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NEUTRINOC FLUX CALCULATIONS

Summary :
A description is given of the method used for calculating the neutrino

flux at the detectors, teking into account the focusing provided by the neutrino

horn. Results of the computations for various experimental conditions are presented.

1. Method of calculating neutrino flux

l.1 General procedure

Secondaries coming from the target inside the horn are traced through
the horn. This is done for particles of different momentum, from different parts
of the target, and with different emission angles. The absorption probability in
target and horn material is computed for each particle, as well as its angle with
the axis after the horn. These figures are then combined with the (given) production
spectrum and with the probability of production for each part of the target. The
result are the angular spectra of secondaries after the horn, for different

momentum values.

In order to compute the neutrino flux at the detector, the decay path
is now divided into several sections, and the probability of decay for each section
is determined. This is then combined with the anguler spectrum mentioned above.

For different angles the prqbability that the neutrino hits the detector is
computed. This is done for different regions of the detector cross section (at
different distances from the axis). The neutrino momentum is also computed at

this stage, since it is a function}of‘decay angle. The whole procedure is repeated
for each section of the decay path, and for different momentum values. Finally the
- neutrino spectrum at the detector, averaged over a certain cross section, is

obtained.
The limited width of the decay path is teken into account.

PS/3805




Ps/3805

1.2 Approximations used : LT N

a) Production spectrum

For the results presented in this report, the pion spectrum according
to the formulae proposed by G. von Dardel (1) was used. These

formulae are :

82N - p( 0.25 + 259 2)
—= =0.2P e
Spdw ) : e
for p« 3 GeV/c
Gk %P kD)
6p5w T pOTZ(PO - 2 T) . (o] -
' for p 3 GeV/c
with » Po = primary_momentum
p, = 0.0445 GeV/c

T =0.9+0.034 P_
k= 0.13 + 0.013 P

(all momenta in GeV/c, angles in red) -

This spectrum is inbgoqd agreement with measurements at CERN (2) and

Brookhaven (3) on targets of light material (Be, Al). In the horn

“a heavy material (Ir) target will have to be used; the production

spectrum might therefore: be somewhat different.

The spectrum refers to one polarity only. It is supposed to be the

same for positive and negative pions.

The K - spectra were'computed from the n - spectfa, using fhe'K/n
~ ratios as shpwn_ih fig; 1. These are mainly based'upon data from
ref, (3). Some diédrepanéy exists befween different measurements of

‘v this ratio, and they should probdbly-nof‘be trusted too much.

For the final evaluation of the neutrino experiments, the latest
production spectra will have to be used. The results given in this

répdrt should therefore be considered as pfeliminary.
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b)

c)

o)

Absorption in target

The target will be a cylindef with a diameter of 4 mm and a length of
200 mm. This corresponds to about 2.4 interaction lengths. It was

established that this is an optimum value.

The secondaries leave the target mostly through the cylindrical
surface, but partly through the end. For each particle considered in
the calculation, the average path in the target is determined. The
chance that it will interact, and therefore be lost, is taken into

account.

Some low energy particles originating in the first part of the target,
will be deflected so strongly by the horn, that they will cross the
target a second time. The extra absorption caused in this way is also

token into account.

Multiple interactions

It is possible that an apprecisble fraction of the protons that have
interacted will still have sufficient energy left to contribute to
the secondary flux by interacting again. This extra contribution was

not taken into account.

Tertiary particles

These:pafticles, produced when secondaries interact in the target or

" horn materisl, were neglected.

Scattering of protons in target

It is thought that most of the protons will hit the target inside a
diometer of 3 mm. The target is 4 mm wide (but its width might be
increased to a maximum of 5.5 mm if it were negessary)._The angular
spread of the proton beam will cause a:divergence:inside tbé target
of a few tenth of a mm only. By multiple scattering and diffraction
scattering the beam might be blown up somewhat more, and before the
end of the target a small percentage of the protons might leave it

sideways. However, few of the protons will ever reach the end of the
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target without interacting, since the 1nteractlon length (for absorption

only) is about 8.3 cm, in iridium. Therefore, thls effect has been

‘f‘neglected. of course, much depends upon fhe spot size that will actually

be aehleveac

- Off-centre particles

- In the calculation it is assumed that all secondaries are produced

on the axis of the target; Particles produced off-centre will on the

b aﬁerage traverse less target material before leeving the target

g)

h)

(see fig. 2). The effect is small, however, and therefore neglected.

The frajectories through the horn will alsé be somewhat different for

" particles that are rot saplanar with the axis. This effect was checked

and found to be small. Tt was neglected.

Dependence on location in target where particle is produced. The

target is 200 mm long. For the flux colculations it.is divided ‘into

-5 parts, each of which is treated separately, as if the secondaries
. -originated in.itevcentre. An average is then computed, applying proper

- weighting factors. to the 5 parts of the target.

Thickness of immer conductor

The current in the inner conductor of the hornﬁwill“flow,mainlj’in a
layer with a thickness of about 1.5 mm_(skinieffept). In the
calculation it is supposed that the layer is infinitely thin and

gituated in the "centre of gravity" of the real current dlstrlbutlon.

The probability of absorpt1on of the secondarles, as they cross the

“inmer conductor, iS'COmputed’as"if'the’mass of the cohductor were

‘concentrated in this thin layer. This is not quité dorréct, since the

dctual trajectoriés are bent inside the conductor, and will therefore

troverse more naterial when enterlng from the inside, and less when

‘ enterlng from the outside.
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3)

k)

.::O) .

Absorptlon 1n flanges and bolts conneotlng the two parts of the inner

conductor together, is neglected.

Production angles above l9.»are neglected.

The cross section of  the decey“tunnel is supposed to be circular.

This will cause a reldtively small error, only at low neutrino momentum ,

since the shielding around the decay tumnel does not reduce the flux

- much.

Egectlon efflclency

It is supposed that 90 o/o of the protons c1rculat1ng in the P3 Wlll
hit the target. All fluxes are glven per circulating proton.

Scattering

Multiple scattering of secondaries in the material of the horn is

neglected. On the average, the partlcles will traverse ‘about one

:radlatlon length in aluminium before leav1ng. This’ w111 cause & Y.m.Se
"scatterlng angle of about 0. 02/p, 1f p is expressed in GeV/c The
"pmobablllty of hlttlng ﬁhe detector is 1nversely proportlonal with N
:'(1 \9 2) , if o is the decay angle. By substituting thé "

' scatterlng angle for {9 , 1t can be seen that 1ndependently ‘of

momentum, the probab111ty is hardly 1nfluenced

The probability of dlffractlon scatterlng is rather small. It was

therefore neglected, even though‘somewhat 1arger angles aré involved.

Decay of partlcles 1n51de the horn is negleoted. The decay path is

supposed to begin 2 m downstream from the target.

-Quantisation:of-angles and momenta

“Fi"¥he type of mmerical computation used, it is obviously impossible

%o ‘Sonsider’ & continuum of “emission angles and particle moménta.
Therefore, discrete values are taken. This involves epproiiﬁations."
Also, the intermediate angular spectra and the final neutrino momentum
spectra are stored in tables with finite intervals. These intervals

are as follows ¢




For pion (or kaon) momentum : 0.5 GéV/C“(fromVO;Bsup to 12 GeV/c)
For emission angles : 0.250
For angular distribution after homm :__0.125O

For neutrino momentum : 0.2 GeV/c

The influenéé of these finite intervals Will be greatesf_at the low

energy end of the neutrino spectrum.

The precision of the finel results is mainly limited by approximation
(a) (productlon spectrum) However, even though the other approx1mat10ns will give
rise to smaller individual errors, their great number mlght still cause an

addltlonal uncertainty of 20 - %0 o/o.

2. Results of computations

241 . General -

The results giVen ﬁere differ_from earlier ones (4) mainly because the
deéign‘éf'the'horﬁ was improved seversl times. It is now made so as to give optimum
focusing for 6 GeV/c partiéies. This isia compromise between thg‘desirability of a
strong contribution from high energy neutrinos on the one hand, and from the low
energy ones on the other. It woﬁld be possible to improve the high-energy tail of
the spectfﬁm still more ; the total counting rate might, however, go down in this

case, since most neutrinoé are low-energy ones.

The présént shape of'the horn is shown in fig. 21..

All results shown refer to the flux in the bubble Qhamber. In the spark
chamber about 25’o/b less is expected, because of itsigreatef distaﬁCe from the
horn (see par. 2.7 for more details). |

Tables of neutrino flux as a function of neutrino momentum and radial
position in the detector are available on IBM cards, for various PS energies,

horn currents, partlcle types, etc, These can be used for evaluatlon of the

experlmental results.
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2.2 Focusing properties of horn

Flg. 3 ghows how the angle of the secondary partlcles w1th the horn axis
after the horn behaves as a functlon of partlcle nomentun and angle at the target
(emission angle). This plot is valid for only one of the 5 target parts mentioned
above, and should therefore be considéred as an illustration of -the general behaviour

of the horn rather than as a complete definition of its properties.

The complicated shape of the curves is due to thé shape of the inner
conductor (w1th discontinuities in slope ; see fig. 4 4) and to the fact that the
partlcles may emerge either through one of the conical parts of the inner conductor,
through the end plate, or even through the outer conductor. Moreover, at lower
momenta & particle may enter and leave the field between inner and outer conductor
- two times. In fig. 4 these different"modes" are numbered and in flg 5, which shows
the same curves as fig. 3, the areas corresponding to each of these modes are indicated

with the same numbers.

It will be seen that the best focusing action corresponds to regions IV
and V. Most of the secondaries are emltted in these regions, except at 1ower momenta

‘ where 1n any case the requlrements on the precision of focusing are less exactlng.

Fig. 6 shows the same plot for the partlcles of the opposite 31gn,.whlch
are defocused. The discontinuities in the curves are caused by the discontinuities

in the shape of the outer conductor.

Figs 7 - 11 show the expecfed intensity as a function of angle with the
axis for the focused pions, fig. 12 for the defocused ones. These diagrams refer to
operation with a horn current of 300 kA, and give the flux per circulating proton
of 24.8 GeV/c. The irregularities in the curves are caused by the focusing

characteristics of the horn and correspond with the discontinuities in fig. 3 and 6.

2.3 Neutrino flux as a function of horn current

Fig. 1% shows the neutrino flux in the bubble chamber for different

currents in the horn. The meximum current is. 300 kA.

The polarity of the current is such that positive particles are focused.
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section with radius 0.4 m.

The flux is shown for neutrlnos both from. n+ and from K ; backgrougd‘

from . and K 1s also 1ndlcated.

.The curve marked " ideal focusing" refers to the flux that would be
obtained if by some device all pions could be made parallel to the axis. For
calculatlng thls curve, the same target efficiency was assumed as with the actual
set—up ; it was supposed that thu ‘hypothetical ideal focusing device would not

gbsorb any particles. Again, the flux was averaged over the some detector area.

Fig. 14 shows the same for the case that negative particles are focused.
The curves for neutrinos from pions are the seme =s those of fig. 13+

All curves are for a primery momentum of 24.8 GeV/c (i:e. 3 sec. repefition
" period). | -

By combining these curves with the cross_sgction for elastic neutrino
interactions (5) , it is found that the optimum current for these interactions

" is somewhere near 200 kA. The optlmum ig flat.

0f course, for studylng intermediate boson production, full current should

be used.

2.4 Dependence on machine energy

The neutrino flux was also calculated for a primary momentum ‘of 28.4 GeV/c
and, 21.9 GeV/c._These valuss correspond to a 5 sec and 2 sec repetition period,
respectively. In fig. 15 the results for three primary momenta are compared,rfor"

a horn current of 300 kA ahd positive particles.

The relative intensities depend, of course, on the assumptions about the
production spectrum, i.e. on the ''von Dardel" interpolatiQn formulae megtioned in

R

par. 1.2.

2.5 Dependence on detector radius

v Pig. 16 shows how the neutrino-flux in the'bubble'chémbef"ﬁhéhées as a
function of the distance to the axis. The effect of this distance would be exp§0t9§

to be meximum for high-energy neutrinos, because their decay angles are smallest.
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vThe cross-over of the curves at the far hlgh—energy end of the' spectrum is caused
by the fact that in that region most of the plons and kaons are somewhat ‘under-
focused, as may be seen from fig. 3. Most of the secondaries of more “thar T~ GeV/c
are still slightly divergent affer the horn and cause therefore &, relatlvely low
neutrino flux invthe exact - centre of the detector.

s

At low momenta, the focusing is less precise, and décay angles are-ldrge ;

therefore the detectors will be homogeneously illuminated with neutrinos.

In fig. 17 the average flux in a 01rcular detector area is shown as a

function of its radius.

LT
R

All curves of fig. 16 and 17 refer to 300 kA, 24.8 GeV/c operation.

2.6 Dependenoe on length of decay tunnel

In fig. 18 is shown how the neutrino flux varies if the length of the
decay tunnel (Ll in fig. 19) would be varied, keeping the length of the shielding
(L2) constant. The horizontal scale gives the relative change with respect to the
present situation ; in the same way the vertical scale gives the relative increase
in intensity that would be obtained in this way. The different curves refer to

different intervals of neutrino momentum.
It seems that the present length is near optimum, especially for K-neutrinos.

A1l curves were calculated for a primary momentum of 24.8 GeV/c, a horn
current of 300 kA, and refer to the average flux over a detector section with

radius 0.4 m.

2.7 Dependence on lensth of shleldlng .

A disgram similar to the preceding one is given in fig. 20 for variations
of the distance from the beginning of the shielding to the centre of the detector
(L in fig. 19). L is supposed to be constant. The "normal" position of the
detector, con31dered here (corresponding to zero on the horizontal scale), is the

centre of the bubble chamber, as it is located at present.

All curves refer to the same conditions (primary momentum, etc) as those

of par. 2.6.
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For the centre of the first part of the spark chambers, L2 is about425vo/o
greater than for the bubble chamber ; the relative neutrino intensity can therefore

be found to be about 25 o/o less from fig. 20.

Oﬁviously, large gdins could be realised by decreasing L2. However, it
must be remembered that the distance from the downstream end of the screening to the
“centre of the detector is included in L2. Therefore, even if somehow the thickmess
of the shield could be decreased to e.g: 5 m, with the present experimental set-up
the gain would oniy be about a factor 3 for the bubble chamber, and a factor 2.5
for the spark chamber (for m -~ neutrinos of 1 - 2 GeV/c and K -_neﬁtrinos of

2 -6 GeV/c).

S. van der Meer

K.M. Vahlbruch

/fv

Distribution : (open)

N.P.A. Scientific staff
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