Jl appears to be independent of the beam 
setting. Monte Carlo simulations were used for this 
estimate. 

Figure 8: The misidentification probabi I ity for neutra I current 
as a function of hadron energy. Calibration data was 
used in this estimate. 

Figure g: The deep inelastic scattering kinematics in terms of the 
observables of neutral current events for an incident 
neutrino energy of 150 GeV. Typical resolutions of eh 
and Eh are shown. 
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Figure 1 Q: The effect of the vector boson propagator and the QCD 
evolution of the structure functions on the I inearit~ 
of the total charged current cross section. 

Figure 1 1: The effect of the a heavy quark flavor of 1 o GeV /c2 

produced as the charmed quark of the strange sea. The 
same KM mixing terms which are operational in charmed 
quark production were used. 

Figure 12= Schematic diagram of the beam monitoring system used 
in the 1982 narrow band beam run. 

Figure 13= The systematic error in the determination of sin2ew 
arising from the ambiguity in the strange sea. 

Figure 14= The systematic error in sin2ew from the ambiguity in the 
charmed quark mass. 

Figure 15a: The ratio of the charged current cross section over the 
neutra 1 current cross section as a function x measured 
in E-594. 

Figure 15b= The corresponding antineutrino ratio. 

Figure 16a= The simulated E-649 ratio for all of the neutrino data. 

Figure 16b: The corresponding antineutrino ratio. 

Figure 17= The unsmeared x-distribut ion is compared with the 
smeared distribution from the E-649 Monte Carlo 
simulation. 

Figure 18a= The preliminary deconvoluted E-594 F+ (x) structure 
function for both charge currents and neutral currents. 

Figure 18b= The corresponding ant ineutrino function F _(x). 

Figure 19= The results of the eigenvector expansion of the 
deconvolution of the E-649 Monte Carlo. The line 
represents the input x-dependence. 
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Figure 20: The deconvoluted valence and sea distributions in 44 
E-649. Also shown are the structure functions 
F2 and xF3. The errors represent the statistical and 
unfolding errors of the deconvolution procedure. 

Figure 21: A typical Monte Carlo event for the production of 
a heavy neutra I lepton. The downstream electro-
magnetic shower is clearly visible. The Monte 
Carlo was actually performed for the E-594 conditions 
but the detection efficiency should not be very 
sensitive to the incident neutrino energy. 

Figure 22: The detection efficiency for a heavy neutral lepton 
for several fixed masses as a function of life time. 
The results were obtained from a scan of Monte 
Carlo events. 

Figure 23: A typical bremsstrahlung shower after the muon has 
been removed. These events can be used to simulate 
the heavy lepton events. .· 

Figure 24= A dimuon event with very little hadronic energy. This 
is the signature for a heavy neutral lepton decaying 
into a neutrino and 2 muons. 

Figure 25= The hadron energy spectrum for a 9 GeV/c2 object 
produced with a ~ distribution near 1. . 
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APPENDIX A: THE NCI DICHROMATIC BEAM TESTS 

INTRODUCTION 

The new dichromatic train 1 was designed to meet a variety 

of goals: 

1. Reach secondary beam momenta up to 750 GeV (xF=3/4). 

2. Dump the non-interacting fraction of the primary 
proton beam cleanly in external dumps at all secondary 
momenta. 

3. Reduce the wide-band background component of the beam 
as much as possible (better or at least as well as the 
old beam). 

4. Obtain an energy resolution dE/E approximately 10% at 
all secondary ·momenta for radii up to one meter in the 
neutrino detectors. 

5. Obtain the highest flux of secondaries possible while 
keeping the momentum bite of the beam at approximately 
10%. 

6. Contain the physical size (both longitudinal and 
transverse dimensions) of the beam layout in order to 
minimize costs. 

As in all design efforts, some parameters must b~ 

op~imized at the expense of others. The NCI design was chosen 

to emphasize increased flux as the most important of the above 

list, since, even with large mass detectors, the event rates 

are limited to a few events per pulse. (See Figure A-1, which 

gives event rates at 1 TeV, as a function of secondary momentum 
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selected.) As a consequence, wide-band background rejection 

and energy resolution at the detectors are not optimum, but are 

still within the design goals. 

A conceptual layout of the NCI dichromatic beam is shown 

in Figure A-2. All magnets used in the beam have large 

apertures (6-3-120 dipoles, and 4-Q-120 and 8-Q-32 quadrupoles) 

in order to obtain the maximum possible flux. 

The beam bends in both the horizontal and vertical planes 

in order to minimize wide band background; the secondaries only 

point toward the neutrino detectors when momentum and sign 

selection are complete. 

The first bend after the target (8.67 mr) and the length 

of drift spaces determine the maximum momentum acceptance of 

the train, which is about 15%. This parameter was chosen to 

maximize flux, while still maintain,ing reasonable energy 

re solution at the neutrino detectors. The production spe·ctru:m 

at higher secondary momenta reduces the momentum bite of the 

beam to about 8% at 600 GeV.· 

Beam defining liners 2 are installed in the first two 

dipoles after the target. These liners, along with the two 

collimators shown in the figure, are used to remove off-axis 

particles which contribute to the divergence of the beam. It 
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is important to minimize the beam divergence in order to 

provide good energy resolution at the neutrino detectors, and 

to insure that secondary particle fractions can be measured for 

a flux determination, using Cerenkov counter techniques. 

A large engineering effort went into the design and 

construction of two 70 ton dump modules 3 , to contain the 

non-interacting fraction of the primary proton beam. These 

dumps had to be large enough to prevent ground water 

activation, and to protect workers who may have to work on 

near-by equipment; but also had to be transportable, since 

other neutrino beams may be installed in the target hall. 

The NCI dichromatic train was assembled in 1983, and 

installed in Enclosure NW1 for the first 800 GeV run of the 

Tevatron, in order to get a first look at the properties of the 

t . 4 rain. For most of this run, the train was used to provided a 

passive transport for the primary beam to the NWest test beam 

production target. Some 60 hours were scheduled for 

dichromatic tests in order to measure the momentum bite and the 

angular divergence of the train. Accelerator performance and 

other equipment failures allowed only a fraction of this test 

time to be obtained. The results of those measurements are 

detailed in the following sections. 
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Figure A-3 shows an overall layout of the equipment used 

for the tests. Intensity information was obtained from a SEM 5 

placed in the primary proton beam upstream of the target, and 

from a large ion chamber 6 placed downstream of the train in the 

secondary beam. Primary beam shape and position were monitored 

with SWICs (segmented wire ion chambers) located at the 

entrance to the target hall (2 mm wire spacing) and just in 

front of the target (1/4 mm wire spacing). The secondary beam 

had two SWICs, both located about 1000 feet from the target. 

These were used in the angular divergence measurement. One 

SWIC had variable wire spacing7 (6 mm in the center and 10 mm 

near the edges). The other swrc 8 had 0.240 inch copper etched 

strips separated by 0.040 inch gaps (approximately 7 mm 

sampling). A differential Cerenkov counter 9 used in the 

momentum bite determination was at the same z location. Data 

from all these monitors as well as the currents of all the pre-

and post-target magnets were recorded on magnetic tape after 

each spill. 

MOMENTUM BITE MEASUREMENT 

Figure A-4 shows a layout of the Cerenkov counter used in 

this measurement. This counter was constructed to operate in 

the previous generation dichromatic neutrino beam. Because of 

the high instantaneous rate of secondary beam particles (about 
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10 13 /sec in a 1 msec fast spill), the signal output from the 

phototube was integrated over the spill time, thus providing a 

relative measure of beam particle composition. Although these 

tests used 20 second slow spill and utilized 100 times fewer 

protons on target/pulse than during previous neutrino data 

taking, the phototube output was still integrated over the 

entire spill. 

Radiated Cerenkov light follows the optical path shown in 

Figure A-4. The parabolic mirror M1 has a 305 cm focal length. 

Located about 5 cm beyond this focal pl~ne is a rotatable disk, 

labelled 'iris', with a selection of apertures, allowing light 

of selected angular range to reach the phototube. Annular 

rings which subtended angular ranges of 0.7-1.0 mr and 1 ,7-2.0 

mr (used in these measurements) as well as a variety of 

circular penetrations are available. As the pressure of the 

radiator is increased, the phototube sees Cerenkov light from 

pions, then kaons and finally protons. The Cerenkov phototube 

output at each pressure point is then normalized to the 

secondary beam flux as measured by the ion chamber. The 

particle fractions are obtained from the relative area under 

each peak of the response curve as a function of pressure. 

Also shown in the figure is a shutter which can be closed 

so that light produced in the main body of the counter can not 

reach the phototube. One then has a measure of background 
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light produced outside the radiator, but seen by the phototube. 

Shutter closed points were taken at a few randomly selected 

pressures for each momentum. This background is measured to be 

independent of pressure and has been subtracted from the data 

to be shown. 

One can approximate the Cerenkov relation as: 

e 2 = 2KP -(m/p) 2 , C 

where ec is the angle of Cerenkov light, K is the gas constant 

per unit pressure, Pis the pressure of the radiator (here, He 

gas), and m and pare the mass and momentum of the radiating 

particle, respectively. Because of the presence of the second 

term on the right hand side of the above equation, for a beam 

of finite momentum bite, the larger the mass of the particle, 

the broader the Cerenkov response. Thus, by measuring the 

width of the proton peak as a function of pressure, one obtains 

a measurement of the momentum bite of the beam. 

Data were taken at secondary momenta of 200, 400, 500 and 

600 GeV, in order to investigate the effects of particle 

production on the momentum bite. These data are shown in 

Figure A-5. It should be emphasized that this counter was 

designed to operate in a lower energy range, and thus is unable 

to resolve pions from kaons above secondary momenta of 

approximately 250 GeV. 
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The results of the momentum bite determination 10 are given 

in Table A-I, along with the Monte Carlo prediction, as a 

function of secondary momentum. Errors quoted for the momentum 

bite are determined by chasing the minimum chi-squared from 

successive fits as the Monte Carlo input momentum bite was 

distorted in 2% steps from 96% to 104%. At all secondary 

momenta, the data are within 2% of the prediction. 

It should be noted that an absolute pressure calibration 

(and thus an absolute momentum determination) was not 

available. The true pressure was obtained by scaling the 

measured pressure from the following formula: 

Ptrue = (Pmeas + (0.9 +/- 1 .4))*(0.880 +/- 0.017) torr 

This is the best average fit to all 4 data sets. 

OTHER TESTS USING THE CERENKOV COUNTER 

It was found empirically during previous neutrino running 

with thi& Cerenkov counter that small adjustments (about 5 cm) 

to the iris z position relative to the focal plane of the main 

mirror resulted in improved pion-kaon separation. The reason 

for this is that the small but finite secondary beam divergence 

makes it appear as if the beam is originating from a point 

source in the vicinity of the production target. By the thin 

lens formula, then, 
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1/f = 1/s + 1/i 

where f is the focal length of the mirror, s is the source 

distance, and i is the image distance. Since the source point 

of this train is at a distance which is large compared to the 

focal length of the mirror, the sharpest image does not appear 

precisely at the focal plane, but slightly beyond this point. 

Because only a limited amount of time was available for 

these measurements, the z position of the iris was not adjusted 

to optimize pion-kaon separation. The NCI beam has a different 

effective source point than the previous train, and so the iris 

was not located at the optimum position. Indeed, the counter 

had been moved several times before this measurement, so that 

it was decided to fit the iris location by minimizing 

chi-squared to each of the fits at all secondary momenta. The 

final value which gave the best overall agreement was Ziris = 

303.5 +/- 0.5 cm. 

Alignment of the counter relative to the beam can also 

affect the width of the pion peak, and thus the pion-kaon 

separation. When time permitted, we did align the counter with 

the secondary beam by setting the pressure so that the pion 

light ring was slightly bigger than the iris aperture, and then 

adjusting both the x and y alignment of the counter to minimize 

the phototube output. 
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Since these tests were parasitic, the SWICs in the 

secondary beam 

NWest production 

were centered on the line pointing toward the 

target, about 0.5 mr off from the line 

pointing toward the neutrino detectors. It was decided to 

conduct the measurements with the secondary beam also pointed 

toward the NWest target, in order to avoid lengthy accesses to 

move the SWICs. For some of the data, not enough time was 

available to both align the counter and take a pressure curve, 

so the counter was aligned parasitically to the 800 GeV primary 

beam running to the NWest target, and this approximate 

alignment was used for the pressure curve. Subsequent checks 

showed that although pion-kaon separation was not optimum, the 

momentum bite determination was not affected. 

As mentioned previously, because of the finite angular 

divergence of the beam, it appears to originate from a point 

source near the production target. Because of the specific 

optical design of this train, the location of the apparent 

source point of the horizontal plane is at a different z 

position from that of the vertical plane. 

It has been suggested11 that a third quadrupole located at 

the end of the train could be used to reduce the difference in 

the z positions of these apparent source points, and thus give 

an improved pion-kaon separation. Monte Carlo calculation 

showed this to be true, giving about a 17% improvement in the 
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effective beam divergence as seen by the Cerenkov counter, with 

only a 2% degradation in the energy resolution of the neutrino 

beam at the detectors (see Figure A-6). 

Measurements taken with this quad at the theoretical value 

were indistinguishable from those taken with the quad off. The 

of the counter (which causes finite length 

broadening9), non-optimized iris position and 

diffraction 

approximate 

alignment could all have contributed to a null result. This 

measurement should be re-done with the new Cerenkov counter 12 

before data taking begins. 

Particle fractions determined from these data are given in 

Table A-II, along with predictions from a particle production 

mode1 13 . Only the proton fractions and, at lower momenta, the 

pion fractions should be taken seriously. 

agreement with prediction is remarkable. 

ANGULAR DIVERGENCE MEASUREMENT 

Even so, the 

Figure A-7 illustrates why it is important to have small 

angular dive~gence in a dichromatic beam. For low secondary 

momenta, the divergence of the beam is a small contributor to 

the neutrino energy resolution at the detectors compared to the 

momentum bite of the beam. For momenta in excess of 400 GeV or 
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so, the beam divergence plays an increasingly important part in 

this energy resolution. In fact, for 600 GeV secondaries, a 

0.2 mr divergence produces an unacceptably large resolution at 

large detector radii, even for a beam with no momentum spread. 

In addition, if one uses a Cerenkov counter to determine 

particle fractions in the beam for a flux determination, small 

angular divergence is crucial for pion-kaon separation. 

As part of the initial set of tests of the new dichromatic 

train, it was thus appropriate to measure the angular 

divergence of the beam. The technique used is graphically 

shown in Figure A-8. A (16 inch x 16 inch) 10 foot long steel 

collimator 14 with a 1/2 inch square hole running down its axis 

was placed in the path of the secondary beam just before the 

final set of bending magnets. The collimator was aligned 

parallel to the trajectory of the central ray. The size of the 

beam at this point was approximately 6 inches high by 3 inches 

wide, primarily determined by upstream magnet apertures. This 

collimator (called the Hole Collimator) was swept across the 

beam horizontally in 1/4 inch steps and vertically in 1/2 inch 

steps, sampling small segments of the beam phase space at each.· 

position. (Originally it was also planned to utilize 1/4 inch 

steps vertically, but time did not permit this fine a grid 

search.) 
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Located about 825 feet downstream from the Hole Collimator 

in the Expansion Port were two SWICs, where beam profiles from 

each individual grid point were recorded, along with primary 

and secondary beam intensities. Because of inherent design 

features in the SWIC readout system, 5 scans in time were taken 

across the spill. Figure A-9 shows these scans for one of the 

SWICS on a collimator out spill~ Scans 2-4 were subsequently 

combined for this analysis. Because the distance between the 

Hole Collimator and the SWICs was so large, one can effectively 

think of each grid point as a point source of particles, and 

thus the spatial distributions measured by the SWICs can be 

tranformed into horizontal and vertical angular distributions 

of rays from each sampled region of the beam. The individual 

angular distributions, weighted by the intensity in the 

secondary beam for each point, can then be combined to give a 

measure of the total angular divergence of the beam. This 

technique has been used in the past 15 to measure the angular 

divergence of a previous dichromatic beam. 

Several problems complicated this measurement: 

1. Monte Carlo study has shown that the angular divergence of 

the secondary beam is a strong function of the proton beam spot 

size on target. Figure A-10 shows that this effect is much 

stronger for a large horizontal extent of the beam than it is 

for a large vertical extent. Indeed, for horizontal beam sizes 
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above 1 mm (half width at the base), the divergence rises 

linearly with beam size. Unfortunately for these measurements, 

the pre-target optics were constrained by the slow spill test 

beam program, and the spot size on target was limited to 

approximately 3 mm H x 1 .5 mm V, (see Figure A-11). Subsequent 

to taking this data, the switchyard optics have been re-done. 

With this new optics, a horizontal spot size of less than 1 mm 

can be achieved. Because of 

results for the angular divergence 

this 

of 

inherent problem, final 

the beam can not be 

stated, as they are so strongly coupled to the horizontal beam 

spot size. Instead results will be pr.esented comparing the 

data to a Monte Carlo which also had a comparable proton beam 

spot size. 

2. As had been mentioned previously, these data were taken 

with the secondary beam pointed toward the NWest production 

target. The bend needed to steer the beam this direction 

introduced an additional small angular divergence to the beam. 

This effect was included in the Monte Carlo calculations for 

purposes of comparison. 

3. Because of the large mass of the Hole Collimator, several 

support mechanisms were attempted before one was found which 

allowed the collimator to retain the same spatial alignment 

over its entire field of travel. The final modification was 

made in situ, and was such .that the bottom 1/2 inch of the beam 

phase space could not be measured. This will be corrected for 
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future studies. In addition, the final support system was 

installed near the end of the run, when accelerator failures 

were increasing due to lead problems in the super-conducting 

magnets. These time constraints, along with proton economic 

constraints, limited data taking to one 8-hour scan. 

4. It was discovered prior to the Hole Collimator scan that 

the stepping motor control circuitry for positioning the 

collimator was strongly temperature dependent, and thus led to 

a day-night difference in actual movement for a fixed number of 

input steps (see Figure A-12). Since it was important to 

sample the beam phase space uniformly, a C-BASIC program was 

written which operated on the EPICS control system and used the 

position read-back to correct for this temperature dependence. 

This technique worked extremely well. For future studies, 

however, the control electronics should be modified to correct 

this complication. 

5. Probably the most serious problem encountered which 

compromises analysis of these data is the lack of redundancy in 

beam • monitors. Part way through the scan, electronics 

associated with the ion chamber (the secondary beam intensity· 

monitor) failed in such a way that the outputs for both the 

signal and for an off-spill pedestal varied by several times 

the typical signal level (see Figure A-13). Since these 

fluctuations were so large, only approximate point to point 

normalization is possible. This anomaly is evident in about 
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1/3 of the data taken. At the time, the variation in beam 

intensity was attributed to mis-steering of the primary beam, 

as no other monitors were available for cross-check. Time ran 

out before the affected part of the scan could be repeated once 

the electronics had again stabilized. In addition, the 6 mm 

SWIC located in the Expansion Port did not give reliable 

profiles (many missing wires) 

encountered during the scan. 

solely with the 7 mm strip SWIC. 

at the low intensities 

Thus, this analysis is done 

6. Proton economics also contributed to the complexity of this 

analysis. Initial calculations showed that about 5 1012 

protons per pulse were the minimum needed for the scan. Most 

of the data were taken at about 2 1012 protons per pulse. 

Figure A-1~ shows the signal to noise inherent in the data for 

a point near the edge of the beam phase space, where the 

intensity is quite low relative to the center of the beam. 

More protons would have enhanced the signal to noise, however, 

low intensity points such as this one may never be analyzable. 

It should be noted that in addition to a beam-off pedestal 

pattern made by averaging over all beam-off pulses in the 

course of the scan, a flat background was subtracted from each 

SWIC display before comparing the data to Monte Carlo 

prediction. For asymmetric profiles, this will introduce a 

bias in the tails of the distributions. Probably more 

sophisticated background methods can also be developed in 
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future, utilizing a different background level for each side of 

the peak. 

7, The Hole Collimator was not located at the end of the train 

where the beam is most parallel, in order to utilize the B-dl 

provided by the final set of dipoles to sweep away any 

off-momentum particles created by scraping in the collimator. 

At this intermediate location, the beam still has some 

divergence, so that not all of the particles which enter the 

upstream of the collimator aperture are transmitted through to 

the end. Unless one is able to use a grid whose steps are 

smaller than the hole size, one obtains an under-estimate of 

the beam divergence. Time constraints did not permit 1/4 inch 

sampling in the vertical direction. To compensate for this, 

the Monte Carlo calculations included a cut on the positions of 

the rays at the downstream end of the collimator in order to 

simulate this effect. In future, more points can be taken, or 

a shorter collimator (of Tungsten) can be used. 

For purposes of presentation, the data were divided into 9 

roughly equally populated regions in x and y. Figure A-15 

shows this division. A representative individual point from 

each of the 9 regions is shown in Figure A-16 (a-i), along with 

the Monte Carlo predictions for a 1 mm and a 3 mm horizontal 

proton beam spot size on target. As can clearly be seen in the 

figures, the 3 mm spot more closely approximates the data. 
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Also evident is the increase in the beam divergence, in both 

the horizontal and vertical planes, for the larger spot size. 

Because of the problems inherent in background 

subtraction, a measure of the width of each curve should 

provide a more meaningful comparison between the data and the 

Monte Carlo prediction than the tails of these distributions. 

For each grid point, both the data and the corresponding Monte 

Carlo distributions were fit with a gaussian. The ratio of the 

sigmas of these two fits provided the figure of comparison. 

Table A-III shows this ratio averaged over each of the 

nine regions for both the vertical and horizontal planes. The 

data and the prediction are seen to agree within about 10% for 

the horizontal plane, and within about 35% for the vertical 

plane, with the horizontal plane data being slightly smaller 

than the prediction, and the vertical plane data being larger 

than the prediction. Figure A-17 shows a sum over all 9 

regions of these ratios, both unweighted, and with each grid 

point-~eighted by its intensity as seen by the ion chamber. 

It is possible that a quadrupole had been incorrectly set 

during the scan. A subsequent study of the magnetic field in 

one of the 4-Q-120 quadrupoles from the train showed that the B 

vs I response of the quad was within 2% of the theoretical 

value. It was discovered, however, that the transducer used to 
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measure the current in the quad had a non-linear response for 

small currents compared to a precision shunt which gave a 

linear response with input setting (see Figure A-18). An 

incorrect current in this quadrupole of up to 10% can not be 

ruled out. Indeed, a Monte Carlo run with a 3 mm horizontal 

spot and 7,5% less current than design gave slightly better 

agreement with the data (see Figure A-19). The readouts for 

all power supplies on the train will be modified for the next 

run to better measure the actual current. 

SUMMARY 

The initial tests of the NCI dichromatic train showed that 

the momentum bite was within 2% of design. Though the data is 

by no means definitive, the particle fractions measured at 800 

GeV are reasonably close to those predicted from 400 GeV data. 

A first look at the angular divergence of the beam showed it to 

be within 10% of design in the horizontal plane and about 35% 

greater than design in the vertical plane. Several problems 

were discovered which will be corrected before the next run. 
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TABLE A-I. 

Momentum Bite Measurement 

Train Momentum Measured Momentum Bite Predicted Value 

GeV % % 

200 1 4. 1 +/- 0.3 1 3. 8 
400 1 1 . 1 +/- 0.3 1 1 . 4 
500 1 0. 4 +/- 0.3 10.2 
600 8.9 +/- 0.3 8.7 

TABLE A-II. 

Particle Fractions (pion:kaon:proton) 

Train Momentum Measured Fractions Predicted Values 

Gev % % 

200 58.6 : 5,7 : 35,7 57.9 6.6 : 35.5 
400 20.2 : 1 . 6 78.5 19.5 3- 1 77.4 
500 7.8 : 1.0 : 91.2 8. 1 1. 6 : 90.4 
600 2.1 0.6 97.2 2.8 0.7 96.4 
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TABLE A-III. 

Comparison of Data/ 3 mm Monte Carlo 

for the Angular Divergence of the Beam 

EAST 

1.30 
1. 43 
1. 31 

EAST 

1.27 
1.03 
0.99 

VERTICAL 

CENTER 

1.34 
1.53 
1. 43 

HORIZONTAL 

CENTER 

1. 11 
1.09 
0.99 

WEST 

0.80 
1. 28 
1. 13 

WEST 

1.09 
0. 81 
0.80 
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Figure Captions 

Fi~~re A-1: Neutrino event rates (cc+ nc) per hundred tons per 
10 protons in a detector of 1 ,35 m radius located at Lab C. 
Rates are shown for pion and kaon (+/-) parents as a function 
of parent momentum for 1 TeV on target. 

Figure A-2: Layout of the NCI dichromatic train, vertical and 
horizontal projections. The third quad located at the end of 
the train, used in some of the Cerenkov counter tests, is not 
shown. 

Figure A-3: Layout of the Neutrino area from NW1 to the end of 
the decay pipe, showing the location of the NCI dichromatic 
train and various monitors used in the test. 

Figure A-4: Schematic of the Cerenkov counter used in the 
tests. 

Figure A-5: Various pressure curves taken during the tests, for 
200, 400, 500 and 600 GeV secondaries. The 200 and 400 GeV 
curves were taken with the 2 mr iris, while the 500 and 600 GeV 
curves used the 1 mr iris. 

Figure A-6: Effects on the actual secondary beam divergence and 
the effective divergence as seen by a Cerenkov counter placed 
at two different z locations, as a function of field in a third 
quadrupole located at the end of the train. 

Figure A-7: Energy resolution versus radius at the detectors of 
neutrinos from kaon decay as a function of secondary beam 
divergence and momentum bite, for secondary momenta of 400 and 
600 GeV. 

Figure A-8: Schematic of the Hole Collimator measurement, 
showing the 10 foot collimator with the 1/2 inch square 
aperture used to select small segments of the beam phase space, 
the ion chamber used to measure secondary beam intensity, and 
the strip SWIC located at the Ex·pansion Port where beam 
profiles were accumulated as a function of collimator position. 

Figure A-9: Five separate SWIC scans during one accelerator 
spill from the strip SWIC, showing the entire beam profile. 
(Hole Collimator out data ). 

Figure A-10: Secondary beam divergence as a function of spot 
size on target shown separately for increasing horizontal (H) 
and vertical (V) size. 
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Figure A-11: Proton beam spot size on target for these tests, 
as recorded by a 1/4 mm SWIC located 0.5 feet in front of the 
target. Note the 2 hot wires on the vertical display and the 
missing wires in both the horizontal and vertical displays. 

Figure A-12: Variation in the Hole Collimator motion for a 
fixed step size as a function of time, showing the temperature 
dependence of the positioning electronics. 

Figure A-13: Variation of the pedestal signal from the ion 
chamber as a function of time. Plotted for reference is the 
Hole Collimator horizontal position, indicating about 4 of the 
12 scans were .affected. 

Figure A-14: Vertical and horizontal SWIC pictures and the 
corresponding Monte Carlo predictions for a low intensity point 
during the Hole Collimator scan. 

Figure A-15: The division of grid points taken during the Hole 
Collimator scan into 9 aggregate regions. 

Figure A-16 (a-i): Vertical and horizontal SWIC pictures 
selected at random from each of the nine regions. Also 
included are Monte Carlo predictions for the corresponding Hole 
Collimator positions, showing separately the predictions for a 
1 mm horizontal and a 3 mm horizontal proton beam spot size on 
target. Note the hot wires at the right side of some of the 
vertical traces. This affected about 2/3 of the data, and was 
subtracted for the analysis. 

Figure A-17: Histograms of the ratios of sigmas of -fits to data 
divided by sigmas of fits to the 3 mm Monte Carlo cut to 
simulate the same Hole Collimator position, summed over all 
collimator positions, for vertical and horizontal data, 
separately. Data are entered unweighted (left graphs) or 
weighted by the secondary beam intensity observed for each 
point (right graphs). 

Figure A~1S: Nonlinearity in the current readout as a function 
of current for one of the train quadrupoles. 

Figure A-19: Ratios of sigmas of fits to data/ fits to a 3 mm 
Monte Carlo which also has one of the train quadrupoles set to 
7.5% less current than design: vertical and horizontal, 
unweighted and weighted by beam intensity. The high tail on 
the vertical histograms arises mainly from the bottom sections 
of the scan. 
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Appendix B: 

The Apparatus and Calibration Data 

( 1 ) The Apparatus: 

The construction and some of the operating characteristics of the 

Lab C calorimeter are described in the attached IEEE article. Since that 

article was written there has been a significant upgrade of the detector 

for the Tevatron-era experiments. The charge-division readout of the 

toroid spectromenter has been upgraded to a drift system. Furthermore, 

drift planes have been installed in the rear of the calorimeter to give a 

good angle definition for the muon track as it enters the toroid system. 

The spatial resolution of the drift system is about 2mm. This will 

provide a muon momentum resolution of 1 O to 15% over the momentum 

range of E-649. 

The magnetizing system for the flash chamber magnetostrictlve 

readout system will be upgraded to operate after every event. This 

shou Id improve the uniform fty of the detector and the rel iabi I ity of its 

operation. 

Another upgrade w i 11 be to construct a new double plane front veto 

counter. By operating the planes in coincidence, the accidental veto rate 

from the beam associated soft background ( from neutrons?) w i 11 be 

reduced. 

(2) Calibration Data; 

During 1984 and 1985 the calorimeter was recalibrated up to 400 

GeV. The energy response of the flash chambers is shown in Figure B 1 

and the corresponding plot for the proportional tube calorimeter is given 

in B2. We see that the flash chambers are linear (after the statistical 

enhancement technique has been applied) up to about ::::: 200 GeV. Above 

that energy there is a 5% non! inearity up to 400 GeV. 



The preliminary energy resolutions are shown in Figures B3 and B4 

for the flash chamber system and the proportional chamber system, 

respectively. The angle resolution using the flash chambers is shown in 

B5. 

In general we find that the new calibration data agree with our 

earlier results. Work is continuing on both hardware and software 

impovements which will enhance our energy and angle resolutions. For 

example, we are combining the flash chamber and the proportional 

chamber calorimetry information. This will help to compensate for the 

nonlinear response of the flash chamber calorimeter and should improve 

the resolutions at high energy. 
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To study neutrino-induced weak neutral 
current interaction it is necessary to bave a 
mas 3 ive neutrino detector capable of 
measuring both the energy and the direction or the reaction products. A pattern 
recognition capability or the 3hower:, 
resulting Crom the primary neutrino 
interaction is also a ~seCul design 
consideration, and allows the study or rare 
proce3se3. To realize these latter 
capabilities, the neutrino detector must be 
fine grained. In this paper we describe such 
a tine grained detector which we have built 
at Fermilab. The detector ls based on 
polypopylene rlash chambers and proportional 
tube chambers. These device:, allow a very 
high degree or segmentation in both the data 
as well as selectivity to rare processes in 
the trigger. The experience we have obtained 
in long period operation or the detector in 
quadrupole triplet and single horn neutrino 
bea~s and the result3 of a calibration of the 
detector ror electrons, hadrons and muons 
will be described in th1s paper. 

The Detector-General De:,crtptton 

The rla:,h chamber - pro~ort~onal tube 
calortceter ts 60 feet long (1H.3m) and has a 
12'x12' (3.66mx].66m) cross sectlon and a 
mas:, or approxlmately 340 metrlc ton3. The 
rlash chamber:, are used to determine the 
oattern or the neutrtr.o reactton produc~s 
lhereby furnishing an ldenttflcatton of t~e 
event type as well as determining the energl 
dnd angle of energy flow. The propor~iona 
tube cha~ber:, are used to trigger the fl~~h 
a~ambers and to provide another measure~ent 
or the energy of the shower. The layout of 
the detector 1s sho~n 1n figure 1. 

Th~ rla:,h 
v1eif3 {,:.ylu) 
100 relat "'' 
rosp.,cttvely, 

chamber:, are arranged 13 t~r 0rl 
wi~h cells whtch run O , 80 , 
to the hor!:ontal plane 
Ea C h f l a 3 h C ha ::I b 6 r P l.1 n e 1 :J 
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i ~~ ;:~~~, ~ I lnmnmnnmrnnl]TIT~ 0; ~:;.z ,. n~ • .,~~-- 12"-<t_ 
'"h1~;,:::t ✓/4 r,, ~. '-• ,~..,..• ..._o•:-, .... ,~~11,e.:.... 

lfO( ~;~fl~ ~-•-'~~--u-~ 
L"<,,< 

24' TU00l 

Fig. 1: Layout- or the detector. 

sandwiched between a sand rilled plastic 
extrusion plane and a steel shot plane. The 
rtash chambers are read out electronically, 
The details of this system have been 
described earlier .. 

i'he p1•oportional tube plane5 are located 
every 16 flash chamber planes (one mo&ule) in 
an alternating horizontal - vertical'pattern. 
Each module weighs approxsm~tely 9 ton:,. 

1'he prc,portional tube chambers are 
in3trumentHd with an acpllfier for every Q 
wires with a wlre separation of l inch 
(2-5~ cm). This high level of segcentatlon 
gives ;,.:,t.t.cn, recognition at the trigg-:r' 
level ;,.1 ,1ell :,s analog inforciation on th<' 
on.:r~y depo,iiLior, of the !lhuwer· profile. 

1'hl:i ,,rran;;e.ruent. or rtash · chamber:, 
proportional Lube chambers - sand and. steel 
shot has an average radlatiod length of 12 cm 
sampled evcrv 221 X by the flash chamber and 
every ].5 X by 0 the proportional tube 
cha:noer~. TRc 2 averaRe absorption len~th 1~ 
83 c::i _( 116 i-;/c:n ·) and is sa!:!plect every Ji>- by 
t h e ! L1:1 11 c, h ,1 ::, h e r 3 a n d e v e r y 5 0 i A b y t ti ., 
proportte>nJl tube c~arnbers. The avera~c 
den,itty I:< 1.4 p,/cro and the avera1se Z 1:i 
approil~alely 21. Thi:, proper1ty of low 
den~lty "nd low Z l~ 1:nportant ln achievln~ 
good enerKy flow cea3urecent:, for hadron 
sho,.,~r:,. 

llo.,.n.~lr~,u" or lhe flash chamber 
rroport tnna l luhe chamber calortr-et.er 1:i an 
-ron taro!d ounn spectrometer. This 



epectro~eter is instrumented with double 
plane proportional tube chambers and is 
described in detail elsewhere in this 
oont'erence. 

In addition to the proportional tube 
chambers there are 10 12'x12' liquid 
aointillation counters. One plane is at the 
upstream end ot' the detector to act as a 
charged particle veto, one plane is 
downstream or the muon sp~ctrometer, and one 
plane is placed every HO flash chamber 
planes. They are used to provide an 
independent muon trigger ot' the calorimeter 
t'or dignostic and monitoring purposes. 

The pattern recognition capabilities or 
the detector are evident in Figure 2, which 
shows an online display or a high energy 
neutrino interaction taken during the spring 
1981 engineering run. Shown are the 3 views 
or flash chamber planes (x,u1 y on the 
display}. Each dot drawn on tne display 
represents a struck cell in the calorimeter. 
The total number or struck cells is shown as 
the quantity HITSOB, which is 1036 in this 
event. (There are roughly 400 1000 cells in 
the calorimeter.} Since the total number or 
hit cells is proportional to the energy or 
the shover, we estimate the energy or this 
event to be -·25 GeV. 
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. . . 
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Fig. 2: ~ypical high energy charged current 
neutrino interaction. The high 
degree or segmentation or the data is 
eYident. 

Also shown in Figure 2 are the pulse 
heights of the proportional tube planes which 
provided the trigger or this event. These 

fulse heights appear as bar graphs along the 
ower edge or the picture for the horizontal 
H) and vertical {V) plane orientation. The 

lateral profile or energy deposition ot' th~ 
150 GeV shower is evident. 

The toroids are shown at the right of 
Figure 2. The "+" signs indicate the track 
ot the muon through the spectrometer in the 
horizontally (bottom) and vertically (top) 
oriented proportional planes. 

We have operated the calorimeter ror two 
aajor running periods. The first period was 
April to June 1980 during which time 180 tons 
or the detector were instrumented. Data were 
taken during this running period on neutrino 
interactions in the quad-triplet bea~ and the 
response of the detector was measured to a 
test beam consisting of electrons, muons. and 
hadrons. The second running period was 
January to Hay 1981, during which time 240 
tons of the detector were instrumented. The 
detector was exposed to a single horn wide 
band neutrino beam. Various selective 
triggers were developed during this period 
and data were accumulated on deep inelastic 
neutrino scattering as well as various rare 
processes. 
1) Operation or the Flash Chamber 

The flash chamber system of the 
calorimeter has three major components: 1) 
the gas system, 2) the high voltage pulsing 
system, and 3) the readout system. 

1) Operation or flash chamber gas system 
The gas mixture and the gas purity 

arreot the efficiency, reignition probability 
and the sensitive time characteristics or the 
flash chambers, Owing to the diffusion of 
the gasses through the (0.5mm thick) 
polypropylene walls or the rlash chambers, 
and the long term outgassing of the 
polypropyleneL it is necessary to chan~e the 
gas in the rlash chambers at a rate or 
approximately one chamber volume/hour. The 
gas is recirculated and purified by a two 
sieve gas purific~tion system, which can 
purity up to s.~x10 liters/hour. 

The initial operation of the flash 
chambers was carried out with a standard 
Ne-He (90j-10S)· mixture. (Under long term 
operation conditions this gas mixture changes 
to 96S Ne, 4J He by the diffusion or He gas 
out or the sy~tem.) This mixture gave a good 
HV plateau with good efficiency versus delay 
characteristic, and was used during the 1980 
run •. However, the reignition probability, 
that is 7 the probability that a ~iven hit 
cell in ~he flash chamber will rerire, was 
rather high (6 to 8%), and gave rise to an 
after-imaging of the previous event, even 
with a time between events or 10 seconds. 

Considerable experimentation was 
inve~ted in reducing this reignition 
prob&bility. A two phase solution was round: 

a) By introducing a small ~mount or 
argon at the concentration of -0.2% or the 
Ne-He gas content the long lived meta-stable 
excited states of Ne were de-excited by the 
Pennin~ effect. The exact amount of Ar was 
determined by the chamber performance, and by 
the practical constraint that too much Ar 
would rapidly contaminate the cold sieve ot 
the gas purification system. The addition of 
the Jr gas makes the plasma discharg~ 
stronger at a given high voltage and 
therefore allows the high voltage operating 
point to be lowered. Measurements have shown 
that the reignition probability is unaffected 
br the addition of Ar at a given HV, but 
s nee the Ar allows the operating point to be 
lowered{ a reduction in the reignition 
probabi ity is achieved. 

b) A small amount or electronegative gas 
was introduced· into the Ne-He-Ar mixture. 
This was accomplished by passing roughly 1/3 
or the recirculating gas back into the 
chambers without going through purification 
by the gas system. The electronegative gases 
were the o2 , n2 and H?O which naturally 
cont~minate the flash ~hamber gas through 
diffusion and outgasing. The 
electronegativity was controled by monitoring 
the O?, Ng and H2o content with a gas 
chroma~ogra h. The gas mixture returning to 
the flash cambers was 96%Ne, 4S He, 0.17% 
Ar~ 0.10,: H2o and 0,04% o2 and N2 . 

The flash chamber characteristics ror 
various gas mixtures are shown in Figure 3. 
It is evident froo this Figure that the 
reignition probability is not reduced at a 
fixed high voltage by the addition of the Ar 
gas alone, but by the lowering or the high 
voltage operating point allowed oy the lower 
HV characteristics of the Ne-He-Ar mixtureL 
and ~y the addition of small levels or 
eTectronegat.ive gases, the reignition 
probability is reduced from 6 to 8% to 1 to 
2,: at a 10 second repetetion rate. The 
efficiency remains the same under this 
condition. The addition of too much Ar or 
too much electronegative gas degrades the 
uniformity of the single muon efficiency 
across the 12 1 sensitive area of the flash 
chambers. 

Other gas mixtures using a different 
ratio of Ne to He were investigated. It was 
found that the flash chambers work well for a 
mixture of 30% Ne and 70% He with roughly 
0.17,: Ar. This gas mixture is less expensive 
than the 90% Ne-10% He, but the gas losses 
from He d1frusion are greater, making gas 
replacement larger. Hore experimentation 
using this gas mixture is planned. 

The various chamber characteristics were 
measured throughout the run, and were found 
to be reasonably stable. The chamber 
efficiency was slightly affected by t~e 



ambient humiditr, degrading 3by roughly· 1.4j 
for every add tional g/m or Ho in the 
eurrounding air. This small variatfon can be 
controlled by air conditioning. 
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Fig. 3: Flash chamber 
characteristics for 

·operation 
various gas 

2) 
mixtures. 
Operation· of the HV System 

Each flash chamber is· equipped with a 
pulse forming network (pfnJ (see Figure 4) 
which generates a high voltage pulse or 
roughly 60 nsec rise time, 4.5 kV ma~nitude, 
and 500 nsec duration. The pfn s are 
triggered roughly 700 nsec after the event. 
In order to maintain consistency in the HV 
pulse quantitr, a computer based monitoring 
system was des gned. 

The system measures the total charge in 
each of the high voltage pulses applied to 
the chambers, checks the front-edge timing, 
and verifies that no spurious pulsing takes 
place between triggers. 

The system, shown in Figure 5a, has a 
capacity of monitoring 640 channels and 
consists of 8 special crates or electronics 
controlled by an LSI 11-23 based computer 
system. Each of the crates holds a crate 
controller module and five data modules. 
Each data module contains the electronics to 
monitor 16 pulsers as well as an 8 bit serial 
shift register readout system shown in 
Figure 5b. The inputs to the data modules 
come from a monitor output co~nector on each 
high voltage pulser via RG-174 coaxial cable 
which are derived from the high voltage pulse 
through a 100 to 1 resistor voltage divider. 

M 19 VOl,.TAG( PU1,g R:-flMINy ~ 
HGI VQ.JlllZ l'U.Sl: 

Fig. 4: Circuit diagram for the RV pulses 
(pulse ror~ing net~orks -pfu). 

Th6 high voltage pulsers, shovn 
schematically in Figure 4, upon rece1Ying a 
trigger, switch the charge stored in their 
capacitors (99 nF) across the chambers. The 
pulse monitor system then a) checks whether 
the front edges arrive in proper synchronism 
with the triggeri b) determines whether there 
is spurious pu sing, and c) measures the 
total charge in each pulse. 
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Fig. 5:The HV monitoring system. 
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a) The front edge arrival time is 
considered satisfactory if the pulse 
amplitude exceeds a preset comparator level 
by the time a signal derived from the trigger 
arrives at the crate controller. A channel 
with a bad front edge is flagged by setting a 
bit in a storage register for later readout. 
The comparator level for all 80 channels in a 



crate is set by adjusting a ten-turn 
potentiometer on the controller module. 

b} To check ror spuriously riring 
(runaway} spark gaps, eadh 16 channel data 
module contains two 4 oit "run-on" counters. 
The input to each or these is the logical 
•oR• or 8 adjacent. monitor channels. This 
arrangement results in the run-on counters 
containing a count or 1 ir the pulsers have 
worked properly. In the event or a spurious 
discharge or any or the 8 pulsers being 
monitored, the count in the run-on counter is 
increased by 1. Thus, a runaway pulser can 
easily by located ~o a group or eight from 
where 1t can be spotted visually. 

c) To measure the total charge in the 
high voltafe pulse, the monitor signal ror 
each channe is integrated with a resistor 
capacitor combination and then digitized 
using an 8 bit analog - to - digital digital 
converter (ADC). The details or this 
circuitry are shown in Figure 5. A single 40 
pin integrated circuit contains the necessary 
analog multiplexer and ADC to service a 16 
channel module. The voltage across the 16 
integrating capacitors are digitized in 
succession with each conversion taking about 
100 µsec. The capacitors are allowed to 
discharge during this process with a time 
constant or 50 mseo, a rate that insures 
complete discharge by the time the next pulse 
arrives(> 10 sec), No dispersion in the 
measured pulse-heights is introduced by the 
capacitor discharge since the digitization or 
the chargn is always done at the same time 
relative to the monitor pulse. 

The inrormation from the three - puise -
analysis section in a data module is read 
into the computer by a single shift register 
bit serial data path linking all the modules. 
The progra~ used ror data acquisitio2 and 
displar ls an RT-11 version of MULTI with 
specia data handlers to accomodate our 
hardwar~ oonriguration. Further details of 
this reagout syste5 can be • found in 
reference, 
3) Operation of Flash chamber Readout System 

The flash chambers are electronically 
. read out using a magnetostrictive system. 
There are 1216 magnetostrictive amplifiers 
and a corresponding number or 
discriminator-comparator circuits. Proper 
operation or this system is maintained by 
assuring that the magnetostrictive wire 
magnatization remains constant. This is 
achieved by automatically pulsing a 
solenoidal magnet wrapped around each 
magnetostrictive wand every 200 flash chamber 
pulses. The locations of the fiducial 
markers on the magnetostriotive outputs are 
monitored and are round to be stable to 
within -2 mm (1 digitizing clock count} over 
long periods. This readout systemt once set 
up and tuned, requires very little 
maintenance. 
Calibration or the Calorimeter 

The energy and angle resolutions ot the 
calorimeter were determined by measuring the 
response to beams or known properties. The 
calibration beam contained electrons, muons 
or hadrons with electrons identified by a 
Cerenkov counter. The energy range or the 
calibration data was 5 to 125 GeV. 
1) Electrons 

The angle resolution or electron showers 
is shown in Figure 6a. The electron shover 
angle was computed by a weighted least 
squares method using the flash chamber hit 
cell inrormation. The weights in the fit 
were determined by the average shower 
characteristics and the statistics associated 
with the hit cells. 

The el~ctron energy resolution is shown 
in Flgure bb. The electron energy has been 
computed by counting the number of hit cells 
in the shower. We have compensated ror the 
saturation effect caused by more than one 
particle going through a given cell by 
estimating the actual number of particles 
given through each out from the local density 
or hit cells. This compensation mak~s the 
energy response of the detector nearly linear 
and improves the energy resolution. 
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Fig. 6: a} The projected resolution of 
electron showers and muon tracks 
versus energy. A fit to the electron 
resolution is cr(8c)= (3.5+53/E) 
mrad.. b) The eJ.ectron energy 
resolution. c) The projected hadron 
shower angle resolution. A fit to 
the data is a(8h)= (6+640/E} mrad.~ 
d) The hadronic energy resolution. 

2) Muons 
The muon angle resolution 1s shown in 

Figure 6a. The muon angles were computed by 
a least squares procedure with a ~eighting 
along the track length determined by multiple 
scattering. The observed resolution is in 
close agreement with the limit set by 
multiple scattering and the finite flash 
chamber cell size (0.577 cm). The muon 
momentum resolution has not yet been measured 
but is estimated to be ~p/p ~ 15J. 
3) 

The hadron sho~er angle resolution is 
shown' in Figure 6c. This is computed in the 
same way as the electron shower, angle 
resolution but with different weights 
determined by the much larger fluctuations. 
The quoted resolutions are the average 
r.m.s. resolutions or the x and of the y/u 
views. 

The hadron sho~er energy resolution is 
shown in Figure 6d. The hit cell saturation 
effect was compensated for as in the electron 
shower case, This made the energy response 
or the calorimeter linear and improved the 
energy resolution by almost a factor of 2 at 
high energies. The calorimeter energy 
response to electrons and hadrons as well as 
the saturation - corrected response is shown 
in Figure 7. 

The electron energy and angle 
resolutions are roughly what was predicted by 
a small test calorimeter. The hadron energy 
and angle resolutions are somewhat degraded 
rrom the test calorimeter prediction because 
of an overly optimistic compensation of the 
shower noncontainment effects in the test 
calorimeter. 
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Operation or ProportionalTube Chambers 
The proportional tube chambers 12'x12' 

extruded aluminum planes with 1"x1" cells. 
Each cell has a 50 m gold-plated tungsten 
wire ganged tour to each amplitier. The 
system was operated at 1650 v corresponding 
to a gas gain or approximately 3000. The gas 
used in these chambers is the standard "P-10" 
gas 90J Ar - 10j methane. The entire system 
consists or roughly 5,300 wires and 1,300 
amplifiers. The gains or the proportional 
tu~es were monitored by taking source 
calibration data or th~ end or every ~pill. 
The pedestals were monitored every 2 to 4 
hours ~nd were found to be stable to within 
10j. The temperature and barametric pressure 
influences on the proportional tube gains 
were monitored in the calibration cycle. 
Event Triggering and Electronics 

Minimizing the response time or the 
detector to neutrino-induced events is a key 
consideration in the design of a trigger. 
Further, in order to trigger the detector 
with many interactions occuring in a given 
spill requires real-time pattern recognition 
capabilities. In this section we describe a 
system using the proportional tubes designed 
to satisfy these requirements. 

The tunadamental constraint on a 
proportional tube based trigger system is the 
fluctuations in the time response due to the 
different drift times of different through 
particles. We • have reduced these 
fluctuations to a minimum by employing a 
simple and fast pre-trigger. The "higner 
level" (and slower) logic then follows the 
satisfaction of the pre-trigger requirement 
allowing for signal development without 
introducing further significant delays. 

Each of the 36 amplifier channels in a 
proportional plane is capable of generating a 
fast, differential analog output pulse (FO). 
The trigger electronics are block-diagrammed 
in Figure 8. Fast processing electronics on 
each plane d1striminates these 36 FO signals 
with respect to a programmed threshold. 
These discriminated FO signals are then 
combined to generate the several analog and 
logic signals used in an event trigger. A 
brief description of each follows: 

1. Sumout (1::1): 

This signal is the linear sum of the 
undiscriminated individual FO 
signals from plane i making a single 
analog output pulse for each plane. 

['I 

CALORIMETER TRIGGERING SYSTEM 

----

2. Analog Multiplicity (AH); 
This is an analog s±gnal with a 
pulse height equaling a constant (60 
mV) times the number of FO above the 
discriminator threshold or 20 mV in 
plano 1. 
Single (S1 ): 
This output is the logical "OR" or 
all discriminated FO in plane i, 
The single plane efficiency for a 
single muon at the 20 mV operating 
threshold is 80~. 
Fat Shower Veto (FSVi): 
This output is a logic pulse 
generated when the ionization 
pattern width in plane i is 
determined to have exceeded a 
programmed width (a multiple of 4~ 
segments). 

The pre-trigger requirement (M) demands that 
the t 1 signals of any two or more planes be 
above a common threshold of 50 mV which is 
slightly below the minimum ionizing particle 
pul:se height. 

The simplest second level criterion 
employed in an event trigger was the 
requirement that the total pulse height 
summed from all proportional planes (!E) be 
above some predetermined threshold level. 
This is essentially a requirement of a 
minimum energy deposition. The level was 
chosen by the requirements of the physics 
reaction or interest and the requirement of 
minimizing the additional dead time from 
cosmic rays and. spurious coincidence 
triggers. These false triggers contributed 
about 8% and 2i respectively to the low-bias 
trigger with EE= 750 mv. 

This unique, versatile triggering system 
allows the exploitation of tri~ger-time 
pattern recognition required ror minLmal dead 
time in rare-reaction searches. - • 
Summary 

The flash chamber-proportional tube 
calorimeter has been calibrated, has taken 
data "in an engineering run, and has Temained 
stable for long periods of time. Various 
improvements in the operating characteristics 
have been made. Additional data will be 
taken with the full 608 flash chambers 37 
proportional tube chambers in operation in a 
narrow band neutrino beam during 1982. 
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Appendix C 

Design of the Cerenkov Counter 

(CI) General considerations: 

To calculate the neutrino flux from the narrow band beam, it is 

necessary to measure the particle fractions in the momentum analyzed 

secondary beam. It is proposed that this be done by a Cerenkov counter. 

This technique has been used successfully in the narrow band beam at 

the 400 GeV machine. However the extension of this method to the 

energies of the Tevatron is a significant extrapolation and therefore 

deserves considerable study. In this Appendix we examine some of the 

design characteristics of a Tevatron Cerenkov counter. Other preliminary 

design studies have been performed on this subject 1 and we find that we 

are essentially in agreement with them. 

Since we want to operate the narrow band train in the 500 GeV 

energy range, the separation of pions from kaons involves distinguishing 

differences in particle velocities which are very small. The difference 

in the pion and kaon velocities is given by the following: 

~$ = irr - $K ~ ( m\ - m2rr)/2p2 = 4.5x 10-7 (Cl) 

This is the major consideration in the design of the counter. 

Neglecting the diffractive broadening effects for a moment, the 

Cerenkov light is emitted at a characteristic angle: 

cos e c = 1 / J3 n ( c 2) 

which is conveniently written in the small angle limit as: 

ec = [ 2(n-1) - m2/p2 ] v 2 (C3) 

Since the meaurement of $ is accomplished through the measurement of 

ec, the maximum dependence of ec on the particle mass m occurs at low 

refractive indices near the Cerenkov threshold. The dependence of the 



Cerenkov angle on the particle mass m is given by: 

dec/dm ~ -m/p2ec- (C4) 

This requires the counter to be operated at small Cerenkov angles which 

decreases the amount of light emitted and increases the sensitivity to 

beam angle divergence. Studies indicate that the Cerenkov angle ec 

should be less than 0.3 mrads to get sufficient discrimination of pions 

from kaons. At 500 GeV/c, ec < 0.3 mrads gives 3 times better 

discrimination than 0.3mrads < ec < 0.6 mrads. 

A further comp! icat ion arises from the diffract ive effect in the 

angle pattern of the emitted Cerenkov l ight2. This effect tends to 

broaden the characteristic angle ec- The emission of Cerenkov light is a 

coherent process where the wavelets are a9ded over the entire length of 

the radiator resulting in a characteristic diffraction pattern. The 

controlling parameter in this addition is the ratio of the wavelength of 

the emitted Cerenkov light A to the length of the radiator L. Even for 

visible light where A = 500 nm and for a Cerenkov counter measuring 

meters, this diffraction effect is important. 

The number of Cerenkov photons emitted per wave length A at an 

angle e is given by= 

d2NldAdCose = 2rt'0<(LIA)2 [sin(x)/x]2 sin20/A (C5) 

where x = rrLIA[1/~n - cos e]. In the small angle approximation the 

variable x is given by x ~ rrLIA [ m2/2p2 - E + e2/2 1 , where E = n-1. 

Thus the width of the Cerenkov angle peak will be given by the 

following: 

60peak ~ /2AIL0c . (C6) 



Hence operating at sma 11 ec makes further demands on the length 

requirement of the counter. 

Figures Cla and Clb show the diffraction pattern for a 1.5m long 

counter and a 20 m long counter operated at 500 GeV at a constant 

pressure of 50 mm of Hg helium gas. Note the difference in the angle 

scales. It ls appearent that the 1.5m long counter has a very wide 

pattern of Cerenkov light making it of limited use in separating pions 

from kaons. 

Operating the counter at such low Cerenkov angles requires that the 

refractive index of the gas radiator be carefully control led. For example 

to separate pions and kaons at 500 GeV to an accuracy of 1 / 1 o of the 

difference in velocities. the refractive index of the gas radiator has to 

be set to an accuracy of: 6n/n = (1/10)( $7r - $K )/$ ~ 4.5x10-8. To 

estimate the pressure steps this corresponds to we note that the 

refractive index of the gas radiator is dependent on the gas density by 

the fol lowing re lat ion: 

(n2 -1 )/(n2 + 2) = (RIM) p ( C7) 

where R is the molecular refractivity of the gas, M is its molecular 

weight, and pis the density. In the limit of small pressures the 

refractive index of the gas is given by: n - 1 = E ~ (3/2)(R/M)p and thus 

n w i ! ! be I inear in the pressure of the gas. For He at 440 nm the 

refractive index of the gas is approximately n -1 = E ~ 32.67x 1 o-6 x 

(P/760), where the pressure P is in mm of Hg. Thus 1 mm Hg steps of 

pressure will change the refractive index by 4.3 x 1 o-8 which is the 

desired accuracy discussed above. 

Dispersion effects in the emission of the Cerenkov I ight also 

degrade the resolution in$. The characteristic Cerenkov angle will 

change with the wavelength of the Cerenkov light by : 

de/d11. = (1/e) dE/d11.. The dispersion becomes large at short wavelengths 



A < 280 nm, and if the counter is operated in the wavelength range of 

280nm to 440nm, the Cerenkov angte will change by about 0.2 mrad. This 

is sizable when the operating range is < 0.3 mrad. This effect suggests 

that longer wavelengths be used where the dispersion effects are 

smaller. Band pass filters can also be employed to limit the wavelength 

range of the Cerenkov light and minimize the dispersion effects. 

Another loss of accuracy in the separation of pions from kaons at 

high momentum is caused by the beam momentum and angle divergence. 

Simulations of the narrow band train ( see Appendix A) indicate that the 

momentum bite of the beam is op/p ~ 10%, and the angle divergence is 

approximately oex ~ 0.065 mrads and oey ~ 0.048 mrads. The angle 

and momentum divergences are correlated. (See Appendix A.) 

The momentum bite affects protons to the greatest extent since 

the change in the Cerenkov characteristic angle is given by: 

.60c :::::; ( 1 lee) (m2/p2) (.6p/p2). The resulting spread in the Cerenkov 

angle for a 10% momentum bite at 500 GeV is given by: 1) pions .6e ::;:: 

0.026 mrads, 2) Kaons 0.32 mrads, and 3) protons 1.2 mrads. Thus the 

momentum bite is significant for the proton Cerenkov peak and 

contributes to the width of the Kaon peak. This sensitivity to the proton 

momentum can be used to actually measure the momentum bite of the 

beam. 

The angle divergence smears out the Cerenkov angle peak by an 

amount proportional to the divergence. But some of the divergence is 

attributable to a roughly pointlike source in the narrow band beam 

optics. By refocussing the Cerenkov optics, some compensation can be 

made for this effect. In fact, compensation for the difference in the 

longitudinal position of the source in the x and y coordinates can be 

achieved by making the Cerenkov parabolic mirror slightly off axis 

making the resulting astigmatism partially cancel this effect.3 



(Cl I) Monte Carlo Simulation: 

To simulate operation of the Cerenkov counter we have written a 

Monte Carlo program which generates the angle distribution given by 

equation CS above. The particle fractions were taken from our 

measurements in E-594 for 400 GeV incident proton energy. The beam 

momentum and angle divergences were approximated by gaussian 

distributions. For the momentum bite we assumed O'p/p = 10% , and for 

the angle divergences we took 0'0polar = o. 1 mrad. Different counter 

lengths L, wavelength ranges 6A were taken to study the dependence on 

these parameters. 

The particle fractions used in the simulation are given in the Table 

below. These were determined in our E-594 narrow band beam exposure. 

Table Cl 

Particle Fractions 

------------------------------------------------------------------------------------------------------------------
Momentum(GeV/c) TT-fraction K-fraction p-fraction 

165/330 29.0±0.3% 4.15±0.2% 66.6±0.6% 

200/400 18.9±0.1 % 2.83±0.1 % 78.2±0.2% 

250/500 7.75±0.2% 1.35±0.06% 90.9±0.2% 

-165/-330 90.0±0.4% 5.9±0.3% 1.2±0.3% 

600* 2.80% 0.7% 96.5% 

------------------------------------------------------------------------------------------------------------------
* These numbers are from the Atherton parameterization scaled to a 

800 GeV primary proton energy. 

We will concentrate on 500 GeV/c where the separation of pions 

from kaons is the most difficult. A typical Cerenkov pressure curve is 

shown in Figure C2 where the pressure has been varied in 1 mm Hg 



steps. The length of the counter has been fixed at L=40m and the 

wave length range was 400nm <A< 600nm. The pressure response is 

shown for each particle as well as the integral pressure curve. The 

Cerenkov I ight within measured angle (including the beam · angle 

divergence) of 0.3 mrads has been integrated. There are roughly 0.1 

photons per particle at ec~o.3 mrads, so that at 10 11 particles per 

burst there is plenty of Cerenkov light. 

As a figure of merit we computed the ratio of the kaon peak to the 

valley between the pion and kaon peak. In Figure C3 we plot this ratio 

as a function of the beam angle divergence. It is appearent that for 

angle divergences of< 0.1 mrads the ratio P/V is not strongly affected. 

In Figure C4, the figure of merit P/V is plotted as a function of the 

counter length L. We note that there continues to be improvement even 

at counter lengths of 80 meters. Practical considerations will 

ultimately limit the length of the counter L. Note that operating at 

shorter wavelengths has the same effect as lengthening the counter. 

For comparison, the simulated E-594 P/V ratios for + 165 GeV/c and 

+250 GeV/c are 1 O and 3, respectively. Under these conditions we were 

able to determine the kaon fraction to about ±5%. Thus we believe that 

the same accuracy w i 11 be obtained in E-649. 

The estimated Cerenkov response for the 300 GeV/c setting is 

shown in Figure C5. The corresponding plot for - 300 GeV/c is given in 

Figure C6. The demands on the technique are considerably less at the 

lower momentum settings. In our simulation, we think that it is 

possible to operate the counter at 600 GeV/c. The P/V ratio there is 

estimated to be 11: 1 compared to 25: 1 at 500 GeV/c for a 40m long 

counter. The corresponding pressure curve at 600 GeV/c is shown in 

Figure C7. 

Another figure of merit was used to study the separation of kaons 



from pions and protons. For this measure we took the ratio of the pion or 

proton I ight with in the 95% containment bounds of the kaon peak. The 

results are given in the table below. 

Table Cl! 

Separation of the Kaan Peak 

----------------------------------------------------------------------------------------------------
Po (GeV/c) 

-300 

300 

500 

600 

rr/K 

0.087% 

0.34% 

0.91% 

1.3% 

p/K 

0.00173% 

0.078% 

1.65% 
; 

5.2% 

----------------------------------------------------------------------------------------------------
The background rises rapidly with increasing Po, but remains small over 

the proposed momentum range. The momentum dispersion was taken to be 

10% and the angle divergence 0.1 mrad. 

We have seen that a pressure curve in steps of 1 mm Hg is necessary 

to determine the particle ratios at 500 GeV/c. For I 00 points this would 

require 1.7 hours of steady beam operation. Taking both beam shutter 

open and closed points at each pressure w i 11 double the time. Further 

requirements are imposed on the stability of the beam by alignment data 

and various cross checks which are necessary to insure the qua Ii ty of 

the data. 

Therefore it would be convenient to have a light transducer which 

would diminish the sensitivity to beam instabilities. A CCD array would 

allow the beam center to be experimentally determined for each beam 

pulse by finding the center of the focused Cerenkov ring of light. Cuts 

on the radius of the ring wou Id be equivalent to any I ight collimator size 

al lowing considerable flexabi I ity in the Cerenkov angle selected. The CCD 

technology is now mature and suitable devices can be purchased at a 



reasonable price4. Back sided illuminated CCDs would extend the 

response into the blue wavelength region with good quantum efficiency. 4 

A schematic design of the counter is shown in Figure C8. The 

counter w i 11 be at least 40m long and w i l I probably be located in the 

Expansion Port. The sensitive optical elements have to be mounted on a 

rigidly supported tab le to be insensitive to pressure changes as the 

Cerenkov curves are taken. An investigation is underway to see if it is 

possible to use the old 400 GeV/c counter optics with the radiator 

extended to ~ 40 meters. 

The preliminary design of the Cerenkov counter indicates that it 

w i 11 separate pions and kaons up to 500 GeV le. But since the design 

involves a considerable extension of technique, it would be advisable to 

test its main components before the narrow band beam data run. This 

cou Id be accomp I ished in the 800 GeV le primary proton beam which is 

used for the NW test beam. 
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Figure Captions: 

Figure CJ a: The diffraction pattern of Cerenkov light for a 1.5 meter 

long counter operated at 20 mm Hg exposed to a 

500 GeV/c pion beam. 

Figure C1 b= The same conditions but for a 20 meter long counter. 

Figure C2a: The pressure curve for pions for a 40 meter long 

counter operated at ec < 0.3 mrads at 500 GeV/c. 

Figure C2b: The pressure curve for kaons. 

Figure C2c= The pressure curve for protons. 

Figure C2d= The composite pressure curve. 

Figure C3= The P/V figure of merit in separation of the kaon 

fraction from the pion fraction as a function of the beam 

divergence. A momentum bite of 10% was assumed. 

Figure C4= The P/V ratio as a function of counter length. 

Figure C5= The composite pressure curve for the +300 GeV/c 

setting. 

Figure C6: The composite pressure curve for the -300 GeV/c 

setting. 

Figure C7= The composite pressure curve for +600 GeV/c 

secondaries. 

Figure cs: The schematic design of the Cerenkov counter. 
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