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COUNTING RATE IN THE PLANNED EXPERIMENT TO DETECT
NEUTRINO INDUCED REACTIONS, II

by G. von Dardel

1. Introduction

- In a previous reportl>vthe expected rate of neutrino induced
events was calculated under conditions which approximately correspond
to the present situation of the neutrino experiment. The calculations -
indicated that the aperture of the coils of ‘the next magnet unit after
thé ﬁdrget, throughfwhich the.pions have to pass, reduces the event

| rate-iﬂ_detéétors involving only a few tons éf ﬁaferial to values
which must be regarded as unacceptably low for a successful experiment

on high energy neutrinos.

In this repoft;'fhe ﬁethod of Calculation_is'geheralized
+t0: some extent,; so as to provide a basgis f§r}easy.and rapid calculation.
The effect of various changes to the geometry will be diséussed, and
the_effect of some features not taken into account in the last report

will be considered.
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2. Standard Conditions

The daily rate of neutrino induced events of a particular

type is givenz) by formula (1) of reference 2.
mi- g0, T an¥ly [apel  (0)(1- o APM(R) x 2(2) (1)
= Mqlplz Tp o 12 £f

where

is the proportion of useful detector time.
is the target efficiency.
is the proportion of useful machine time.

g
R
"3
1 is the number of circulating protons per burst.
Qp ig the theoretical number of bursts per day.

W is the effective weight of thé detector, assumed to consist
of equal numbers of neutrons and protons. . :

is Avogadro's number. _
is the target to detector distance.

o (p) is the effective cross-section per nucleon for neutrinos

produced from the decay.of pions of momentum p, to produce

an event of type "i". o .. (p) depends also on the geometry
. A eff

as described in referencél. A

A\
<1-e_%A?)is the decay probability over a distance s for pions of
momentum p (A = 55 m (GeV/c)~1).

A(p) is the momentum dependent enhancement factor for pions due
to the focusing and defocusing effect of the fringing field.

f(p) is the differential pion production per GeV/c‘and steradian,
per proton interaciing in the target.

Since the main purpose of the present paper is to study
the effect of different geometric arrangements, the values of the

following parameters will be fixed:
ﬂ1n2n5 Ip = lOll effective protons per burst. This amounts

to the same assumption as done by Krienen, Salmeron and

Steinbergerz), and by Salmeron3>, who took nln2n5 = 1/5 and

I
b

Q

3-1011 protons per burst.

It

it

28.800 bursts/day at 24 GeV machine energy.
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= 0.602,1024 nucleons/gramme.
= 106 gramme, i.e. the event rate is given per ton of
detector.
L = 51 m.
.8 = 25 m.

With these values the constant in front of the integral in

eq. (1) becomes

-2

i X 1038 Cm .

5

The number f(p) of pions per interaction produced per
steradian and GeV/c momentum band is calculated by J. von Behr and
R..Hagedorn4) for production.angles of 009, 50 and 10° with respect
to the 25 GeV proton .beam, and are: given in Fig.l. The dotted spectrum
refers tO'the~speétrum of positive pions?) produced at angles such that,
after the fringing field, they emerge'at‘6oo Since. the positive pions
are deflected towards the machine, the production angles are then

larger than 609 particularly at low momenta.

For the elementary cross-sections O, (p,) for producing
neutrino events, we take the same values as Krienen, Salmeron and
Steinberger?> For convenience sake, these data are redrawn on a
larger scale in Fig. 2. The curves do not, of course, claim to be

more than those of reference?2.

The length s of the decay path, in which pions decay to
neutrinos before they are absorbed in the shielding, is taken as 25 m.
This is somewhat longer than the value, 20 m, taken in reference 1,

but corresponds better to the present situation.
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3, The Effective Cross-section

The "effective cross-section” for.a givénApion momentum
p,oeff(p), was originally introduced by Xrienen, Salmeroﬁ and
Steinberger as the elementary neutrino cross-section of Fig. 2
averaged over neutrino momenta between zero and the maximum value 0425 p.
Their definition applies to the case when the whole area around the
detector is uniformly "illuminated" by the pion flux (assuming;théy
did not decay or were absorbed). The neutrino flux will be reduced
if the uniformly illuminated area is linmited to a cgrtain area around
the detector, while no pions strike outside this area, as is obtained
in practice if the pion beam is limited by an aperture. The neutrino
flux at the detector will receive contributions from the picn dedays,

a distance'LI‘in front of the detector if the extrapolated pion path
traverses the detector plane on a circle of radiusﬂbl:tg() around the

. detector and the neutrino is sent off at an angle @ with respect to.
the pion. If «(®) is the fraction. of the periphery of this cirdle
lying inside the illuminated area, one can define for each geometry and

pion momentum p , an effective neutrino cross-section

+1 e
aéﬁf:-f(p‘)'-—-—;-j a(o0s6*)q (3 ) »ale) (@)

where 0% is the deéay angle in the rest frame of the pion, .which, .
for relativistic pions, is related to the laboratory angle & by

AR m‘c :.._...._.._‘—,-_M% .
B 0 _ .:n l_cos@ : e e Y O

and R) is the neutrino momentum . -

p, = +213 p (1 + cos@) (4)
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The simplest geometry to consider is the case of a circular

region uniformly illuminated'by the pion flux. For the calculation

Hlof the neutrlno event rate at the centre of the circle, the relevant

PS/2735/kl

cross- seotlon is glven by ° eq (2) with

il
=

a{e)
a (0)

® < 0 (52)
o > 0 (5b)

i
N

Where C] vis the angle subtended by the radius of the circle, as seen

from the decay point. This effective cross~section q;f(p,x) where

the supersorlpt le! stands for"circle' is shown as a function ‘of

- tg®, , in Fig. 3.

~ Another 81mple geometry, already dlsoussed, for a special
case in reference 1 is the case of an 1llum;nated band of uniform
width, subtending the angle 2@0 from the decay point. For the
calculation of the neutrino event rate on the centre line, the
relevant effective cross= sectlon 1s glvon by eq. (2) and (5a)
with (Sb) replaced by

a(@) = = arcsin @/@O 'Q:? 0, S (50)

This effective cross-section, qgf (p,x), where the supersoript it
stands for 'band', is given as a function{of pion momentum and

oo

X = tg@ - in Fig. 4.

A thlrd case of some 1mportance is when the whole area. around

the detector is unlformly 1llum1nated but the detectlng equlpment is

only able. to record events due to neutrlnos Wlth a momentum hlgher
than a oertaln mlnlmum value To a minimum neutrlno momentum cor—
responds a maximum deoay angle by eq. (3) and (4) Thls relatlon is
shown in Flg. 5. The case of an energy cut off can therefore be oal-
culated using the effective cross-sections of Fig. 3 for circular

geonmetry.



With the two simple geometries many other geometries can
be constructed by superposition. In this way it is possible to take ac-
count of nonuniform illumination in the cirouler or bandshaped geometry
and a gradually falling detecfor efficiency with decreasing neutrino

momentum,

4., Effect of the Finite Decay Path

In the following calculations the effect of the geometry
will bé”eveluated on the assumption that all pions decay at the
centre of the decay path, but it will first be demonstrated that the

error made by this approximation is small.

For a given pion momentum, p, the true neutrino event rate,

Rd,'for pion decays distributed over the Whole'decay path, s, " iss

+8/2 |
| /, ECER VS |
Ry = const | e « (0,0, (v))dy (6)
-5/2 .
This has to be compared With‘the approximate value one obtains if

one uses for deff its value deff(p,()o(o)) at the centre of the
decay path. '

-Rc = const (1 = e—s/ﬁp) Teff (P,@o(O)) e‘ - (7)

. q;i_ﬁpj@d) varies with the angle @O'over a certdain range ‘proportional
tp<3§ﬂ; For smell values of ®¢,'the exponent L is-one (linear.
erendeﬁce on tg(ﬁo) for 'band! geometry,and two - (quadratic dependence)
ffor circular geomet;‘y° With increasing values of’@de, u drops to zero.

:,GO is inversely proportional to the distance to the decay point.
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Introducing the power law behaviour in eq. (6) and (7), it is easy
to show, by series expansion, that the error introduced by the

approximative formula (7) is

Ry - R s (2| (koL

d c = & (. -1

Mol = b G () -G 8)
c

where L1 is the distance between detector and the centre of the

decay path. For the present version of the neutrino experiment for
which L1 = Hl -~ %? = %37.5 m and s = 25 m the error, for any momentum,
is smaller than 3.5% for any ‘'band' geometry and 10% for any circular
geometry. For the geometry of the actual experimental conditions,
and averaged over the momentum spectra of Fig. 2, the error is .much

smaller and completely negligible with respect to other uncertainties.

5. Detailed Calculations

With the diagrams of Fig. 3 and 5, it is easy to calculate
the expected event raté under standard conditions by eq. (1). For:

these calculations the integral was evaluated by Simpson's formula.

Contrary to what was the case in the preliminary calcul-
ations%) the contribution of the pion spectrum above 7 GeV/c haé been
approximately taken into account by assuming that5 the integrand'in

(1) decreases exponentially in the high momentum range., Similarly
the range below 1 GeV/o was btaken into account by assuming an integrand
5

increasing as p” in this range. The contributions from thesé extra-

polations are less than 10% of the total integral.

All data given in the follow1ng refer to the standard
condltlons dlcoussed prev1ously, 1.e. dally rate of elastic events of

'one klnd for 10 .interactions per burst, per ton of sensitive material.
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‘ Fig.'6}gi§ésafﬁé'éxpected counting rate without aperture
limitation or fringiﬁg:field as a function of production angle, using
the spectra of Fig. 2 as predicted by von Behr and Hagedorn4) -

For this case qif(pv) is identical with those of reference 2.

Iﬁ the same diagram“is showﬁ9 at dﬁ-angle ofvéo;nthe event
rate one obtains if the dotted spectrum of Fig. 1 is used instead of
the Hagedorn spectrum, As explained previously this spectrum corresponds
to an emission angle~ofr6o after the fringing field; and thus an ef-
fective production angle which for positive:particles.is somewhat: .
E Iargei"° It is seen, ‘in fact, that thefdireot;effebt of the fringing
field is”to'reduoeithe event rate by 14%, and that a production angle

of 8;30 without fringing field would give the same event rate. |

For practical purposes this value is nof S0 interesting' 
since it only takes into account the shift of the production angles
to larger values due to the fringing field, but not the focusing and
defocusing effects nor the aperture limitation ihtroducéd by the ifon
jokévand the coils which produce .the fringing field. These were taken
into account for the first time in Ref. 1 which gives a value of 0,045
for the neutrino event rate for one reaction‘per ton, day and 10l
interactions per burst. The present calculations differ from those in
reforence 1 in the following rcspects: | ’
i) .. the decay length isA25,ﬁ_instead of 20 m.

~"1i)  “the width of the illuminated band at the detector is.determined
L by the coil distance, 16'cm at a distance of 2.3 m from the
target instead of 15 . c¢m at 2.5 m, as in reference 1.
iii) The decay pafh is.divided:in two parts. bFor the firsf'ig6 m
p_befoxe the pions enter. the next magnet unit, the event rate
: Was-calculated_for_a production angle equallto the observation
angle, 6O,_and with no_apefture limitation or focusiﬁg effect
of the fringing field, whereas for the lasf.23.5 m the calcul-
ations were performed as inrderence 1l.For this part the focusing
and defocusing factors of the fringing field were the same as

those given in Table 1 of reference 1.
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The contributions to the neutrino event rate, again per
reaction, day; ton and‘idu'interactions per burst, is 0.010 for the
first.1.5 m. of the decay. path and 0,665 for the laet part, or a total
rate of 0.075. .The‘increase,withAreepect to.the previous value is

. mainly due to the longer decay path.

_ Fig. 7 gives the offect of a sllt or 01rcu1ar aperture close
to the turget expressed by the value_x,: tg(jo < 0, is the angle
under which the half width of the illuminated band or radius of il-
luminated circle at the detector is seen from the decay point. TFor
the calculations of these curves the.pion gpectrum of Fig.l for 5O

production angle has been used.

Fig° 8 gives, also for 5O‘produetion angle, the dependence

of the event rate on the minimum detectable neutrino momentum.

6. Possible Improvements

"BEven Wlth the less pessimistic assumptions of the present
report the estimated ncutrino event rate is smaller than the one

5) 4

calculated by Salmeron a factor»4 - 5, Most of thls factor 1s
due to the fact that the vertical enhancement of the frlnglnﬂ fleld
is destroyed almost completely by the divergence between neutrlno and

pion directions.

The calculated value is lower than the value one would get
if the fringing field or aperture limitation could be removed. Three
;effects namely the aperture limitation in fhe vertical direction set by
the coils of the follow1nv magnet, the horizontal defeeusihg'of the
f fr1ng1ng field, and the deflectlon of the plons towards smaller angles,
coupled Wlth the peaked angular dlstrlbutlon in the forward direction,

glve a reductlon of about 15% each to give a total reductlon of O 65

 (Flg .6).
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Various methods have been suggested to get around these
effects. A magnetic channel around the pion beam would remove the
effect of the fringing field, but the vertical aperture limitation
would still subsist, and the magnetib channel would also limit the
horizontal aperture. A practical design might give a circular aperture
with the size corresponding to tglao = 0.035, Fpr 50 production angle,
the expected event rate is 0.085 according to Fig.7, only very slightly
higher than without the channel. ' |

If the machine is modified to provide a long straight
section after the target, the pion bedm would go through a much weaker
fringing field, and it might be justifiable to neglect its effect.
However, the beam would still not clear the coils of the next magnet
secition compietely. The aperture of the coils will correspond to a
value X = tg @O of 0.035. With this value we find fOr.an infinite
slit from Fig. 7 an event rate of 0.,096. This value is certainly
pessimistic, since the coils soon cease to be an obstruction for pions
going off at large angles from the ftarget. An optimistic estimate '
is obtained if we assume that the slit extends only to the right,
while to the left of the central trajectory, there is no aperture
limitation at all. This probable optimistic assumption leads to an
expected event rate 0,120; which is the average between the‘value for
an infinite slit and for no aperture. This value is valid for a
production angle of 50, and at the actual angle of 609 a 5% lower
event rate is expected. The gain with respect to the present case

is therefore a factor 1.5.

A magnetic field may be used to sweep out particles produced
at 0° angle in an internal target to the direction of observation of
the present neutrino deteciors, 600..This methpd, proposed by Krienen
Seensteohnically feasible, since it has recently been demonstrated .that
 thg pulsed magnetic field does not disturb the circulating proton bean,

prbvided that it is compesnated by a field in the inverse direction.

PS/2735/k1
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The field may be so arranged that it provides horizontal focusing
over a certain range of angles to compensate to some extent for the
horizontal defocusing in the subsequent fringing field. Together
with the fringing field the kicker magnets will then form a doublet
of quadrupole fields which gives a net focusing effect in both

directions.

Maximum Obtainable Rate

For the long-term planning of the neutrino experiment at
the PS, it may be interesting to investigate the limits to the raté

which can -‘be obtained.

The very maximun Would.be obtained if it were possible, by
some very ingenious.focnsing system, to direct éll pions produced at
the target independent of momentum and productlon angle towards-a
p01nt at the detector. Slnce the system is anyway quite hypothetlcal,
we can also assume that the focu31ng doV1ce acts dlrectly at the
source ~and does not tuke away any decay path With the same decay
path, 25 m,and target to detector distance, Bi,m, as in the previous
caloulationég one obtains for a Hagedorn productlon spectrum 12 events
per day andebon under standard conditions for ldu interactions in
the twrget, |

This maximum obtainable rate can of ooufse never be obtained
in practice.- A more realistic case is that of a strong lens which
focuses piong in a certain momentum bandgpogto a point at the detector
whereas for other momenta. the focusing is not. complete. The simple
case of a thin lens covering an aperture of +10° has been studied.
The lens has been assumed to be so close to the target that it does

not decrease the available decay path.
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If we express the focusing power of the -thin lens as the
momentum value, Py for which the lens focuses the target on a point
in the detector plane, calculations show that the event rate increases
with P, from the values 16 with no focusing to a maximum of 1.5 - 2
events when the lens focuses pions of 4 - 6 GeV/c, an improvment by
a factor 10.

If the focusing action is achieved by a tangent1%1 magnetlo
field, as in van der Meexr' 35) magnetic horn, pions emitted at 10°

have to traverse an integrated field of 3 W/m, to be focused at 5 GeV/c;

The fact thet the optimum is quite flat indicates that t-
one can allow different portions of the lens having different focusing
power without substantially decreasing the effectiveness of the
arrangement. The !lens' may therefore have guite bad aberrations to
a point where it can no more be considered as animage giving device
at all,;such as #an der Meer's neubtrino horn. The hypothetical thin
lens considered in these paragraphs corresponds in fact qﬁite closely
to the van der Meer horn, which also gives an improvement in rate by
a factor 10, by concentratlng a 10° cone towards the detector. If
the lens action is achieved by a tangential magnetic field, an '
1ntegrmted field strength of 30 kgauss/m would be needed %o focus 5 Ge%é
particles cmitted at 10° and this is again the order of fields used (

in the neutrino horn.

The thin lens picture has been used in these paragraphs
mainly for its mathematical simplicity, and not because it would be
particularly suitable. In fact it is easy to see that a thick lens
with the same focusihg power will give focusing over a wider momentum

band than the equivalent thin lens.
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8. Conclusions

The event rate of 0.075 events per ton,and day, calculated
for the present version of the neutrino experiment, makes the use of
multiton detectors necessary to accumulate data at a reasonable rate.
An increase of about a factor 2 which would be obtained if the in-
fluence of the fringing field and aperture limitations of the coil
of the next magnet unit could be removed, would not substantially
change this situation. Further increase, by as much as an additional
factor 10, can only be obtained at the expense of large aperture,
higﬁ field, focusing devices, such as the van der Meer neutrino horn,

which require the extracted proton beam.

The conclusions are based on the prediction of statistical

theory with isotropic production in the centre of mass. Measurements

6)

is more peaked in the forward.direction, below 7o, then statistical.

by M. Fidecaro et al indicate a y ray angular distribution which
theory predicts. Some improvement in the event rate over the cal-
culated rate could be expected in unfocused geometries due to this
effect if it were possible to make full use of the pion beam produced
in the forward direction. On the ofher hand, in the case of large
aperture, focused geometries, with for example the neutrino horn,

the forward angular disgstribution has relatively little effect, since
most of the event rate is produced by particles produced at larger

angles.

Acknowledgements

The author acknowledges and is grateful for many fruitful
discussions with G. Bernardini, R.A. Salmeron, H. Bingham, M., Nicolic

and S. van der Meer.

PS/2735/k1



- 14 -

REFERENCES

l) G, von Dardel, CERN NP Internal Report 61-5.

2) F. Krienen, R.S. Salmeron, J. Steinberger, PS/Int.EA 60-10,
3) R.A. Salmeron (private communication). |
4) J. von Behr and R. Hagedorn, CERN 60-20 (1960).

5) S. van der Meer, CERN 61-7.

6) M, Fidecaro, G, Finocchiaro, G. Gatti, G. Giacomelli,
W.C. Middelkoop, T. Yamagata (not yet published).

PS/2735/k1



Fig.

Pig.

Fi‘gn

Fig.

Fig.

Fig.

PS/273%5/k1

1

- 15 =

FPigure Captions

Momentum spectra for positive pion production in 25 GeV

p-p collision, taken from Ref. 4, for several production
angles in the laboratory system (solid curves). The dotted,
curve is the production spectrum at the target for the

case of particles emerging at 6° after passging through

the fringing fiecld,

Cross-section for the inverse B decay as a function of

neutrino momentum (upper scale). Note the change in scale
between 1.2 and 1.4 GeV/c. The lower scale and the milli-
meter grating give the minimum pion energy, corresponding

to each neutrino momentum.

Effective crogss-section per pion for neutrino events.

The extrapolated pion trajectories illuminate uniformly a
circular area around the detector, with the radius subtending
an angle ®o’ as seen from fhe decay plane of the pions

as a function of pion momentum p, and X = tg()o.

Effective cross-sgection per pion for neutrino events.

The extrapolated pion trajectories illuminate uvniformly a
bandbshaped region around the detector which subtend an
angle 2 @O, ags seen from the decay plane of the pions

as a function of pion momentum p, and x = tg()o.

Relation between neutrino laboratory angle and neutrino

momentum with the pion momentum as parameter.

Calculated neutrino event rate under standard conditions

(see para., 2)° Solid curve gives the rate‘per ton, day

and reaction with ldﬂ'p—p interactions per burst as a
function of angle from the target with no aperture limitation
or distortion of trajectories by the fringing field. The tﬁo
points below the curve give for an angle of 6° the effect of
the deflecting action of the fringing field by itself (upper
point), and the combined effect of the deflection, focusing

and aperture limitation by the magnet coils (lower point).



Fig. 7
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Calculated neutrino event rate per ton, day and reaction
for ldllp-p interactions per burst at 5O production angle,
assuming no fringing field but with apertures in the pion
beaﬁ which limit the illuminated area around the detector
to a circle or a band subtending an angle 2@0 from the

decay plane.
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