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ABSTRACT
. . . . + - .
Quasi-elastic scattering of neutrinos, v + n-p +p , was measured in a 30 ton spark
chamber detector. Analysis of the cross section versus momentum transfer yields a
value of MA = 0.7 + .15 for a single pole type axial-vector form factor or MA =
1 2
1.05 + . 2 for a double pole form factor. No decrease in cross section at low momentum
transfer expected due to nuclear effects was observed.
We have studied the quasi-elastic scattering of neutrinos, by the reaction
AT : | |
v +n-p +p in a neutrino beam prepared in the external proton beam of the
Argonne Zero Gradient Synchrotron. The detector was a 30-ton assembly of steel
. . (1,2, 3)
plates and spark chambers previously described.
Top and side views of the apparatus are shown in Figure 1. The neutrino

(4)

beam is prepared via the ZGS fast extraction system. 50% of the circulating
proton beam was extracted in about; 50 microseconds. A beryllium target, 3 cm

in diameter and 60 cm. long, was located in a current sheet focusing horn(s) pulsed
to a current of 150 kiloamperes. The horn is followed by a 50-foot drift space for
pion decay and a shielding layer of concrete and steel sufficient to stop muons up

to 16 BeV. The detector, 6'x 6' in cross section and 12' long, was enclosed in a
steel shield room with 12 inches wall }anc‘. ceiling thickness in turn surrounded by an

anticoincidence shield 8' high, 20' wide, and 16' long, which enclosed the detector

and its optical system.

Based on work performed under the auspices of the U. S. Atomic Commission,
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The neutrino flux at the detector was computed using several independently
developed computer programs. ©) These programs take into account the focusing
of the horn as well as the probability for neutr‘i‘nos reaching the detector from decays
in various parts of the drift space. Measurements of the pion focusing properties of

(5)

the horn have been reported. The intensity of protons hitting the target was

measured by polyethylene and aluminum foil activation and also by a secondary

(7)

emission detector. These monitors determine the proton intensity to approxi-

mately 5%.
(8)

The original measurements of the spectrum of angle and momentum for 11'+

production have been used to compute the shape of the neutrino spectrum from the

(9)

beryllium target; however, more recent measurements by Marmer et al' "', Derrick
(10) . (11) s . o

et al and Lundquist and Marmer are in disagreement with the original survey.

For this experiment we have computed the values of the ratios of positive pion

9, 11) 1t 3% at 1.0,

fluxes in the original survey to the more recent measurements
1.5, 2.0 and 2.5 GeV/c. Using these ratios to reweigh the 0.4, 0.6, 0.8 and 1.0
GeV/c neutrino flux gives an average overall increase in the neutrino flux of 1.5.
This inexact procedure based on incomplete data does not allow us to claim know-
ledge of the absolute flux to better than + 30%. Final determination of the neutrino
flux must await new measurements of the 1'r+ production cross-section from
beryllium.

Figure 2a shows the corrected neutrino spectrum.

The detector consisted of 66 half-inch thick steel plates, 66 two-gap spark
chambers, and 22 plastic scintillator sheets. (3) The spark chambers were photo-
graphed via a series of 66 mirrors, one for each spark chamber producing a
cylindrical Fresnel lens. In addition to the stereo spark chamber cameras, a third

camera recorded from a four trace oscilloscope display the rf structure of the beam,

the presence of any pulse from the cosmic ray anticoincidence shield, and any sig-
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nals from each of the scintillator sheets in the detector. The trigger signal for the
spark chamber electronics was the presence of a pulse in any two sequential scintilla-
tor sheets during a gated on time of 100 microseconds. This requires a minimum
particle range of 40 gm/cmz. The rate of triggering primarily due to accidental
cosmic ray events is about one in every f'}fteen machine pulses. The rate of neutrino
triggers was approximately one in every two hundred pulses.

During the four one week runs, the machine intensity averaged 1012 protons/
pulse and a total of 3 x 10l7 protons were extracted onto the target. The total neutrino
trigger rate was approximately 200 events per day for a total of 6, 000 neutrino
triggers. Half of these triggers were due to events originating outside the detector
volume.

The film was double scanned to select events with vertices inside the detector
fiducial volume with 95% efficiency. The events observed were 80% single track,

15% 2 prong and 5% > 2 prong or with showers present. The distribution of events
throughout the detector volume was uniform as expected for weakly interacting
neutral particles. The fiducial volume limits were 2 inches from the chamber edges.
No edge effects were observed. The number of scattering (>10°) of the single prong
events gives a limit of less than 3% strongly interacting particle content. Hence,

the tracks were taken to be muons.

Accepted for the '"elastic' sample were all single track stopping events and
all 2 prong stopping events which could fit an elastic event allowing generously for
the range of Fermi motion. This samrle contained 90% single tracks and 10% 2
prong events. There was also an additional criteria of a minimum muon momentum
of 300 MeV. This allowed additional discrimination against inelastic events as well
as limiting the events to the region in wh‘ich‘the néuti'ino spectrum was known.

.In order to correct these events to the total production rate, an average stop-

ping probability for muons of various direction and momenta inside the detector was
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computed. Each event was then assigned a statistical weight corresponding to the
inverse of the stopping probability.
We have used the cross-section ratios and inelastic cross-section shapes given

(12)

by Berman and Veltman to predict a total inelastic contribution of 30% for the
ZGS neutrino spectrum. The inelastic channel via NTZ36 or higher resonances re-
sults in a shift of the muon momentum to lower values. With the 300 MeV/c mini-
mum momentum cutoff and the elimination of obvious multiprong inelastic events
there remains a background from this calculation of 10 + 5% inelastic events in the
"elastic' sample. This correction was made as 10% proportional subtraction.

We have alternatively attempted to estimate the number of muons > 300 MeV/c
associated with N* production using measurements from the 1964-1965 CERN Freon

(17)

(CF3Br) bubble chamber experiments. We have taken into account the difference
in shape of the GERN and revised ANL neutrino spectra in this estimate. In Figure
2b, the background of muons from N*. production would be expected” to rise for
successively lower Valﬁes of Pp. down to 300 MeV/c. Events with pp. of 300 to 400
MeV/c fall predominantly into the low momentum transfer bins, t < 0.1 (BeV/c)z,
on the distributions shown in Figure 3b and 3c. This may provide an explénation

of the excess low momentum transfer events. This estimate would give an upper
limit of 20 to 25% inelastic events rather than 10%.

The difference in our two estimates arises principally from the shapes of the
rise of the inelastic total cross-section with‘ neutrino energy in the region of thres-
hold to 1.0 GeV, as given in references 12 and 17.

Figure 2b shows a plot of the weighted observed muon spectrum in all single
track stopping events. The curve is the calcﬁlated elastic muon spectrum for a
typical form factor,‘ MA1 = 0.8 GeV. Inclusion of nuclear efféc’ts has little effect

on this: spectrum shape which principally' reflects the neutrino spectrum shape in

this forward angular region. The calculated muon spectrum from elastic inter-
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actions fits the observed data above 300 MeV/c. The excess of low energy muons
below 300 MeV is presumably associated with N* ‘production.
The incident neutrino energy can be calculated for each event from the muon
momentum vector if the target neutron is at rest:
E - m2/2m
B B P

P =
v

1- 1.?1-113‘—-(EZ'~L - pp. cos GHV)

This expression can be used with less than 10% error for the case where
Fermi motion is present for muons produced at forward angles 9*‘t < 70°. The
event rate combined with the neutrino spectrum gives o (pv ) shown in Figure 3a.
The solid curves are calculated using a double pole axial vector form factor and

the dotted curves are for a single pole case described in equation (5) below.

For interaction with a nucleon at rest the momentum transfer

2
r° -2E (E - cos 0
n w E P P

2
t=-q = I —+ = (1)
{1 -—(E - cos 8 )
My e Py pv
At small angles
2 52
t= - 6 2
PL % (2)

and the kinetic energy of the final nucleon

EK = t/Zmp. (3)

We calculate the effective momentum transfer for our events, teff’ using

13
(13) by folding in the ZGS neutrino

(13)

Eq. 1 ard compare this distribution with theory

spectrum and desired nuclear model by Monte Carlo method (see Loevseth

).
The nuclear momentum distribution in the nucleus has little effect on the‘

(1)

momentum transfer calculation in this forward production region.

The number of events predicted are related to the cross section by

dN do _ do
&= NN ) @ N an, S NNON, G
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where Np is the number of beam protons (3 x 1017), NT is the number of target
neutrons per c:m2 in the détector fiducial volume (2. 7x 1026), and Nv is the average
number of neutrinos passing through the fiducial volume per incident beam proton
onto the horn target (2.4 x 10-3).

The observed cross sections per neutron in the detector fiducial volume are
shown in Figure 3b. The errors are computed from event statistics, and do not
include the uncertainty in neutrino flux. Figure 3c shows the data in the small
momentum transfer region, 0 <t < .2 (Bev/c)z. The solid lines on Figure 3b,c are
the theoretical cross sections for a free neutron target and for bound neutrons in
the Fermi gas approximation, (Pf = 270 Mev/c).

The shape indicated by the experimental data is close to that of the free neutron

. 2 . . . .
cross section. A X fit of this data to the free neutron cross section using vector

form factors of the form

Ggt) = G(t)—( : )2 @)
E 4.71 m { - t/Mz
v
. 2 (14) .
and taking the value M= = 0.71 and an axial vector form factor
n
‘FA=——-—A:-——2— , n=1or?2 (5)
n 1-t/M,
n
yields
MA = 0.7 £ .15 Bev.
1
and
MA2= 1. 05 + .2 Bev.

These two choices of one parameter form factors give two different shapes
and asymptotic behaviors for interpretation of experiment. Roughly, MA ~ ’2 M,
2 1

provided the fit is to data with t < Mi .
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The absence of large nuclear effects at energy transfer comparable and
smaller than nuclear binding energies was unexpected. (15, 16)

We would need a more detailed knowledge of the inelastic cross-sections
below neutrino energy of 1 GeV to interpret this result.
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FIGURE CAPTIONS

Fig. 1 Top and side views of the ZGS neutrino experiment.

Fig. 2 a) Neutrino spectrum with the magnetic horn at 0 and 150 kiloamperes.
b) Muon spectrum, observed elastic events. The solid curve is cal-
culated from the theoretical cross section and the neutrino spectrum
shape.

Fig. 3 a) Measured neutrino elastic cross sections and calculated cross sections

for two types of axial vector form factors.
b) Comparison of observed do /dt with cross sections predicted on free
neutrons and neutrons in a Fermi gas distribution, P_ = 270 MeV/c.
- F
c) Same as b) with expanded t scale.



- 120 -

SLINN

YIGWYHO MHVdS
 Q13IHS HANN! I/

T °31a

av3l B
Nvd 1331s P
ALNZ  INVFOFT

ONIQT3IHS 10 N4OH

SLINOVIN
ONION34d

P
%

Wv38

o olo ofe o
o oje ofe
©
°
0
°

LI

X1GW3SSY L\ u
¥OLVTIILNIOS "'V —

sy0078 oz_o.m__._ww/

T3NNNL NO1O¥d

Tdal
B

3134ONOD NI 13S
ONIQ13IHS 1331S

SLINN
YIAWVHO MHVdS

NOILVA3I13

Q73IHS ¥31Nn0
@13IHS Y¥3NNI

<mw_>_<oV

A1gW3SSV
YOLVTIILNIOS OV

= ‘9018 NOLOdd

‘00718 wz_m\ ;

GNNOW H1YV3




- 121 -

e {5 | 1 I B
£ - -
g L (@)
>
cq_ T T
N
e 1.0r —
5 - 150 KILOAMPERES =
- . -
m
Z 0.5"_ I
10 i .
Q
x - HORN OFF y
> L \\‘-L/\_ ]
200 400 600 800 1000 1200 1400 1600
p. (MeVz)

200f— v b)
L 50— —
O
- ]
=
W 100 — % |
(1o
L
@ 50— —
=
D N
z Al

o) | | | | | 11 |
O 200 400 600 800 1000 {200 1400 1600

Py (MeV/c)

Fig. 2



- 122 -

20— 1 -7
-~
R M /./ -
I A2 - _ -2
7 ) -
L // /// -
i 7 {.6
1.5— v — - —
i // e 14
o (py) | /// ]
x{0~38 [ === =08




3.0

- 123 -

5)

FREE NEUTRONS

FERMI GAS
MODEL

A .2 .3 4 5

t (.BeV/c)é .

Fig. 3b




- 124 -

3.0—

——
B L]
-]
2.0 '
do - —

dt
FREE
x1038&m? [ NEUTRONS

1.0—

FERMI GAS MODEL

0 .04 .08 12 | .16 .20
t (BeV/c)?

Fig. 3c



