Lawrence Berkeley National Laboratory
Recent Work

Title
NEUTRINO BEAMS FROM A HIGH INTENSITY 200 GeV PROTON SYNCHROTRON

Permalink
https://escholarship.org/uc/item/07k2k8ar

Authors

Peterson, V.Z.
Keefe, D.

Publication Date
1965-02-12

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/07k2k8qr
https://escholarship.org
http://www.cdlib.org/

UCRL-11983 -

University of California

Ernest O. Lawrence
Radiation Laboratory

4 )
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
\— J

NEUTRINO BEAMS FROM A
HIGH INTENSITY 200 GEV PROTON SYNCHROTRON

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 neccssarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



' ‘UCRL-11983

Bl
Ty, o
b

University of California
N Lawrence Radiation Laboratory
Berkeley, California

NEUTRINO BEAMS FROM A .
HIGH INTENSITY 200 GEV PROTON SYNCHROTRON

V. Z. Peterson and D. Keefe

Q 7 . . . f"f‘Febrglary 12’ 1965 o '

B See - . R -

4Péper presented at the CERN Informsal Neutrino Conference,
- January 1965 at Geneva, Switzerland -



O

UCRL-11983

NEUTRINO BEAMS FROM A
L
HIGH INTENSITY 200 GEV PROTON SYNCHROTRON

V. Z. Peterson** and D. Keefe

In connection with the 200 GeV accelerator LRL Study Group's investi—
gations of experiments possible with a high intensity 200 GeV proton
synchrotron, we have investigated(l’ )means of producing a2 "monochromatic”
beam of high energy neutrinos (antineutrinos) We hope to use conventional
focusing devices and bending magnets. This paper will pr;sent some "sample"
beams to illustrate how far one can go with straightforward application of
charge separation and momentum analysis of high energy pign and kaon besams
if sufficient intensity of high energy protons and adequa%e space are '
available. : _ - L - |

Several well-known features of neutrino production by ultre~high energyf
protons are worth mentioning. First of all, if we believe the Cocconi-
Koester—Perkins description(3) of meson production, the secondary pioné and
kaons are produced at such small angles‘at 200 GeV that unconventional
broadband focusing devices for high energy parent mesons seem to be un-—
necessary. The root-mean—square production angle for both.pions and kaons'
of momentum P (GeV/c) 1s 6__ = 540/P milliredians, or 27 mr. for 20 GeV/c
mesons. Secondly, the higher proton energy provides a large increase in
the number of neutrinos even below 10 GeV. A 200 GeV proton-can generate

as many neutrinos above 24 GeV as a 25 GeV proton can generate above 2 GeV;

" the higher energy proton also produces 5 times as many 3 Gev neutrinos, 16

times as many 5 GeV neutrinos and 600 times as many lO_GeV neutrinos. 1In

addition, the 200 GeV machine is designed to have a high intensity, viz,

3 x lO13 protons/pulse. We have calculatéd that if a scaled-up CERN-type
= S type geometry were used at 200 GeV, the elastie neutrino events

observed. would exceed 1 event/pulse.

-
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In our event rate estimates we have assumed a.1007m3 liquid hydrogen-
deuterium bubble~chamber as the detector. Liquid hydrogen—deuterium offers
definite advantages in interpretation of events. The dimensions (6.0 meter
diaheter)-are derived primarily from the desired measurement accuracy. The
detector cost is probably not out of keeping with the cost of the accelerator.

In future experiments it is assumed that better definition of neutrino

energy will be importent, as is knowledge of whether the primary is a neutrino

or anti-neutrino. We have sought to achieve this by applying the following
steps in produclng a beam°
(a) Charge separation of pions, kaons, etc., by placing the proton
target in a long bending magnet;
(v) Momentum analysis (about 10 percent full width) by suitable
' apertures placed outside of the bending magnet;Athe mean momentum may
be changed by tuning the main magnet, keeping Ap/p constant; = {)
“ (c) Unwanted higher energy particles are stopped close to the '
target to minimize the muon background; -
(d) Conventional quadrupole focusing lenses are used to focus and
transport the meson beam over distances comparable with the aecay length;
" (e) The meson channel is designed with the view of preating a
"pencil" beam aimed at the center of the detector.
A schematic layout of such a beam is shown in Figure 1. A beam of 200 GeV
protons strikes a target at the entrance of a T meter long, 25 kilogauss
bending magnet. Meéons of 20 GeV/c mean momentum are bent 0.29 radians and

drift another 7 meters before entering a 12" aperture lens in a heavy shield

- wall. High energy protons and mesons are stopped by shielding placed close

to the bending magnet. The mean decay lengths for 20 GeV/c'kaons and pions

- are 150 meters and 1100 meters, respectively. Within 150 meters the mesons

are bent again parallel to the original proton beam; this serves to cancel
chromatic effects due to the first bending and also provides an enriched

"K-neutrino'" beam passing through the shielding §, into the smaller of two

bubble—chamber detectors, D.. The remaining beam (mainly pions) is then

1
transported over a long distance (or the order of 1000 meters). Pion decays

produce & "pi-neutrino" beem passing through shielding S, into a large

bubble—~chamber detector Dz. The residual charged particles-(mainly protons

and muons) in the focused beam are \then deflected Jjust before Sz. A



- energies greater than 1 GeV, assuming a cross section of 1

relatively pure muon beam can be created by absorbing the pions and protons,
.and can be used in another experiment.

The disadvantages of such an arrangement are the large number of lenses
required, the considerable space involved in the experiméntal area, and the
precise alignment of elements required. However, these requirements are
comparable with the dimensions and tolerances of the accelerator. A major
advantage seems to be that it is possible to obtain either a well—defined
neutrino energy, or & high neutrino intensity integrated over the total
spectrum, by relatively simple changes in gecmetry. The layout also lends
itself to multipleﬂuse for charged particle beams. The same flight path
may be used for mass separators in a side branch beam. |

Pencil Beam Spectra and Intensity. ILet us assume that 25 GeV/c pions

(10 pefcent Ap/p) are produced with erms and are accepted and transported

as a "pencil" beem by magnetic lenses over a distance of one mean decay 4

)
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length. Then we calculate the neutrino spectrum and event rate in a 6.0 !
meter diameter, los-liter liquid hydrogen bubble—chamber placed at the end

of the channel. .Figure 2 shows\(at the top) the "total" energy spectra of

pi-neutrinos and K-neutrinos 1f &1l mesons decay; 1t also gi?es the energy
spectra of neutrinos passing thro gh the bubble—chambers D; (185 meters from
the target) and D, (1380 meters) fﬁQm the above pencil beam. The slope
at the upper end is influenced by the finite momentum spread of the parent
mesons. The spectrum would be flat XZ the detector were infinitely ldrge.
The decrease in intensity at lower enérgies is due to-neut;inos emitted at
larger angles missing the detector. \
The intensity of neutrinos at anyﬁenergy from a 10 percent meson band—
widéh and one mean decay length is, of course,'less than the intensity
deriLed from the total meson flux. However, the reduction is not great;
at EL = 25 GeV, the factor is 8 for'Ev = 10 GeV.- Momentum analysis provides
a sharp upper limit. in neutrino energy which is very useful for experiments.
In the above example the total yield of elastic neutrino events for
38 cmz, is 0.287
neutrinos/pion initially in the beam, and 0.388 neutrinos/kaon. For 3 X'lo13
protons/pulse, 30 pulses/minute, one would expect tb_see 1850 pi—néutrino and

300 K—neutrino elastic events in 24 hours of running time.’

)



Increased Resolution in Neutrino Energy. The energy spectrum of

neutrinds in Figure 2 is rather broad, even though greatly narrowed by
momentum analysis of the meson parents. The sharp upper limit on neutrind
energy set by peak meson energy suggests that this meson energy could be
varied from run to run, and subtraction methods'éould be used to derive
the contribution of neutrinos in a narrow energy iﬁterval. This "neutrino
difference methdd" like the '"photon difference method" used .with electron
synchrotrons, is possible in principle, but it requires very good statistics
to apply in practice. ‘ _

Longer decay lengths would also serve to improve thé resolution since
only those high energy neutrinos aimed nearly forward will strike the
~ detector. However, the additional real estate comes at great expense.
Furthermore, when the effects of focusing are folded into the ideal "pencil
beam", the result may not be as good as expected. , ' . H

The simplest ‘and most effective means of narrowing the spectrum appears
_'to'be to stop (or deflect) the meson beam at a considerable distance fram
the detector. Wide angle neutrinos will then miss the detector, sharply
reducing the intensity at lower energies. This "beam stopper" method is
1llustrated in Figure 3. The solid curve is the neutrino spectrum from 20
' _GeV pions (10 percent bandwidth) decaying over 1230 meters and detected by
a 6.0 meter digmeter bubble—chamber. The dotted curve is the spectrum if
the pion beam is stopped only 200 meters after the meson source. The energy
~width is narrowed to 1.2 GeV with a peak energy of 9 GeV. The average
-inténsity over this 1.2 GeV interval is reduced by a factor of 5. However,
it is still possible to obtain over 100 elastic events/day,'with-resolution

of about 15 percent in neutrino energy.

Focusing Effects and Beam Transmission'in the Meson Channel. The design
of the meson channel is of major importance since precise alignment is '
required to obtain a truly "pencil beem. Furthermore, the cost of the
channel is strongly dependeht upon the number and size of the lenses. We
have examined the elementary proﬁerties of such a channel, usiﬁg a thin—lens
geometrical optics model with chromatic properties of a symmetric trlplet
quadrupole lens. ' '

We are interested in the transmission of a system of N lenses, where
N is between 20 and 80, as a fuhctioq of momentum. The hope is to pass at

\,
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least 10 percent bandwidth. In addition we want to have small aperture
lenses spaced far apart to reduce the number and cost and to define a pencil
beam as nearly as possible. The focused mesons should be confined within a
cone whose héif—angle equals the maximum desired neutrino decay angle.
Kinematics of neutrino decay at angle 6 and energy E from a moving meson
whose total-energy/mass ratio is y yields:

E/E . = %1 + 5%6%) o (1)
Thus, if we wish to have a lower limit on neutrino eneréy of 0.90 of the
maximum energy, then @ = 1/3y. For pions of 20 GeV, 6 = 2.4 milliradia.ns,
which is mpch smeller than the production angle, erms" 22 milliradians.
Two arrangements of focusing lenses which seem capable of relatively
broadband transmission of pions over long distances are shown in Figure 4.1
Figure LA (Beam "B-L4") consists of 80 equally spaced.6f diemeter lenses
extending over 1100 meters; at each image point & field lens is placed. to

l
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contain off-exis rays fram & finite source. The lenses are thus spaced a

distance 2f apart, where f is the focal length of each lens.
It is clear that with this arrangement mesons accepted by the first

lens will bé completely transmitted for the mean momentum; i.e., the trans—

. mission 7(p) s 1.0. For particles differing by Ap in momentum the change

in focal length for one lens is Az, which for a symmetric triplet is Az =
Lg ( ) , vhere £ . is the image distance. (£ = 2f in our case). The

maximum numbex of lenses which can be used before the beam dlverges and

1s lost due to shift in image point is-N(max) = 2f/Ap) (p/Ap) -For magnetic

lenses the symmetric .quadrupole triplet minimizes Az, and we find that 100
lenses are possible for 10 percent momentum bandwidth.

The transmission of the N-lens channel for momenta different from the
(4) using matrix methods. The first
case considered was that of -Figure 4A: N-equally-strong and eggally—spaced

mean has been cecalculated by C. Matsubara

lenses. We assumed a small source (3 mm diameter) and a focal length of
6.8 meters, and.the lens aperture was iS cm. diameter. The transmission as
a function of ﬁomentum forvthis system of 80 lenses is shown in Figure 5
(solid curve). This beam channel (called "B-4") is not very wide—band and
is -Just capable of trénsmitting 10 percent bandwidth without a large loss.



A defect is that ﬁhe initial lens angular aperture is less than the meson

production cone, and only 25 percent of available mesons are accepted. Y
In order to remedy this defect we have considered placing the first: %‘

lens closer to the source, matching the acceptance angle to the production &y

angle (Figure 4B, Beam "B-5"). Thus, essentially all mesons produced are

focused into thefmeson channel. Since the source is small compared with the

channel lene aperture, we can afford to use a long image distance, reducing

the exit angular spread at the expense ‘of increasing the image size. By s &

: magnifying 9 timés we can couple the 22 milliradian production angle to the

much| smaller lens acceptance angle of 2.4 milliradians."

The transmission of a ll-lens system with 30 cm. initial sperture lens
of focal length 6.8 meters, followed by 40 lenses of 10 -cm. diameter aperture
spaced 21 meters apart, is shown in Figure 5 (dotted'line). The channel now
readily transmits 10 percent bandwidth, mainly due to the smaller number o?;
lenses. Both the number and size of the lenses is substantially reduced
from the previous case. ‘

The effect of the focusing alone on the neutrino spectrum from mono-
chromatic 20 GeV pion beam has been calculated(S) &nd is shown in Figure 6.

The solid line is the spectrum from mesons decaying in Beam B-5. The pion A

beam is produced in a small target and is stopped 840 meters downstream;
the bubble—chamber is an additional 340 meters further away, making & total
target—to-detector distance of 1170 meters. We consider the spectrum of
neutrinos striking the center of the bubble—chamber Oniy, due fo pions.
decaying anywhere within the upstream channel. The resulting spectrnm has
a sharp lower—limit. of 90 percent of the maximum neutrino energy in
accordance with equation (1). oOver 50 percent of the pions decay within the
channel, and the total number of elastic events in a.lOS liter bubble—cheamber -
is 20 percent of those contained within the same energy interval in éﬁe'ideai'
"pencil" beam of Figure 3 if 10 percent meson bandwidth is selected.

The total neutrino energy spread due to focusing alone (019 GeV) in
Beam B-5 is substantially less than the width due to finite bubble—chamber
size, and is coﬁpar&ble‘with the spread due to 10 percent meson energy
bandwidth. The dotted curve in Figure 6 shows the broad neutrino energy

spectrum (averaged over the detector) resulting from poorly focused mesons

~in Beam B-4. It is clear from this comparison that good energy resolution



can be achieved within a fiducial sub-volume of a large bubble—chamber if
&8 carefully-designed focusing channel is constructed. . '

Thus, we have shown that\it is practicable to define neutrino energy
within 10 percent by practical\means and with good intensity.

Acknowledgments. Some of the calculations referred to here were Y
carried out at the University of Hawaii by Mr. Nader C. Dutta and Miss i
Chizuko Matsubara. More detailed reports on these qalcélations are available. \
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_ Figure 1

"Figure 2

Figure L

'Figure 5

: Figure 6

FIGURE CAPTIONS

Schematic layout (not to scale) of proposed "pencil" beam of

momentum—analyzed pions and kaons to produce neutrinos. See
text for description. :

Neutripd spectra from 10 percent momentum—analyzed and separated
25 GeV pion and kaon beams. The decay space in each case is one
mean-decay-length for the parent. The detector is 6.0 meters in
diameter. Shown for comparison are "ideal" spectra resulting
from the total decay of all pions and kaons produced by one 200
GeV proton if all neutrinos are counted. The dashed lines show
how the spectra would change if the mean momentum is increased to
30 GeV keeping all dimensions fixed. e

Neutrino spectrum resulting from decay¢of 20 GeV pions in a
channel 1230 meters long. A "pencil" beam and a 6.0 meter

‘diemeter detector are assumed. The effect of stopping the beam

only 200 meters after the source is shown by the dashed line;
the energy resolution becomes 1.2 GeV. )
Two possible channel arrangements, utilizing field lenses to
contain off-aexis rays from a finite source.

~ 4A: N-identical lenses placed 2f apart. The action of the field

lenses 1s shown.

4B: The first lens has a wide aperture matched to the production
cone, and the exit cone is matched to the (smaller) angle of
maximum neutrino decay. The resulting magnification of the
source must be kept much less than semi-aperture of channel
lenses.

‘The transmission of Beam B-4 (Fig. 4A) and Beam B-5 (Fig. 4B) as

a function of momentum. The former involves 80 lenses of 6"
aperture space 13.7 meters apart; the latter involves 41 lenses .
of 4" aperture spaced 21 meters apart, following a 12" matching
lens. In both cases 10 percent meson momentum bandwidth is
transmitted.

‘Neutrino spectra resulting from beams B4 and B-5. The solid

line shows the effect of focusing only, over 840 meters; the
spectrum is as observed in the center of .the detector and
monochromatic pions are assumed. The dotted line gives the
average spectrum.over a 6.0 meter bubble—chamber, for mono—
chrcmatic pions, and includes the focusing of beam Beh
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