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Summary
For supplylng neutrinos to a detector with a large aper-
ture, such as a bubble chanmver {=.g., 1 meter radlus), Intense
seams, -ontaining a large fraction of all the plons produced in an
energy band of adjustable width, lying in the range from zbout 60

sl
\

o £270 GeV/c, can be produced ' ith a single palr of guadrupoles.
The Lezam may be tuned to any central momentum value within this
range, and will fhen pass a wide range of momenta, depending on the
system parameters. Above zbout 200 to 250 GeV/c no focusing sys-
tem is needed; most of the neutrinos will traverse the detector
without further collimation.

Separation of neutrinos from antlneutrinos reguires ad-

ditional bending magnets tc lsolate one sign of charged plons.
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Jeutring Zeams Without Focusing Elements

The =zimplect pessible high-energy neutrino beam nay be
obtained by settlng a sultable shleld some distance cdownstreanm ‘3t
2° producticn angle) from a target, with the neutrince detector tz-
nind the shield; the natural reliativistic forward collimation cf
nigh-momentum vions concentrates a large fraction of the decay

1 To eite

neutrincs in the solid angle subtended by the detector.
a numerical example: for a detecfor of ?-meter diameter using a
500-meter decay length plus a 100-meter shield, all pions produced
within a cone of half-~angle 1/600 = 1.€7 mrad will contribute (neg-
lecting =z amall correction for the vicen-neutrino decay angle).
Taking the median production angle as 0.4/p for particles of mo-
mentum p, we see that pions of 240 BeV/c¢c or above need no additicnal
fecusing., At this momentum about half the decay neutrinos are ve-
tween U40-05 BeV/c, and are emitted at an angle averagine 0.6 mrad

to the rpion direction. Tlus for wm-d:cay neutrinos of 50 BeV/c or
above, no special “ocusing devices are needed. The same argument

applies to J-decay neutrincs at a somewhat nigher momentum.

Single ™adruvole-Pair Lens

Tor pionsg below 240 BeV/c, the median production angles
are larger than 1.67 mrad. A quadrupole-lens palr can be .sed to
focus any partilcular momentum into a parallel beam; then for scme
momentun tand in the vicinlty of the focused value, the divergence
of the pions will still allow a sufficiently small neutrino image
at the detector. The lens palir will not discriminate in sign;
auxiliary boending magnets are needed for that. We now investigates
the range of conveniently avallable values.

1
This was suggested Dy A. L. Read,
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The availatle parameters of tne lens are the focal length
and the f-stop (more conveniently defined hiere by the maximum pro-
ducticn angle accepted). e use a single mean value for the ver-
tical and horizontal acceptance angles, and assume thlin-lens optics,
By varying the focal length of the lens, f, sither a real or vir-
tual image is formed from which the diverginzg beam Just reaches the
prescribed image diameter (see Fig. 1), Outside these two settings,
the image exceeds the prescribed size. The momenta corresponding
to the fccal lengths so calculated then define the useful trans-
mission region of thne lens. From elementary geometrical optics, tne
two image distances ‘i and Y_ for which this occurs, are given, if

the lens radius 1s a and the image radius R, by

v, = (DR—+u;a (1)

The corresponding focal length £, of the lens, (which is u for the
central momentum) is then given by £, = 1/{1l/u = 1/v_).

In the thin-lens approximation, the focal length of a pair

of suadrupcles oi equal length 1s related to the momentum by

f = ap? (2)
.09B022°(2e/3 + d)
where £ = focal length,

a = equivalent lens aperture radius,
B,= maximum magnetic field at pole, in Teslas,
4 = length of each guadrupole,
d = space between quadrupoles,
p = particle momentum, BeV/c.
All lengths are in meters. To simplify, we will take 4 = /3, so0

that 2°(22/3 + d) becomes 2.
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As 2 reagonable initial value, we take =, the sScurce-
detector distance, to te £00 meters, reserving about 100 meters
for tne shielding in front of the detector; and we assume that the
acceptable image size at the detector is a 2-meter diameter circle.
The problem then becomes the classical optical depth-of-field cal-
culaticn, and the result is that the acceptable momentum band de-
pends to a very good approximation only on the lens aperture-stop
and not on i“s focal length. If we specify the aperture stop in
terms of the half-angle of the cone of acceptance, we can then

draw up the feolleowing Table.

TABLE I. Momentum limits within which particles will be focused
within a l-meter radius circle of confusiocn, assuming the lens

focal length is set to give point-to-parallel focussing at 1J0 BeV/c.

Acceptance cone Lower momentum Upper momentum
half-angls, mrad 1imit (BeV/c) limit

2.0 73.9 272.0

3.3 80.5 140.0

5.0 6.6 123.5

6.6 38.7 114.0

10.0 31.8 108.6

As one night expect, the smaller apertures show the largest

depth of field.
Gain

Let us take the angular radius ol the Cocconi disk to be
O.4/p mrad, and drastically simplify the problem by assuming the
primary distribution to be uniform inside the Cocconi disk, Zerc
outside. The angle subtended by the detector at the source is
1.66 mrad for the values we are considering. The possible gain

is limited either by the Cocconi disk or the lens aperture,
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Wwhichever is smaller. Table TI indicates the galn to hte expected
in charged particle illuminaticn; small aperture lenses zre clearly

of not much use.

TABLE II. Lens 3ain as a function cf azperture and momerntum, for a
detector subtending 2 half-angle of 1.66 mrad.
Tllumination 3zain for lens aperture
Particle mo- Cocconi-disk (half-angle) in nrad
mentum, BeV/¢c cone angle, mrad 2 3.33 5 5.66 10
240 1.66 1 1 1 1 1
200 2.0 1.44 1.44 1.44 1.4y 1.544
120 333 1.44 4.0 b.0 h.o 4.0
100 4.0 1.44 &.0 5.8 5.3 5.8
80 5.0 1.44 4,0 9.0 2.0 9.0
£5 6.66 1.44 4.0 G.0 16.0 16.0
40 10.0 1.44 4,0 9.0 16.0 36.0

We must also superpose an additicnal diffusion effect, due
to the fact that the neutrino direction is nct exactly that of the
charged particle. For plons the additicnal angle has a medilan
value about 3/8 of the Cocconl disk angle so the effect is small;
Tor X-mesons the two angles are about equal, The lens pair affords
nigh gain over a narrow momentum band, when a large aperture is
used, and provides also the alternative of moderate gain over a
wider momentum bpand by inereasing the distance from source to lens.

Variation of Detector Distance

As might be expected, lncreasing the source-detector dis-
tance or decreasing the required Image slze decreases the effec-
tiveness of a lens of a given size unless the angular diameter of
the allowable circie c¢f confusion--i.e., the detector aperture--
is kept constant. Tor a given detector area, a short distance
improves the intensity, the increased illumination more than com-

pensating for the decrease in decay path.
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The applicability of the lens pair is thus greatest in the
region between abkcut 50 and 150 BeV/c. Above this, the potential
raln 1s small; below 50 one ~ai make .ipnificantly btetter trans-
port systems. The neutrinc spectrum of the plons in Cthis range
will extend usefully from about 10 to 70O BeV/c.

Lens Strength

The greatest lens strength is needed for the longest source-
lens distance to be used. If p, for example, 1s doubled, then to
keep the same acceptance of the Cccconi disk we must Jouble f;
then from (Z) the length must increcse as pl/3. The length of the
lens is determined by the highest momentum 1t 1s desired to focus,
which depends on the sc¢lid angle subtended at the source by the
detector aperture.

The true solid-angle acceptance of a guadrupcle pair is
about half the geometrical one, and the acceptances are wvery dif-
ferent in the ¥D and DF planes. One can elther use somewhat lar-
zer lens palirs to achleve a given angular acceptance, or adopt the
more efficient elliptical-aperture quadrupole. A lens triplet has
more nearly equal FD and DF acceptances than a doublet, but no
tetter geometrical efficiliency.

Separation of Neutrincs from Antineutrinos

An achromatic bending system between the source and the lens
palr can be used to select either positive or negative charged par-
ticles. This adds to the complexity of the system, and involves

bending magnets in a high particle-flux region.
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Unsuitability for iHuons

This kind of beam 1s unsuited for muon collection and use,
since the beam divergence is too large. IL is assumed that the
muons as well as 21l hadrons in the beam are absorbed or deflected

by the shield in front of the detector.
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Fig. 1. Single-lens neutrino beam. The object distance is u, and the lens
produces a parallel beam at the central momentun. The real and virtual
inages vy and v_ define the 1imiting acceptances, at whi:zh the image just

fi111ls the allowed diametcr at the detector.
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