UCRL-10948

! . University of California

~ Ernest O. Lawrence
Radiation Laboratory

- TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

: Tech. Info. Division, Ext. 5545
g _J

NEUTRINO FLUX ESTIMATE FOR‘
HIGH-ENERGY EXPERIMENTS

‘Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



:rRept submitted for pub. in the-

’
N
.-

L
.

~

| e i g s o e
e it . s

| )

w of Phys1cal Review

e

. UCRL-10948

|—‘ e e

A UNIVERSITY OF CALIFORNIA
" Lawrence Radiation Laboratory
Berkeley,. California

' Co'ntrac_t No. -W-7405 ~eng-48 :

NEUTRINO FLUX ESTIMATE FOR HIGH- ENERGY EXPERIMENTS
Joseph V Lepore and RobertJ R1dde11 Jr B

August 2, 1963




-iii - - ~ UCRL-10948

:f:.VEUTRINO FLUX ESTIMATE' FOR HIGH-ENERGY EXPERIMENTS
Joseph V. Lepore and Robert J. Riddell, Jr,
_ Lawrence Radiation Laboratory - ‘o
~University of California L
Berkeley, California

Auzust 2, 1963
ABSTRACT

‘By_use ofia formula given by Perkins for the distribution ofe
Asecondary particles producei in high-energy collisions, we calculate
the neutrino flux to be expected_if~a beam of high-energy protons |
impinges on a target. 'The resulting simple formula - for the flux is.“”
used - to estimate the flux of neutrinos that may be obtained from a
200-BeV AGS accelerator, operated at various beam energies. Because l'
iof the smaller amount of shielding and a greater pulse rate at lower:
' energies, it is seen that tlke energy of the neutrinos to be studied

Wil dominate the choice of operating energy.
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I. INTRODUCTION

From the time of the interpretation of beta-decay phenomena in
terms of the neutrino hypothesils, there has been strong interest in
using neutrino beams to induce nucléar ree:ctions° These reactions are
of interest not only to dramutically demonstrate the exlstence of the
neutrinol but élso to explore the host of other questionéz thgt havé
. arisen in the ensuing years as a result of the discovery of the general
area of thé weak Interactions. |

The feasibility of performing high-energy experiments using
b)

neutrinos, pointed out by Sclhivartz,” and the subsequent demonsﬁration
of the existence of two neutrinos,h has stimulated considerable interest
in assessing the performance 6f various particle accelerators in providing
nautrino beams adequate fdr the expioration of the multitude of other
vital questions concerning tiae weak interactionso5
This note is concern=d with an estimate of the neutrino flux
from the decays of pions and kaons produced by proton bombardment of
an external target. Our eétiméte is based on a formula for the

production of high-energy mesons suggested by D. H. Perkinsq6 By

"using this formula, a simple formule is deduced in Sec. II for the



. various energles using & high-energy accelerator, an@win‘sec.'III the |

vﬂ”QLS . The shielding length must be chosen large enough to remove all

'iflfOnce S is chosen,the maximum beam intensity at D. for highaenergy‘;
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neutrino flux. This formula can easily be applied t@jexperiments at

- formula has been used to obtain numerical estimates ggfthe)neutrino tf::»

‘fluxes expected from & 200-~3eV AGS accelerator operated at various =
- proton-beam energiles. , , T

II. NEUTRINO FLUX . /

The assumed experimental arrangement is shown in Fig.1l: neutrinoslfﬁin:f"

‘would be produced by using an external proton beam to bombard the target,
S » yielding pions and kaons. These subsequently decay into muons and:fffiffnfld"

f?.neutfinos as they proceed along the flight path, L . Muons and othefid?,

1i; unwanted background are removed f*om the beam in shielding of length

u.high-energy muons, and is determlned by the energy of the proton beam,ﬁiff-ii!”“

'being approximately proﬁortional to the energy. The pure neutrino beam;?

‘leio then used to study the dnsired reactions in the detector D .

v}neutrinos is obtained by choosing L =8, as is easily seen from the i

:dsubsequent analysis.

The number of mesona produced in the solid angle dﬂM -and in
;f; the energy region dEM per proton collision 1n)the target may be writtenfo_'gi;;

L ,aS'_-%_[
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Of these particles, a Zraction will decay in the region between the
target and the shield to produce hlgh-energy neutriabs at the detector.
We treat this decay process using the ldealization pf the geometry of
Fig. 1 as shown in Fig. 2. The meson is produced at the point T and
then proceeds a distance r %before emitting a neutnino at angle e
‘relative to its line of flight. The-neutrino then passes through point
D after travelling & distance R . Thus the‘numbe; of neutrinos
produced per unit energy by meson decay between r and r + dr is
4N,
QM dﬁM dQM

dQM e-r/h .%g ,‘ - ' | (2)

where the mean path length N 1s given by
A = . | (3)

Here, 7 1s the time dilation factor, v is the meson velocity, and

1. 1is the proper lifetime. For the cases of interest; namely, high

0
energy neutrino production; QM is very small, and for L *_S - the
exponential in Eq. (2) is found to be close to one so that only a

" small fraction of the mesous produce useful decays. (By increasing
L , this fraction would be increased, but the solid angle of the
>detectof as seen'aﬁ the target wouldAbe reducéd to producé an over-

all reductlon ) In the rest system of the decaying partlcle, the

spectrum of neutrinos per aecaying particle is
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I'(p', ') = —
b (p°,)

where I' 1is the number of neutrinos produced per un;t volume in
,;
‘momentum space, & is the Dirac delta function, v,is the direction -

L

" of the neutrino in the rest frame, _p'*y is the.neutr%ho energy; and

3 pov ié,the'single'value of ‘pfv  alloWed in7the_restfsystem;T’ we have

where M is the mass of the decaying particle and . u 1s the mass of :?
:'the muon. For pion decay this value is 30 6 MeV, while for kaon decay‘ |
it is 236 MeV. o |

The decay opectrum 1n the laboratory system may be found by

"”imaking a Lorentz transformation._ If the intensity 1“ the 1aboratory

~is denoted by I then -

- i;L;: I'Jf]; L .?_v o _.‘ 55, };> , g _.:_’(§);;,i L

- where J is the Jacobian of'thevtransformation.-;Ooe;readily findse'

Jj=.'7(1j7v¢os ‘. - - .(7):’:2..

§ fThe resultlng neutrino flux) at - D 1s found by taking the product of

; :iY_fTEqs-“(2), (h), (6), and (7) dividing by a factor of R? ; and carrying  faa7o A

out integrations over the mvson distribution and flight patho One findsrfﬂfﬁi_ciff
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(8)
where d?Nv/dA dpv is the aumber of neutrinoé per u%it area at the
detector pér unit neutrino energy, per nucleon inter;ction in the target.

The integrals in Eq. (8) havelbeen evaluated using the afore-
mentioned formulavsuggested'by Perkins for the production of secondary
pérticles in high-energy nucleon-nﬁcleon collisions. This formula is
in reasonable agreement with.available very-high-energy dgta obtained
from cosmic-ray experiments and with the 30-BeV results from accelerators.
Perkins' formula is probably accurate in the fofward direction to within
a factor of 2 for pion production above 10 BeV and for kaon production .
at. somewhat higher energies. As will be shown, oniy forward mesons
are of importgnce for high-energy neutrino production so this expression
 is only important in Eq. (8) where it is expected to be the most trust-
“worthy. Perkins' expression for the number of pions of energy EM
and mo&entum Py produced at engle 8 iq g nucleon-nucleon cqllision

M
per unit energy per steradian is

deNmi n 3&2 o ; _ '
= 5 [cos eMl-exp[~mM/T] exp[—gM sianM/gL 1, (9)

dBy A8y oxTp
| .

0.313 ‘305'/}. ; o= _.1.,28 E, /; » P, =0.2BeV and Ey

where T vis the
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: 1aboratory energy of the 1ncident’proton in BeV. The* pion multiplicity

is n . This formula is also approximately valid for 'kaons if the

. multiplicity is reduced by a factor of 10, Upon combining Eqs. (8)

" and (9) onevfinds for the neutrino flux

C L . : . Kt

: deNv o | o0 expl -xL/A cos 6] SRS
T ap. - 2 Y . 9By 5N — By

v 2xTop

1 R, 0 0 I . lfj%

. T 01 (1w ey T
8[7pv(l - Vv cos GV) - Prv] 7(1T'V cos 9v)élvgglmﬁ

———D, s
bt p°v2 S R "?.I S

 ;;(#0)%3,

X emln/s) el ein g5 )

Wmmmumr%mmmmmawmmmwmmm
| >-.(D 2 s) ) | R FEE

end . )
e 'r?i+‘R2 + 2r R cos ev v;

B )
]

v Q£whichi1eads‘immediatély”to

' d(coslen)':' o d(cos ev) C ~'._f7'f‘v S *  :iﬁ?f;> Vt';

'l

fﬂUs1ng Eq (12) to conveniently handle the delta function in Eq. (10)

. ",

‘fufone dbtains'-'VV*‘f'
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d“ N n M2 L - ?i;

= a
dA dp, g T ?Le D° pcv o 5 "

Kﬁ_\8

1 !
< j’ dx exp(—xL/xrcog 8, eXp[-EM/T] exp[--)_JM?':’sinhSOM/p_L ]
0

[1- (B/0°) sin® eov 2 %

. (13)

o

In this expression, ° is given by

P
cos Go = L 1~ Y

v = s . (1k)
7P, .

o
N

ev A - ’—'2" ) ’ . - : ) (15)

Similarly, 6%, 1is obtained by noting that

. . J
x L sin 6, = Dcos @ sin(Qv - eM) . (16)

Since for high-energy neutrinos Py > ?L » only smail values of BM
will contribute to the flux and aM P Qv- may be treated as small.

Then“ GOM is approximately given by

o %Ly a0 o o , | .
o ~ - B _ | (17)
" We may also note that for high~energy neutrinos;, the lowef 1imit on
the integral over the pion-énergy distribution, E , is td»the same

degree of: approximation
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This follows from setting Go =0 in Eq. (15). In ?;?r'der to further

’ ‘mmplify the evaluation of qu. (13) advantage may be &aken of the fact

.(

o that very few pions decay in the region 'between the target and shleld;™
R | . ,
vi..e-y o " _ ‘.‘l .‘

x L
}".

. ‘The neutrino.flux is therefore
2 . ' 2 .

N nM°L | Jf J( = Cer/ j :
. . ax -E /T]
.d'Ade vlmsz ? El dFM expEM

N 7o 0

% expl - °

By xL,
L(l"ﬁ-» v

* The integral over x may now be carried out to give

-V

fi»Ad.p?v~ .hnTpJ_-DvaQl E, Py 9,

exp[-EM/T] L

”lé?

o

% expl-- % .eov] - expl- ;MI.GOV ]>.  . o .' (21) B

L To "P??GeeQ further, _i is convenient to introduce the va.riable

| r, ‘. ‘ N
E = béd_ v e _ (18)

10



; - UCRL=10948
- =9- ' E{
In addition we make the approximation PM EM for ?he energies of

interest, so that Eq. (21) becomes

d2 Nv ' n M? ( ) /
' = exp[-E 7]
dA dp
v. bx T ?L M p° v
(oo} 3 0 %
. P gf2 p° y M T2 i /2P, MT\?
X fdy_e exP["'ﬁ 5 »)--y] -exp_-[- -_— yJ .
0 Py P p, P
| (23
As has been remarked earlier in this note the ‘maximum flux of high energy'
' 11 | |

neutrinos is obtained whén S =L .”" If this relstion is now used, it

is convenient to introduce the variable

oL .
o \?. 1
MTp, M T '\
B = "—"-“——'2 = é—P_’ E" $ (2)4’)
2PL P, N 1
in terms of which Eq. (23) becomes
2 -E. /T L o ‘
N, nMe . E) ° [ -y 2By
dA dp - L o . "f dy e e (25)
v T P v 'ro L _ o »
The integral may be represented in terms of the error function ’
Cerfla) = 2= j_,e-y a . - (26)

o

'The result is
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uan-;ogua.

- (27) v;.é

. Where

o)

pg) = Vi P /”'[1 - erf( g-)] - P [1 - erf(B%} . (28)

It 1s worth poting that for small,6 B , the gédmetry of the decay
is essentially fixed by .ev ; while for large P the angular distribution
" of the mesons is dominant. From the Perkins' formula one sees that
o (29)
ep p _
o LV —m
Tf; On the other hand, from the relation between the neutrino energy and
" the decay angle, we find for small decay angles -
| 2 g 2 : : R S
. D _ A o
o 1 v Vv - I _ S
By _N 0 L+3 o2 * S : _SBO)' 0
v _ P, P, : . L

. The angular distribution of the neutrinos is thus dominated by the
| ;:distribptiOh'ih meson energies. Thus we sée.that"-”‘ N |
A3 oFEe, o e (31)

I
@
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and the ratio. of these two bounds, evm/eMm = 28 .0

In the limit B << 1 (high-energy neutrinos), the neutrino

distribution is particulerly simple: !
FCRY n e exp(nEA/T)
W " 3 = (2).
v 16x P, T L P |

In this limit, we need only the forward productioﬁ of mesons from the

Perkins'® formula, and here it is belleved to be the most accurate.

ITII. THE PERFORMANNCE OF A 200-BeV ACCELERATOR

To illustrate the results obtained from Eq. (27), the neutrino
Tlux has been estimated for a 200-BeV AGS accelerator. We assume that

when operated at energy E, 1t will produce a ‘current of

0

coo
(EX

(1.0 x 1013) ) protons/sec. . (33)
O

13

'_The figure of 1.0 x 10 protons/sec_represents 8 scaling derived on
: reaéonable assumptions from the expected performance of the CERN-BNL
accelerators.12 To.use the factor 200/Eo we assumelﬁhat thg machihe
can be operated at a higher pulse rate and correspondingly larger
‘average current when operated at less than full’energy. Thuslwe obtain
a neutrino flux (per :m? ‘BeV sec at the>detector) of |
) ’ AL )
a® %, 1.0x10” nMg (El>i B, /T b} S \
dp, A at “ 61 2° \T/) ¢ 5) .(3)'

To PL L EO
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B A factor of one-third has be=n inserted to represent target efficiency.

" In addition to this, the factor G represents the frqption of the total

- particles produced that lead to neutrinos, For pions;this is two thirdsd :

For kaons we used a factor of 10% as the relation between kaon and pion
- production for Perkins' formula, a factor of 1/2 for t;he ratio of

charged-meson production to the total, and finally a factor of 65% for

~the X branching ratio. Finally, in the calculatipns we have assumed '

pe
a shielding length of 1 meter per BeV- operating energy.

" Curves of the neutrino flux from pion decay have been plotted

0
neutrino flux from kaon decay sre presented in Fig. 4 . It is of

in Fig. 3 for various operating energies, E. . Similar:curves for the -

‘interest to note that all'of the neutrinos so far considered are of
“the u type. To obtain electron-mssociated neutrinos of high energy,
d'-.one muet eiﬁher‘depend on subsequent i decays or on such'deceys as

the Vv .-
N

IV. CONCLUSION

The curves of neutrino fluxes, Figs. 3 and U4, lead us to the »;,‘:

: following caclusions:

| (a) Tne maximum neutrino flux obtainable from an accelerator capaole
of very high energy is a strongly varying function of the energy at :
+ which the machine is operated° For example, if one wishes to study

-neutrino reactions in the regiOn below 2 BeV} an operating energy of

’ a .

3'; In either case, ‘the Ve intensity will be very small compared to
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v

10 BeV 1is strongly favored cver higher energies such %g 30 or 100 BeV,

=

Ve

This effect is principally a result of a reduction inpulse rate and the
b

{

edditional shield length required at higher energiea.?(The precise

3,

- optimum operating energy will depend on the detalls o% the,pion-productioﬁ

spectrum. Since the Perkins' formula is only expectea;to be valid for

4

_ 5
very high energies, the detailed results are not entirely trustworthy.
' . }

_ , . i
Nevertheless, qualitatively, the situation should be as given by the

curves. )

(b) Operation at higher energi\e‘é wili only be indicéted if higher
energy neutrino interactiones are of interest. It is of éourse clear
that high energy neutrinos can only be prodﬁced by a higﬁ.energy accel-
erator. .

(e) Néutrino production by kaon decayé is not of great significance
for most of the energy range; however, for an accelerator of limited
energy capablility it might te of importance in achiéving maximum energy

neutrinos.
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.. constant in energy in the .Laboratory system and for the deca.y of L

. one particle is given by
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As is well known, the neutrino spectrum from a two-bod.y decay is

dn 1
—-! = ®
, ép v 27V’pov

' The spectrum jextends ‘over the range

1
l-v.
rv(l+v )

< p, < P
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These follow immediately from Egs. (&), (6), and?(?).

The term "flux" is used in a slightly unconventi?nal sense since
it does not mean the current perpendicular to the target; however,
the individual angular qontributions corresponq ?o the flux in
that particular direction. The total 1htegral 1% thus directly
related to the total rate of events in the detectﬁr from all
angles. _ /
For example, for 1l-BeV neutrinos ﬁroduced from secondary pions fromr
e primary beam of 10-BeV protong, the shield length must be of the
order of 10 m. Since we have \Pv < 27'pov ,.then we obtain

y > 16 and A > 120 meters. Thus we have L/A << 1 . A higher'
operating energy would require a longer shield length and hence a
greater L , but AN Dbecomes larger a8lso.

This is readily seen from Eq. (23). For ﬁighk P, » ‘the exponentials

may be expanded and the dependence of the flux on L Dbecomes

2
o
dA dp, (L + S)2

The flux - is thus maximized by choosing L =8 ..

David L. Judd and Lloyd Smith; private communication. -
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FIGURE CAPTIONS

b

The experimental arrangement. _ #

-Neutrino flux from pion decay at various o%:rating'energies.

b, Neutrino flux from kaon decayfat-various op%rating‘energies; .
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