SOME CONSIDERATIONS ON NEUTRINO FACILITIES

WITH LARGE ACCELERATORS
C. A. Ramm
CERN
1.1. Neutrino Parents dian, is
High energy neutrino fluxes of experimental n = 'X‘;_g 1

abundance have been obtained from the muon
decay of pions and kaons:

at— puE -+ (v, vl),
K* — p + (v +vy).

The short lifetimes, the branching ratios and
the two-body decay are particularly favourable
for neutrino production. Of the other less pro-
lific parents the muons and Ky, contribute to
the flux, especially as sources of electron neu-
trinos:

pE —> e 4 (Ve, o)+ (Vu -+ Vi),
K# —> e 4 70+ (ve, Vo).

Both are three-body decays, and thus give sof-
ter neutrino spectra. They will not be consi-
dered here.

1.2. Neutrino Fluxes from Two-Body
Decay of Relativistic Parents

Suppose an isotropic source of parents (Fig. 1).
From symmetry, and the divergence theorem,

' detector

Fig. 1.

the flux of neutrinos per unit surface of sphe-
rical shell at radius d, per parent, per stera-

if A » r, and there is one neufrino per parent
decay. For two-body decay from rflativistic

parents the mean neutrinc energy E, is

E‘v: ’YE;!,

where E, is the neutrino energy in CS.
In some practical situations the parent flux
is of nearly uniforr density over a cone of

soufce

Fig. 2.

small semi-angle (Fig. 2). The axial neutrino
flux in the detector plane, per parent in this
cone (A > r) can then be shown to be [1]

I RN S ry®
M= d vo RN TRy
which gives the distribution of Fig. 3. The
average energy of the axial neutrino flux for

these conditions is
= 1 ¢ d
EVZ‘ESEV(CDv r)-d%drz

— vE: fo__ YO (d24 (d—r)2 2y2D2 42)
vEs {2 2 (1F-v20?) [(d— )2 - y2 D2 7]

which is shown in Fig. 4. In the limit for

vXD? » | then E, = vES, and for yaD2 « 1
the average neutrino energy tends to the maxi-
mum value 2vEj.
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For a pencil beam (Fig. 5) the mean neutrino
flux per unit area, within a radius y of the
point of intersection of the pencil with the

detector plane for a pencil of decay length x, is

2 g -
n=-——.% an?

= . ul L)
aid vy

ViETd@—= ’

which ‘is the same relation as Fig. 3, with the

substitution ® = g

x NN
— AT

fe kY\\ detektor
N\

and x = r. The mean

plane

Fig. 5.
energy of the neutrinos within the circle of
radius y is
= 1 dn
E,=— S E,(x) 9" dx =

_wp Jo_ YR (A2 (d—x)2+-2y%y?)
—vEV 2~ 5 s T eyt )

which is the same as the relation shown in
Fig. 4, with the preceding substitutions. It
can be shown that, for the same decay length
and shielding, the contribution to the neutrino
flux at the axis, from one parent: in the cone
of small semi-angle @, is equal in intensity
and energy distribution to the total neutrine
flux, within the circle of radius y®d, irom
a single axial parent. The neutrino flux per
unit area at a radius y is

SN L U, S P SRS
N W)= 5y 3y = g {ta“ ' P tda—n T
+ xyy (d2—dx—y%y?)
(@ +v2y?) [(d—x)2-v2y?) S °

which is shown in Fig. 6 from which it wiil
be seen that the intensity falls rapidly for

y® » 1. The mean neutrino energy of the
flux at radius y is

= 2E, [(d—x)[5 (d—x)2-+3y2y2]
v mWN() 8 [(d—x)2v2y2)2
__ 4(5d24-3y2y?)
8 (a2

3 1 d -1 d—x
—{—Wy—(tan W”tanlv‘)} »
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which is shown in Fig. 7. By combining the
preceding results, together with the energy
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and angular distribution of the parents, it is
possible to determine the neutrino flux distri-
bution from a given experimental layout.

1.3. Parent Spectra from 25 GeV Protons

In the design of the CERN neutrino experi-
ment [2] the parent spectra from the smoothed
experimental results from the PS [3] and the
AGS [4] for pion and kaon production were
used to determine the spectra chown in Figs. 8,
9, 10.

[t appears that the density of parents
is uniform over a certain range of small angles,
but there are no published data in the forward
direction. In any case the production extends
far beyond the cone A® =1, and thus, espe-
cially for pions, the importance of parent
focusing to increase the emergy and intensity
of the axial neutrino flux, is evident from the
results of the preceding section.

1.4, Extrapolation to Higher Energy

Various formulae have been proposed for
the extrapolation of observed production spec-
tra at 256—30 GeV to machines of much higher
energy, based largely on the cosmic ray evi-
derce that the average transverse momentum
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in secondary particle production appears to be
independent of primary energy. Of these, the
Cocconi, Perkins, Koester [5] formula repre-
sents the experimental data only at low ener-
gies, the von Dardel [6] formula for the for-
ward direction falls identically on Hage-
dorn’s [7] predictions and f{its the reported
experimental results for pions.

If these formulae are used for the prediction
of pion spectra at much higher energies, they
lead to somewhat different results. It is not
known how the kaon specira may be extrapola-
ted other than by a postulate of a constant
pion to kaon ratio.

However, it follows that if in the secon-
dary production from very high energy pro-
tons the average transverse momentum is
constant, and independent of secondary ener-
gy, a focusing factor is required which is
constant for each type of secondary. Suppose
the secondary production of momentum ps
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energy, but about inversely proportio-
nal to parent rest mass.

2. EXPERIMENTAL LAYOUTS

2.1, Parents

The most numerous neutrino parents
from accelerators are pions and kaons,

which give predominantly fluxes of muon
neutrinos. High energy electron neutrino

fluxes have not yet been exploited, but
experiments are possible with electron

neutrino fluxes irom both these and
other parents. The advantages of focu-

sing have already been discussed, and
it has been shown in 1.2 that for parent

beams of small divergence the neutrinos
from pions are confined within a cone
of about one third the semi-angle as

that of neutrinos of the same energy
from kaons. Some spatial separation

between pion-kaon neutrino fluxes can
thus be achieved.

In the present neutrino experiment a
magnetic horn {8] has been used to di-

rect a certain energy band of the pa-
rents towards the neutrino detectors,

with appropriate enhancement of the
neutrino flux [9] over that which could

be obtained from a simple target alone.
The resultant spectrum is included in

Fig. 11. In principle the most intense
neutrino fluxes are obtained for pencil
focusing of the parents, which is approxi-
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Fig. 10.

is contained in some cone of semi-angle @,

Then (DNP—L: and for the cases we consider
ps ~ E,, hence

P

L
YCIJN m—s .

Thus for pions, the assumed secondary pro-
duction extends to y® ~ 7 and for kaons to
y® ~ 2, whereas for efficient axial neutrino
production, and shielding thickness equal to
about the decay length, @ should be appre-
ciably less than y™'. Hence, the need for a
constant factor of compression of the secondary
production cone, independent of secondary

! mated over a certain momentum band
by the magnetic horn. It is possible to
imagine arrangements which would be
closely equivalent to pencil focusing,
12 is one example, and which would

Fig.
discussed

have certain advantages to be
shortly.

2.2. Shielding

In the recent experiments [2, 10] the shiel-
ding thickness has been chosen to absorb all
muons from pion decay. Experimental data
for muon scattering exists from cosmic ray stu-
dies [l1, 12] and from experiments at the
Bevatron [13]. Since the mean free-path for
large angle muon scattering is long, the energy
loss is mainly by ionization, and thus for the
design of shieldings it is possible to arrive at
simple graphical representations. Iso-absorp-
tion and iso-p® diagrams have been construc-
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Fig. 11. Neutrino fluxes from 25

GeV protons on Be target.
neutrinos from natural parent spec-
trum, no target absorption.
(r =25 M, d = 50 M)
1. From pions of either sign.

Axial

Curve

1073

Curve

2. From positive kaons.
Axial

neutrino flux from pencil focused

parents, no target absorption
(x = 25 M, 0 M).

4. From pions of either sign.

5. From ‘positive kaons.

6. From negative kaons.
(x =10 M, d = 50 M).

Curve
Curve
Curve

garl
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Curve

7. From pions of either sign.
Curve

8. From positive kaons
(x =5M, d =50 M).
Curve 9. From pions of either sign.
Curve 10. From positive kaons.
The negative kaon curves for x-10 M and
x = 5 M have the same displacements as the
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positive kaon surves. .

Neutrino flux averaged over circle of dia-
meter 1 M from pencil focused parents. no

target absorption (y=25 M, d =50 M).
Curve 1. Pions of either sign.
Curve 12. Positive kaons.
From comparison the following curves have
also been included: From computations [9]

AN
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of S. van der Meer [r=23.5 M, d=48.25M).

Neutrino flux with magnetic horn at 300 kA,
with adsorption.

From focused pions.

From focused positive kaons.

From defocused kaons.

with magnetic horn at zero cur-

rent, with absorption.

Curve 15.
Curve 16.
Curve 17.
Neutrinos
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Curve 18. From pions. )
Pencil focused parents, without absorption.
Curve 19. From pions.

Curve 20. Neutrinos from pions in the Brook-
haven-Columbia-experiment [10].
Curve 21. Neutrinos from kaons in the Brook-
haven-Columbia-experiment [10].
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Curve 22. Neutrinos from pions in the first
CERN experiment.
Note: Curves 2, 5, 6, 8 10 and 12 have
not been computed below 5 GeV.
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Fig. 12. Principle of neutrino production from parent pencil (Not to scale):

a — magnetic diverging region;
parents;

ted to give visual appreciation of the rela-
tive merits of different shielding layouts.
Examples of these lines are shown in Fig. 13.
Since the muons have closely the direction of
their parents, the origin of all primary muons
may, with sufficient approximation, be taken
to be the target. Under these circumstances

N, b — region of magnetic ereflector» (for useful parents);
2 — high energy muon shield; 3 — decay path;

1 — neutrino
4 — shielding.

the most eificient use of shielding is to have
two components, the main core at the end of
the parent decay path, and a funnel, close to
the target, to cast a shadow outside of the
decay path.

It is expected that the muon straggling [14]
increases slowly with energy and thus the extra
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Concrete

Fig. 13. Principles of muon shielding for steel core immersed in concrete. Upper lines for signle scatter
from 1 to 2, lower lines for signale scatter 3 to 4:
I — iso-absorption regions (meters of steel equivalent); 2 — iso-p® regions (GeV/c x degrees).

shielding necessary to account for it must also
increase with parent energy. The calculated
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Gaussian and Landau [15] straggling are
shown in Fig. 14, which gives the probability
per metre of a muon having greater than the
average range in iron packed to 7.0 g.cm 2.
In the type of layout of Fig. 13, the shielding
thickness is governed by muons from a class
of parents which makes no useful contribution
to the neutrino flux. If it were possible to in-
troduce a momentum cut-off in the parent
spectra the layout could be shortened and
the intensity of the neutrino flux increased
correspondingly. It may be possible to achieve
such an arrangement by the focusing of Fig. 12
where only those parents of momentum less
than a certain limiting value would be retur-
ned by the reflector, and hence the shielding
thickness would be fixed by these.

It is possible also to imagine the use of mag-
netized iron shieldings, and to some extent,
of heavier shielding material than iron which
has proviosly been used, although the specific
stopping power for muons increases more slow-
ly than the density on account of a Z depen-
dence in the ionization loss. Possible impro-
vements which might be achieved in principle
in the differential spectrum in the present
experiments, are shown in Fig. 11.

Since the neutron interaction cross-section is
almost independent of energy above 1 GeV
the neutron shielding considerations are rela-
tively inderendent of accelerator energy. The
basic muon shielding shown in Fig. 13 must
be strengthened in direction perpendicular to
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the axis to reduce the stray neutron background
to a tolerable level. There will remain always,
however, a certain residual flux of particles
due to neutrino interactions in the shielding
material itself.

2.3. Detectors

As a consequence of the cross-sections invol-
ved in neutrino interactions, detectors are
inevitably massive, in the previously reported
experiments spark chambers of tens of tons
have been used, and in the present experiments
a bubble chamber with 0.75 ton of working
fluid and some 80 t of spark chambers are used.
The neutrino flux is unattenuated except by
geometry, and thus the detector may be imagi-
ned as a window by which the interactions
in the path of the neutrinos are made visible,
a feature which may be used to increase the
information obtainable from the experiments,
since the flux of product particles from neutri-
no interactions in material surrounding the
detectors may be similar to that produced
directly in the detectors. It is not the present
purpose to discuss the detectors themselves.
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DISCUSSION

N. A. Burgov

How was the divergence of the particle beam creating
neutrinos reduced?

C.A.Ramm

The magnetic horn designed by Dr. van der Meer,
who is at the conference, consists of two conical coa-
xial current carrying conductors. Neutrino parents
are concentrated by the azimuthal field between them.

A. K Val’ter

I would like a more detailed explanation of the operating
principles of the device for neutrino experiments indicated
by one of the slides and distinguished by the conical con-
figuration of the outer shield by the presence of an external
“neck” in the form of a body of revolution and a relatively
narrow and long gap between the two shielding portions.

C. A Ramm

The principle is that the central shielding would
absorb high energy muons, from parents not deviated
by.the diverging field. Useful neutrino parents would
be led around the central shield, and thus the distance
between the end of the effective decay path and the
detectors could be reduced, with a consequent advan--
tage in the neutrino flux.
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