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The neutrino fluxes P(E(v„)), P(E(v„)), and $(E(v, )) in the Brookhaven Alternating Gradient

Synchrotron verde-band beams have been determined by measurements of quasielastic interactions

observed in a massive, high-resolution detector, These Auxes are accurately reproduced by Monte

Carlo calculations.

I. INTRODUCTION
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To obtain the integrated neutrino flux necessary for abso-
lute normalization of the cross sections of reactions
(1)—(4), data on the following theoretically and experi-
mentally well-understood weak charged-current quasielas-
tic reactions were acquired at the same time to supple-
ment earlier measurements:

(5)

In addition, data were obtained for the v, n quasielastic in-
teraction

A primary goal of recent neutrino experiments" at the
Brookhaven Alternating Gradient Synchrotron (AGS) has
been the measurement of the absolute cross sections for
the weak neutral-current reactions

V~Pl ~8 P . (7)
These quasielastic reactions are used to determine the neu-
trino fluxes P(E(v„)), P(E(v„)), and $(E(v, )).
Knowledge of the flux shapes as a function of neutrino
energy is necessary to analyze the data from the neutral-
current reactions, including corrections for the relative
composition of v„, v„, and v, in each beam.

This paper presents measurements of the neutrino
fluxes in both the primarily v„and primarily v„wide-
band beams at the Brookhaven AGS. The rates of reac-
tions (5) and (6) determine P(E(v&)) and $(E(v&)), respec-
tively, and also the relative composition of v& and v& in
each beam as a function of neutrino energy. The flux
P(E(v, )) in the primarily v& beam is measured by reaction
(7). The measured fluxes are compared to fluxes from a
Monte Carlo calculation which is described in this paper.

Sections II and III discuss the components of the neu-
trino beam line and certain aspects of the sources of vari-
ous neutrino types. Section IV briefly describes the detec-
tor in which the neutrino-induced events were observed
and measured. Section V discusses the flux measurements
and presents the measured spectra. In Sec. VI the Monte
Carlo neutrino Aux calculation is described and the calcu-
lated neutrino spectra are compared with the observed
spectra.



34

TARQQT

A~=: - uwzrrrA
Se iii ÃAr/2&

Ir

ihf~~&a. f.t'a e c:M
I

OE&EC~OR

0 0 2 5 4
HORN p

FIG. 1. The wide-band neutrino beam line and decay region
are shown with the magnetic horns and the detector.

II. THE SEAM LINE

FIG. 3. The magnetic horn system is shown schematically.
The horns themselves are cylindricaBy symmetric, with the pro-
ton target enclosed in the entrance to the first horn.

To produce the wide-band neutrino beam, protons are
accelerated to an energy of 28.3 GeU in the Brookhaven
AGS. The proton beam is extracted in a single revolu-
tion and transported to a target as shown in Fig. 1. The
full width of the circular beam at the target is 2 mm. The
time structure of the beam is preserved during the extrac-
tion process so that the proton beam arrives at the target
in 12 bunches 224 ns apart; the width of each bunch is
about 30 ns. The corresponding neutrino-beam time
structure, measured with neutrino interactions, is shown
in Fig. 2.

Secondary particles of selected sign which originate
from collisions of protons in the target are focused in the
toroidal magnetic fields produced by a system of axially
symmetric current carrying elements (horns) shown
schematically in Fig. 3. The target, embedded in the front
of horn 1, is sapphire (A120i) 6.4 mm in diameter, 45 cm
long, and represents about two interaction lengths. The
charged particles produced in the target are reduced in an-

gular spread by each of the two horns. The result is a
nearly parallel beam in the decay region. It is desirable to
provide high transmission over as wide a momentum
range as possible, hence the shape of the horns is tailored
to optimize the collection efficiency at the most pobable
angle for particle production at each momentum. In this
design, the low-momentum particles cross over between
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FIG. 2. The AGS has 12 proton bunches circulating, and ex-

traction is accomplished in a single revolution. The time struc-
ture of the proton beam is preserved through extraction and
transport to the target; the bunch structure is shown here as
measured by charged-current neutrino interactions in the detec-
tor.
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FIG. 4. The power supply to the horn is shown in schematic
form. The supply consists of 20 modules, two of which are
shown.

the two horns, but at higher momentum the divergence of
the particles is simply reduced at each horn.

A simplified schematic diagram for the horn-current
power supply is shown in Fig. 4. The energy-storage
capacitors C are charged at constant current to about 12
kV in the 1.4 s between AGS pulses. The capacitors are
arranged in 20 modules, each 42 pF, and the modules are
switched on to the load through ignitrons. After trigger-
ing, the system behaves as a series RI.C circuit with a
time constant of 32 ps. The ignitrons and the kicker
magnet which is used to extract the proton beam from the
AGS are both triggered by a pulse synchronized to the
AGS radio-frequency accelerating field; hence the horn
trigger is stable with respect to beam time to a few ns.
The actual time variation between horn current and beam
is set by jitter inherent to the ignitrons which is observed
to be of order 0.1 ps, and hence negligible given the 32-ps
time constant of the system. The current pulse is shown
in Fig. 5. At the time when the beam is present the
current is 250 kA. The current is monitored absolutely in
one module of the power supply, and in a relative sense in
the system as a whole. The time required to charge the
capacitor bank from the constant current source indicates
how many of the 20 modules have properly discharged on
the previous cycle, and hence is a useful parameter to
monitor.

In the shield at the end of the decay region are ion
chambers which monitor the muon flux. These chambers
can be moved in either a vertical or horizontal direction
and are used to monitor the beam alignment and intensity.



DETERMINATIQN OF THE NEUTRINO FLUXES IN THE. . .

f / I I I l

I l I l l 1 I I

0 40 80 120

&~ME (~s)
FIG. S. The current pulse in the horn system, the peak

current was measured at 2SO kA and the sweep speed is 20 ps
per cm.
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FIG. 6. Plot of the ratio of the yield of neutrinos with the
horn current on to that with the horn current off. The same ra-
tio is also shown for the opposite polarity particles.

III. NEUTRINO SOURCES

Charged rr and E mesons produced in the target yield
neutrinos through their decay. The muon neutrinos from
E decay contribute significantly only at the high-
momentum end of the spectrum.

The predominant branching mode of the n meson is
n ~IJ,v„, and for neutrinos close to the forward direction
the kinematics are such that

2 2
PP2 ~ —772~

p~ +Pm v

Thus for 8„=0,E„=0.42@, while at the maximum angle
for neutrinos in the detector (8„=33 mrad), the neutrino
energy drops to 0.28 p . The neutrino energy spectrum
from ir decay is a slightly broadened version of the pion
spectrum transmitted by the horn with the energy scaled
by a factor of about 0.35. The momentum of the pions at
which horn transmission is most enhanced is 3 GeV/c so
that on the average 30% of the pions decay before reach-
ing the shield. The muons from pion decay will them-
selves decay; the ratio of muon to pion decay is about
3X10 i. The v, and v„ from positive muon decays have
a spectrum similar to that of the v„ from the pion decay
but with a mean energy lowered by about a factor of 2.

Kaons contribute to the spectrum primarily through
the K-+p, v„decay mode. The kinematics are similar to
two-body pion decay except that the forward neutrinos
have an energy very close to the parent kaon momentum
throughout the angular range of the detector. The decay
mode E+~m e+v, gives v, directly with a relative
branching ratio of 0.05. The v, from this mode extend in
energy to the maximum energy of the v& from K~pv&,
and have an average energy about —, of the E energy. The
production rate of K+ is about 0.05 of m+ and the ratio
of the decay lengths for pions and kaons is 6.4. These
factors combine to give an expectai v, /v ratio from E+
and m+ decays of approximately 7X10 integrated over
all neutrino energy. The contribution of other hadrons to
the v„spectrum is small. In the case of v„ there is a
measurable contribution from Er decay.

To obtain a predominantly neutrino (antineutrino)
beam, the magnetic horn system is used to focus positive

(negative) mesons while defocusing mesons of opposite
charge. In addition to enhancing the ratio of v& to v&,
positive focusing also increases the fiux of neutrinos in the
forward direction. In Fig. 6 is shown the increase in the
v„ fiux produced by the horn system relative to a bare tar-
get of the same size. The figure shows a broad enhance-
ment due to particles of focused polarity centered at 1.3
GeV. At low momenta the mesons are over focused and
strike the walls of the enclosure before they can decay. At
higher momenta the enhancement is reduced because of
the increasing meson decay length. Also in Fig. 6 is
shown the effect of the horn system on the defocused
mesons. At high neutrino energy, the effect ultimately
disappears because the bending of the higher-energy
mesons by the horns becomes negligible.

The ratio of the m. + to m production rate is approxi-
mately two at AGS energies, and consequently the con-
tamination of v„ in the primarily v„beam is expected to
be about four times that of the v& in the v„beams. It is
possible to calculate the neutrino spectrum from the
focused particles accurately but the opposite helicity com-
ponent is generally larger than that expected from the tar-
get directly. Background processes (e.g., interactions in
material downstream from the target) are likely to suffer
less sign selection than direct production from the target
since they traverse less of the magnetic field of the horns.
The rejection of opposite helicity particles is therefore less
effective. Since it is difficult to model the background
processes properly, it is important to measure the yields of
muons of both signs for each horn polarity during the
course of an experiment.

IV. DETECTGR

The detector is shown schematically in Fig. 7. It con-
sists of two major components: a liquid-scintillator
target-detector and a proportional drift tube system which
is used for particle tracking. The main detector consists
of 112 modules. The total mass is 170 tons of which 100
tons are fiducial mass. More than 80% of the mass is
liqoid scintillator. Behind the main detector is a shower
counter which consists of 10 walls of calorimeter cells
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FIG, 7. A schematic drawing of the BNI.—Brown —KEK—Osaka —Pennsylvania —Stony Brook neutrino detector.

with a radiation length of lead after each wall. This de
vice is sufficiently thick to contain electromagnetic
showers that originate near the end of the main detector.
Behind the main detector and shower counter is a magnet-
ic spectrometer to measure the momentum of muons pro-
duced by neutrino interactions in the main detector.

The calorimeter scintillator cells are assembled in a wall
to form an area of 4.22 mX4. 09 m with a total mass of
1.35 metric tons. Between these target planes are pairs of
proportional-drift-tube (PDT) planes for particle tracking.
Each pair provides an x and a y measurement of the par-
ticle position by recording the drift time in the cell. The
PDT planes have an active area of 4.2 mX4. 2 m. A
module of one scintillator wall and two PDT planes pro-
vides timing to 1.7 ns from the scintillator, and position
to about 1.3 mm from the PDT. The pulse height is
recorded from each end of a scintillator cell and for every
PDT cell. For tracks which stop in the detector, energy
deposition in the scintillator and PDT is used for particle
identification. For showering particles the total energy is
determined from the total energy deposition in the scintil-
lator.

The calorimeter cells are extruded acrylic tubes of inter-
nal area 7.9 cm along the beisrn direction and 25 cm high.
The walls are 3 mm thick, and light is totally internally
reflected at the outside surface and transmitted to the
photomultiplier tube (Amperex 2212A) at each end. The
attenuation characteristics of the cells are evaluated using
muons produced by the neutrino beam and are monitored
frequently with cosmic rays. The response of the cells
was studied extensively in a test beam.

The proportional drift tubes have 54 sense wires in each
plane, each enclosed in an individual cell 3.8 cmX7. 6
cmX4. 2 m long. P10 gas (90% Ar, 10% methane) is

used. The drift time measurement from these tubes yields
a position accurate to 1.3 mm without substantial correc-
tion. The angular resolution is dominated by multiple
scattering at the relevant particle energies. Gain stabiliza-
tion is accomplished with a PDT cell of the same
geometry as the cells in the main detector which is il-
luminated with a ' Cd x-ray source.

The magnetic spectrometer utilized an air gap magnet
with an aperture 1.8 mX1.8 mX0. 46 m. The integrated
field corresponded to an imparted transverse momentum
of 40 MeV/c at the center and 70 MeV/c at the edge.
Particle tracks in the spectrometer are defined by nine
pairs of PDT planes identical to those in the main detec-
tor, arranged four before the magnet and five behind. The
start time for the drift measurement is generated from the
last six calorimeter walls of the main detector. Tracks are
fit to a parabola in the field, and momentum is deter-
mined using the appropriate field integral and bend angle.
The momentum resolution is limited by the PDT position
accuracy of 1.3 mm. The momentum resolution of the
spectrometer is

=[0.010+(0.067p) ]'~ with p in GeV/c .
P

V. MEASUREMENT OF THE NEUTRINO SPECTRA

Data were collected during two time periods: in the
first, data were acquired from 0.89X10' and 0.89X10!s
protons incident on target (POT) for neutrinos and anti-
neutrinos, respectively; in the second, 1.73 & 10' and
2.62X10' protons impinged on the target for neutrinos
and antineutrinos, respectively. The spectrum shapes of
the dominant neutrino types mere essentially constant be-
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tween the two data sets. There was a change in the value
of the ratio P(v„)/P(vz), i.e., the relative v& contamination
in the v& beam, which is discussed below under single-
track events.

To find the neutrino spectra from the observed quasi-
elastic events it is necessary to know the differential cross
sections for quasielastic scattering. The dependence of the
cross sections on momentum transfer (Q } is parametrized
by dipole form factors with a vector mass Mv and an
axial-vector mass Mz. The production cross section at
low Q must be modified for the effects of the Pauli ex-
clusion principle, and the apparent momentum transfer
must be modified for the Fermi motion of the struck nu-
cleon. Fermi motion limits the resolution on the neutri-
no energy when calculated from the observed muon angle
and momentum to about 15% full width at half max-
imum (FWHM} for the kinematic range in this experi-
ment. A detailed Monte Carlo calculation was employed
which includes these effects, as well as apparatus resolu-
tion, to determine the acceptance of the apparatus as a
function of E„and Q .

Two data samples were used to reconstruct the neutrino
energy. They are distinguished by event topology: (i) one
track originating in the detector or (ii} two tracks emanat-
ing from a common vertex in the detector. Two-track
events are available only in the v„(and v, ) data samples.
Before a track can be reconstructed in the detector it must
traverse at least three detector modules. For v„n~@ p
events this implies that the recoil proton may be recon-
structed only if the momentum transfer Q & 0.3
(GeV/c)2. Hence events with Q ~0.3 (GeV/c) exhibit
single-track topology. The backgrounds for both event
types are largely due to charged current single-pion pro-
duction. When the neutrino energy is inferred from the
muon angle and momentum alone, the measured neutrino
energy distribution is in agreement with that deduced
from two-track events.

the magnet and the position relative to the main detector
limited the acceptance to neutrinos above 0.8 GeV. An
upper limit of 5 GeV was chosen to guarantee good
momentum resolution and accurate sign selection. Totals
of 5112 p and 179 p+ events were obtained during the
second neutrino run, and 2883 (2551) p+ and 313 (391)
)M, events were collected during the first (second) antineu-
trino run. Inelastic background levels in these samples
were estimated to be (18+3)% for p and (13+3)% for
p+ events after liinits were placed on the energy deposited
at the origin of the tracks. The contamination of antineu-
trinos in the neutrino data set was determined to be
0.024+0.005. The corresponding results for neutrino con-
tamination in the antineutrino beam were 0.051 0.008 for
the first sample and 0.087+0.013 for the second sample.
The difference in these latter values is attributed to varia-
tions in targeting efficiency which gave rise to an
enhanced contribution in the second run from pions that
were defocused by the horn system. This observation em-
phasizes the importance of direct measurement by a muon
spectrometer of the helicity content of the incident beam
in any neutrino experiment.

S. Two-track events

Events exhibiting a muon and a recoil proton sufficient-
ly long to be reconstructed as a track were discussed in
Ref. 3. It is required that the proton stop in the detector
so that the energy may be determined from the range.
The stopped track is identified as a proton by the pattern
of deposited energies in the scintillator cells and the PDT
(Ref. 2}. The proton length requirement limits the accep-
tance to events with neutrino energy above 500 MeV; the
acceptance is roughly constant above that energy. There
were 4889 events in the neutrino data set with a (24+5)%
background.

A. Single-track events

Single-track events are classified in two ways: events in
which the muon stops in the detector, and events in which
the muon leaves the detector and traverses the muon spec-
trometer.

When the muon originates in the fiducial volume and
stops in the body of the detector the range may be mea-
sured and the energy calculated. To reduce hadronic con-
tamination these muons are required to traverse more
than 15 modules without significant scattering. The selec-
tion limits the acceptance to neutrinos above 300 MeV,
but since both the flux and cross section are small below
this energy, the limit is not important. The upper energy
limit is given by the overall length of the detector and is
about 1.5 GeV. There were 2284 and 2665 events in the
neutrino and antineutrino data sets, respectively. Back-
ground levels from pion production were (39+8)% and
(3 1+6)%, respectively.

Muons which traverse the muon spectrometer are
analyzed in a similar way. The muon energy is deter-
mined from the momentum measured in the magnet plus
the calculated energy loss in the detector. The aperture of
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FIG. 8. The measured flux P(E(v„)) together with the calcu-
lated result of Fig. 12. The data have been adjusted by a factor
of 1.1 consistent with the scale uncertainties in the data and
Monte Carlo calculations. POT stands for protons incident on
target.
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FIG. 9. The measured flux $(E(v„)) together with the calcu-
lated result of Fig. 13. The data have been adjusted by a factor
of 1,3 consistent with the scale uncertainties in the data and
Monte Carlo calculations.

FIG. 11. The ratios (a) P(E(v„))/P( E(v„)) and (b)

$(E(v„))/$(E(v„)) giving the fractional flux of opposite helici-
ty neutrinos in each helicity beam. The curve is the calculated
ratio in each case.

The neutrino fluxes $(E(v&)) and P(E(v„)) derived
from the combined stopping, spectrometer, and two-track
event data sets are shown in Figs. 8 and 9, respectively.
The flux measurements were internally consistent within
an expected error of 15%.

The flux P(E(v, ) ) is measured by means of reaction (7),
v, n~e p, with electrons identified through the elec-
tromagnetic shower they produce. i The electron energy is
measured by summing the depositions in the calorimeter
elements with a correction for unobserved energy. The
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FIG. 10. The measured flux P(E(v, )) together with the cal-
culated result of Fig. 14. The data have bow adjusted by a fac-
tor of 1.1 consistent w'ith the scale uncertainties in the data and
Monte Carlo calculations.

angle of the electron is measured with the earliest-hit
PDT elements before substantial scattering takes place.
Events are selected in which the electron angle is less than
15'. The principal background in the electromagnetic
shower sample arises from photons from n decay ori-
ginating in a neutral-current event upstream of the shower
vertex. This photon background is identified by its dif-
ferent energy distribution and is subtracted from the elec-
tron sample. Extraction of the v, flux is discussed in de-
tail in Ref. 3. The measured flux P(E(v, )) is shown in
Fig. 10.

Figure 11 shows the spectrum of opposite-helicity neu-
trinos in a given helicity beam derived from events in the
spectrometer. The "contamination" ratios P(v„)/P(v&)
and P(v&)/P(v„) increase with neutrino energy because the
effect of horn focusing is reduced with increasing parent
pion energy.

VI. SEAM CALCULATION

The neutrino spectra have been calculated by a Monte
Carlo method using a program from the CERN HYDRA
Applications Library described by Visser. The program
NUBEAM has been adapted by Carlini to run on the VAX
11/780 (Ref. 8). The program generates particles accord-
ing to a production spectrum, and traces the selected par-
ticle through the beam elements until a decay occurs or
the particle is absorbed. When a decay occurs, the parti-
cles which are products of this decay are themselves pro-
pagated until the decay chain is exhausted or the particles
are absorbed in the shield. A single secondary particle de-

cay will create a series of daughter particles of appropriate
weight, including all species of neutrino. The weights are
modified to include the effects of absorption as well as
multiple scattering in the case of the muons. The sum of
properly normalized probabilities for all the particles in-
volved gives the neutrino flux at the detector.
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TABLE I. Collision lengths in gm/cm . I I I I l

Be Fe Sapphire

75.2
102.5
113.5
117.0

86.3
113.4
124.4
127.7

106.4
134.3
145.5
155.4

131.9
160.7
172.9
187.2

97.1

123.0
132.8
141.8

Input data to the program fall under the following
headings: (i) particle properties, (ii) beam geometry, (iii)
material properties including interaction cross sections,
and (iv) particle-production rates.

(i) Particle properties. These are the decay modes and
branching ratios of the secondary particles and their cross
sections for absorption on nuclei.

(ii) Beam geometry Th.e beam geometry is assumed to
be cylindrically symmetric and is derived from the sur-
veyed locations of the beam elements and their internal
structure. The magnetic field of the horn is calculated
from a current sheet specified by the horn geometry.

(iii) Material properties. The proton target is more than
an interaction length long, and the attenuation of the pro-
ton beam in the target is important. In the energy range
of this experiment, and for the aspect ratio of the proton
target, most of the elastically scattered protons remain
within the target. Scattering processes in which the
momentum transfer is small leave the proton able to pro-
duce more secondary particles. The program uses a single
exponential for the proton beam attenuation with a single
effective collision length that models the behavior of the
protons. In Table I are shown the collision lengths that
were used. A similar but lesser problem exists with the
secondary mesons when they traverse the material of the
horns. Again, a single effective interaction length is
chosen that models the secondary beam loss. 9

(i u) Particle productio-n rates. Particle-production rates

I—~O'O =
CL

O

cu 10 l-
E
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FIG. 13. The calculated flux P(E(v„)) with the component
contributions also shown.

at proton energies near 30 GeV have been measured and
fit to empirical formulas by Sanford and Wang'c and
Grote, Hagedorn, and Ranft (GHR) (Ref. 11). The beam
calculations described here were based on the GHR pa-
rametrization; that of Sanford and Wang was used for
comparison. An estimate was made of pion production
by reinteracting protons guided by the shape of the ob-
served v& spectrum and the observed angular distribution
of muons from quasielastic events. The procedure is
described' in the Appendix. Briefly, it amounts to modi-
fication of the lowest pion momentum bins in the
momentum-angle matrix of GHR that describes pion pro-
duction. A small adjustment of the integrated E+lm. +

ratio (increased by a factor of 1.25) is also made, con-
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FIG. 12. The calculated flux P(E(v„)) with the component
contributions also shown.

FIG. 14. The calculated flux P(E(v, )} with the component
contributions also shown.
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sistent with the stated uncertainty on that quantity in
Refs. 10 and 11. The yield of charged pion and kaon
beams at the AGS (Ref. 13) served to check the secondary
meson production data.

The results of the calculations of the total fluxes
P(E(v„)), P(E(v„)),P(E(v, )), and P(E(v, )) are shown in
Figs. 12—15, which also show the contributions from the
different meson (and muon) decays. The total fluxes
$(E(v„)), P(E(v„)), and P(E(v, )), are shown again in
Figs. 8—10 for comparison with the measured fluxes. The
shapes of the calculated fluxes are in good agreement with
those of the measured fiuxes. To obtain the agreement
shown on the vertical scale, the v„and v, data were ad-
justed by the factor 1.1, and the v„data by the factor 1.3.

The results of the calculations of the ratios
P(E(v&))/P(E(v&)) and P(E(v&))/P(E(v&)) are shown in
Fig. 11 for comparison with the measured values of the
opposite helicity contaminations in the primarily v& and
primarily v„beams. The calculation of P(E(v&))/
P(E(v„)) fits the data quite well except perhaps at the
lowest energy point. The calculation of $(E(v„)}/
P(E(v„)) is significantly below the data. When negative
mesons are focused by the horn system positive mesons
are defocused and interact in the material of the horns.
This interaction is not taken into account in the calcula-
tion. The effect is more important for negative charge
focus because of the larger production cross sections for
positive mesons. The disagreement between the measured
and calculated values of P(E(v„))lg(E(v„)) stresses again
the need for direct measurement of the opposite helicity
contamination in a neutrino beam employed in an experi-
ment.

Another significant result of the flux calculation is the
prediction of the radial dependence of the neutrino energy
distribution in a horn focused neutrino beam. This is ex-
hibited in Fig. 16 which shows the ratio of the fiux in a
2.5-m/2. 5-m cross-sectional area averaged over a given
length of the detector to the flux in a 3.0-mX3.0-m
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FIG, 16. Plots showing the radial dependence of the neutrino
energy distributions for {a)v„and (b) v„.

cross-sectional area averaged in the same way. The calcu-
lated result is compared with data obtained from single-
track events that traverse the magnetic spectrometer. One
sees that the relative number of neutrinos with energies
between about 2 and 4 GeV is 10% greater in the smaller
area than in the larger area. This holds for both v„and v„
beams, and is confirmed by the measurements.

The agreement of data and calculation in Figs. 8—10
and 16 follows from relatively minor modification of the
thin target yield of low-momentum pions from proton-
nucleus collisions at 28.3 GeV, which takes into account
the thick target employed in neutrino-beam production.
We emphasize that a single modification (described in the
Appendix} leads to the calculated neutrino fluxes and the
agreement exhibited. In view of the success of this calcu-
lation in reproducing the wide-band neutrino spectra of
v&, v&, and v„ it seems likely that a similar calculation
may be used to predict accurately neutrino fluxes generat-
ed under different conditions, e.g., bare-target and
narrow-band beams.
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APPENDIX

The flux program NUsEAM was modified to account for
the fact that the GHR compendium is for thin-target pro-
duction, and NUBEAM does not model secondary interac-
tions. Shorn in Table II as an example is the GHR
positive-pion production spectrum in the form of an
18)&18 matrix in 8~ and p . Secondary interactions
mainly of the protons degrade the production spectrum
primarily in momentuln and leave the angle spectrum rel-

atively untouched. To modify the production spectrum to
fit the neutrino data we multiplied the four p columns
(1, 2, 3, 4 GeV/c) by four parameters which alter the neu-
trino flux spectrum only below 1.2 GeV. The flt parame-
ters are relatively small (1.18, 1.79, 1.24, 1.21 in increasing
order of p ) and the modification is consistent with the
effect expected from secondary interactions. We have cal-
culated P(E(v„)), $(E(v, )), and P(E(v, )) using the same
four parameters.
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