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hcttmtommumlmnmdmmmahmtoh

when discussing the usefulness of high intensity snd/or high energy
proton accelerators for experimental physics. In considering the ﬂuccﬁr.uq
predicted perticle yields, the wark we have followed is that of Hagedorm\'/.
80 far as one has been zble to test the modified Fermi statistical model in
practios, Momtobouumbh-commmmuﬂ
mnom.uwmoﬂmmmnmtammwt
than factors of 3 or 4.

The factors involved in obtaining high intensity beams relate to
a) the particle accelerating machine itself,

) the methods for cbteining and transporting secondsry beams,
ad o) mwnmwumuwlmnmmmmv.

mamhmmummwmmmmamm
oonnsoted with the other but in this note we are conocerned ochiefly with (a).
hmc,nmwummmnemmuu ‘
mu»muumnwmtmmwu. In all that
follows, we restriot our remarks %o gyclie proton acoelerators.

Machine Pactors

mmrmmtoummmmmnsomntnn—
sble and the proton intensity per pulse coupled with the pulse repetition rate.

The proton kinetic emergy determines the varioty of interactiona which
may be studied with the machine. For the purposes of this note, we take as
representative energies for machines: 7 GeV, 14 GoV and 25 GeV. To compare
MW.anhMMMomﬁ--mb&.u
funotions of the laborstory kinetic emergy. The way in whioh the estimates
were made is outlined in Appendiz€III,

laboratory transformstions for & muclecn-zucleon system are given in Appendix
I. mnxnaummmnwmmlmmmnumct
thpctuhﬂmtnﬂc.?numwnomtmmmmu
Table I. 41so included in another Appendix, II, is = tadle laboratory
threshold energies® for various reactions in PPy %p, Kp and interscticns.

rr‘ on. For example, if we wish to oomsider the anti-hyperons
=) mote that the thresholds in pp collisione emoeed 7 GeV, and

Munmgmzum.mw-mu4.1u4.9w EN

respectively. ldmiutchc.‘lithuqtmn'lﬂﬂmmyqt

greater than 7 OeV. hmhﬁcmmualmsnthommmd
the ‘Iﬂ%l of tl:)uﬂuh nomentum distridution with increasing proton kinetic
energy (figure 1).

’!hohntmdcmlmhammunluuthothrntoldonmu
ﬁolﬁuﬁqqfermmtom-tounntythoumotmnun
neglect this, See note in Appendix IV in this couneoction.
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"In the time available, we have conside ; the forward direction of
emission of particles in the laboratory. Calculations of the momente speoira
at angles greater than 0° indicate a noticeable forward peaking which oocours
with increasing C-M energy, as expected from the relativistic transformations.

Another feature not brought out by the separate presemtation of the data
in Figs. 1 - 4 is the ater effect that the C~M motion has on the momenta
spectra of the Ks and Ps, relative to that of the z-mesons. We note this in
Table I in the row marked p, the lab-momentum for maximum yield.

In e 5_is shown the expected behaviour of the total yield curves
for x, K, X and N. The form of these ourves may be explained as follows. It
is assumed that the threshold for production ia at Wy tg;_; energy in the
CM system, and that the oross-section rises as (W - Wy) « It then is
aspumed to saturate at about W = Wy + n My, where n = number of particles in
the process and M, their rest-mases. Velues of Wy, W and Tq the laboratory
kinetio energy where saturation ocours are given in Appendix III. Physioally,
the cnset of saturation is assumed to oocur when the kinetic energy of the
particle corresponds to its rest mess energy in the OM system., The eelumniow
marked (. gives the corresponding quantities for a hypothetical Boson of
mass ~/ 750 MeV produced in association with a = (efter Kaplom). If it
exists and one wished to see it in reasonable intensity, this suggests that
proton kinetic energies in the region 12-13 GeV should be best.

One question to ask from exsmination of the ourves in Figs. 1 = 5 iss
what is the optimum kinetic emergy of the proton to produce an intense beam
of particles of a given momemtum? We shall consider such beams a) 500 MeV/c
K, as might be required for studies of K=p capture at rest and b) a
1 GoV/o P beam and (c) a2 2 GeV/c x meson beam. It should be stressed that the
magnitude of the yields at low momenta depend critically upen the shape of the
momentum distribution curves, and at the present time, not much weight should
be put on the detailed shapes of these curves, since there is easentially no
detailed experimental evidence to support them. With this warning, oomsider
the 500 MeV/c X~ beam.

(s) 300 MeV/o X~ Beem

The predicted yields for 14 and 25 GeV collisiomns t0 be
comparable and about a factor 2-3 times that for 7 GeV. e Fig.
Thie euggests thet an AG synchrotron, whose cycling rate at 7 GeV counld
be double that at 14 GeV, and a factor 4 times that et 25 GeV, would
provide the most intense K beam operating et high repetition rate and
"low" energy. It aleo suggests that if an AG gynohrotron were operated at
1m1umum-t7mvm¢;.'m"mnommmn1mlu
every 2 seconds at the same enexgy, then one could prediot the output
K™ intensities kmowing the relative proton intemsities oiroulating in the
machine®*,

() 10V ¥

This beem intensity can be estimated by reference to figure 2 -~ note
that absol yields refeor to anti-mucleons i.e. if one wishes to argue
magnitude, would be down by a factor 2. The two alternative forms of
the ourve for 14 GeoV arise beocause we do not know the exact form of the
CM momentum distribusion at this energy. Curve I assumes 2 CM distribu~
tion .of the same nomalised shape as at 25 GeV (from Hagedorn) and curve II
$het frosi 6.2 GeV (aloo from Hagedorn). The true ourve olearly lies
between these two extremes. -

Again referring to figure 6, the sbeclute yields of Fs of 1 GeV/c is

*A question here refers to the possibility of multiple traversals through a
target in A.G. and "C.0." machines. We note that with conventional target
siges in a "C.0." machine about 1/3 of the protons passing through would
w, thus et most multiple traversals may gain a factor ~ 2=3 in

tensity.

.



not markedly different between 14 and 25 GeV, but the yield at 14 GeV is
approximately an order of magnitude greater than at 7 GeV. /The same
argument leads us to expect the yield at 7 GeV to be about an order of
magnitude greater than that at 6.2 GeVsy however, in this region Fermi
Energy has a dominant role and when this is teken into account the factor
of improvement reduces to about 5 If the yielde at 14 and 25 GeV are
oamparable, then there is no gein in intensity et the higher energy, if
the repetition rate of the machine can be doubled when running at 14 GeV,

. Regarding the % meson "contamination" in these X~ and ¥ beams,
reference to Figure 1 shows that in the former beam, the pion contamin-
g,t:lon would constitute much the same problem at 7 or 14 GeV. For the

beam, however, the P/x ratio increases with energy, and hence it would
be advantageous to work at the higher energye.

(o) 2.GeV/o x meson beam

Here the interest in this beam might be as a source of high momentum
§ mesons or neutrinos in the 1=~2 Gov/c renge. In Fig., 1 it is seen that
the particle yield hes just reached its peak value at a laboratory
momentum of 2 GeV/c for 25 GeV collisions and that at 14 and 7 GeV the
intensities are down by the factors 1.7 and 4.3 respectively. Thus,
egain it appears that one gains significantly in going to higher proton
energies, but assuming that the pulse rate of a machine at 14 GeV is
twice that at 25 GeV, the total intensities attaineble would appear to
be about the same at these two emergies and only slightly up on that
possible at 7 GeV if the machine can be oycled at twice the rate at
14 GeV.
Eroton Intensity
The figure mentioned as a desirsble increase of intensity over present-—
day aims is a factor 100 on Nimrod. It seems unlikely that any high repetition
rate A.G. machine would ?goopt an intenaity per pulse greater than that plaunned
for this machine, say 10'© protons per pulse. Thus to gain a factor 100 in
mean intensity, the oycling rate of the mechine would have to be 50 pulses per
second and involve a resonating system of magnet inductance and condensers.
The maximum rate one may hope to oycls a machine whose peak magnetic field is
14 kilo gauss_is as 20 per seocond i.e. & rise-time for the half sine wave
1/40 second /o.f. Princeton-Penn machine/, Thus for the Nimrod rate of rise
of magnetic field, we would have to go to & maximum field of 6000 gauss or
less to achieve the oyoling rate. The radius of the machine for 1. GeV would
then be 2.3 times that for Nimrod. At 50 pulses per second the rise time of ;
the half sine wave would be & 10 milli-seconds, and the duration of the spill-
time of the beam on to a target is unlikely to be more than 1-2 milli-seconds
at the peak of the sine wave.

This leads to two pointss-

1) The spill time is reasonably short and would be adaptable to bubble
chember operation. The high repetition rate, however, would be
wasted on a2 bubble chamber, unless the chamber could effectively be
made continuously sensitive e.g. by the use of ultrasonics, or by
using scintilletion chambers having a sultably short dead time.

2) For counter experiments the instantaneous counting rate dur the
1~2 milli-secaond spill would be socmewhere in the region 10'Y particles
r seoond, if comparable solid angles (d SL ) and momentum bite
were used, as is current practice on the Bevetron. There would

P
be no point in going to higher intensities and retain comparable beam
transport systems, since the counter systems would be uneble %o hendle
the high rates. This applies to the particular case where oz wishes
to the primary particles say % or p in a reection. With
the Ks or Ps it appears that a further factor of 50 over expected
Nimrod intemsities may be tolerated before the counter system would



start to miss evenits due to resolving time losses. This brings in

the need for excellent particle separation, since the n-meson

intensity already exceede the comfortable limit for counters. Thus

to summarise the argument, if one wishes to identify the incoming

particle in an interaction, the higher intensity would force one to

reduce d and dp. It seems likely thet one could Justify going to

very smell dp P to lock for cusps in cross-sections.

P
If one does not need to identify the incoming particle then an increase

of intensity can be accepted, provided that sufficient purity of beam is
obiained in the transport system. Here are two conflicting requirementss

2) & need for a large df. and 4p to give high intensities,
P

and b) a need for a small d (2 and 4p to achieve good particle separation.
P
The implications of these requirements nesd more thought, beceuse it is not
clear yet how good a separation and intensity may be achieved and one has to
be sacrificed for the other. Current "pure" beams for bubble chambers achisve
at best a 131 wanted particles background condition, where the background
perticles are mostly p~-mesons with =v 10% = mesons, Henocey, provided that
inooming particle identity is not required, more intensity in beams is
advantageous. Some experiments where more intensity would be desired ares

1)  Nucleon-nucleon scattering experiments.

2) Studies of hyperon decays, particularly the polarisation of
the nucleon.

3) The leptonic decay modes of hyperons and a search for those
forbidden by the AI = V5,

4) The production of neutral Xs to study the decay modes of the
long-lived Kg.

Coupled with the study of anti-hyperons, the need for more intensity is
linked with the need for higher energies.

To summarises the more obvious advantages of increasing the primary snergy
of 2 machine appear to bes

a) there is an overall increase of fluxes of all perticles, including
passage over new thresholds for production,

b) the secondaries produced in the proton collisions have higher
meximum snergiesy this is particularly important where high energy
R-mesons may be required to produce further particles. It is also
important since the incresse in Y leads %o an increase in the mean
distance (BYc7T ) travelled by very short-lived particles,

c) there is the possible greater production of particles at lower
momenta,

Other factors
We list other factors which have to be taken into consideration in

obtaining intense beams of secondary perticles. No discussion of these is
attempted in this paper.

1. Target material, size and thickness in beam direction.

2. Momentum bite ( dp/p).

3. Solid angle of beam accepted into transport system.

4. For decaying particles, the length of transport system from

terget to detector.

= .



5. Spill duration, especially if short <£ 1 millisecond.

6. Purity of beanm.
Some data relevant to terget materials is tabuleted in Appendix V.
In Figure 8 are curves to determine the loss of intensity of = end K

mesons as a function of S/p, where S is the flight path (in metres) from
target to detector and p is the momentum (in GeV/c).
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Consider a proton of kinetic energy T, in the laboratory
incident on a stationary proton.

Let be the velocity of the C-ll system of the two protons
relative to the laboratory, and define

- G-pt

Then the relations between the laboratory frame ( L ) and the Ol
frame (c) are as followe:

-\
T (%‘: (1)
4 Y “
% (‘_i-) (2)
A (Sl ‘e
LY. = ( -r) (3)
where ¥, = n_.w_;‘ - ﬂ":a":::“ =1+ T /Me? (4)

Mo being the rest mass of the proton.
We are usually concerned with the emission of a particle in the

C M frame at some angle with respect to the direction of the incoming
proton and at & momentum P in the CH frame., In the laboratory the

corresponding angle of emission ©, will be given by
G B, = (5)
t cos + /“’
Where A’ is the velocity of the emitted particle in the C XN system.

The corresponding momentum and energy would transform acoording to
the matrix relationship

( h °"°~) i C‘ A %)( b we.) (6)
W 3 Ve 1 Mb
where p,, = C I momentum of the emitted particle

and Wep is its G U total energy. The subsoripte
denote corresponding laboratory quantities.

Multiplying out the matrix elements we have
h_u»‘.. S '.-ht «wB, + A W..’] (7

W = Y. [" "P“ec -* H‘P] (8)



Por the partiocular case O, = & = 0, these equations reduce to

b Pl +§‘.W‘,] (9)
“ o xfap, s W] (o

The general relations for energies in the laboratory and C !I system
for any two colliding particles of rest masses M4 and l2 (12 assumed at

rest) are:
Wo = [ +u2)+2m uj (11)

where We = total energy in the C li system
and '1',_ = laboratory kinetic energy of incoming particle of mass 1,

Notes 1I1 and Mp are expressed in MeV in equation (11)

Then .
x = (7, + My + Mp)/We (12)

and /Scaz - L8 e +2n1)_7%/Wo (13)

If we substitute for Wo from equation (11) and let M = Mp = M, equation (13)
reduces to the form of (2).

For highly relativistic systems such as we discuss, certain approximate
deduotione can be made from the general formulae given above, These follow
from the oircumstance that the C.M. velocity of most of the particles emitted
is less than the velooity of the C.M. (i.e. at 7 Gev, T('s can be emitted
backwards in the lab. but very few are). Thus we have

< P‘#) < Be

As a result, most particles are emitted into a cone around the forward
direction and from equation (5) above, we see that approximately

l-

REET (14)

&

[N

There is therefore a progressive narrowing of the cone of emission with
inoreasing primary energy.

We also note that, whereas the maximum possible laboratory momentum
is approximately equal to that of the primary particle

ity (15)

the laboratory momentum corresponding to a-partiocular C.l. momentum increases
only proportional to ¥e which itself is proportional to ,/Wiap, Since
C.M. spectra tend to cluster around certain energies independent of the

- incoming particle energy @, this means that the values secondary partiole
momentum for peak emission tend to inorease as lab.

<A “J‘"’L

(16)



These very rough considerations are brought out in the following
table I. This lists Yc , B ¢ and We, the total C.li. energy
corresponding to the three values of T , the laboratory kinetic energy
which we have considered. It also lists for, in turn, W 's, K's, and foe
the maximum possible lab. momentum p max. the most probable P and that
value for which the probability is 1/20 of the mdyimum p 0,05, Finally,
es an indication of the narrowing down of the cone of emission the ratio

R10® g AT (Lab Max 10°) / d'c (Lab Max 0°) is shown for each
n d

case. fdﬂ
IABLS T
T. GeV 7.0 14.0 25.0
Ve 2.175 2.909 3.785
Be 0.888 0.939 0.965
Vo  GeV 4,081 5.458 7.102
p max (% ) GeV/e 6.6 13.6 24.6
p max (K) " 6.0 13.2 24.2
- p max (N) " 4.7 £ 1.1 22.2
p(w ) o 1.1 1.5 2.0
p (X) . 1.5 3.5 4.0
p (D) " 2.2 (4.0-5.0) 6.0
Po.05 (W ) " 5.4 7.3 10.8
®o,05 (K) . 5.7 9.4 13.4
Po.05 (M) 5 4.5 (7.7-10.5) 14.8
Bygo (w) 0.9 0.86 0.66
R0 (K) 0.9 ] 0.76 0.63
R0 (W) 0.7 (0.6-0.7) 0.53

# Results on N at 7 GeV come from caloulations in which effects of Fermi
momentum were included.



APPENDIX IT

(after Beasley and Holliday Nuovo Cim,
1958 Supplement Vol.7 Series 10
77-90)

Laboratory Threshold Kinetic Energy in GeV for processes indicated in
nucleon-nucleon collisions - N denotes nucleon.

Reaction Product Threshold GeV. Reaction Product Threshold GeV.

20 +W 0.29 2K+ ANl X 3.88
2N+ 4w 0.59 2%+ 23X 4.15
F+A°%+x 1.58 31‘!+N. 5.63
T+ +X 1.78 2N+ A+A 7.10
H+A®+ K+7 1.96 s ¥4 A Z 7.43
el AXew 2.17 28+ = + A 7.43
28+k+ K 2.49 2+ % % 2 116
2A %+ dx 3.63 F+2A°+ = 8.9
F+ 2K+ 2 3.73 2H+E=+ = 9.0

Laboratory Threshold Tnergy (GeV) for processes indicated in T N collisions

Products Threshold GeV.
K+A° . 0.76
K+2 0.89
F+EK+ R 1.36
8 2.20
2N+ B 3.61
T+A +A 4.73
T+A°+¥ 4,98
N +Z kS z 5.24
2A° + = 6.10
ysE+ 2 6.21
A+Z - 6.38

2y + = 6.67




APPENDIX IT cont'd -

s

Laboratory Tresholds (GeV) for processes indicated in

R ¥ collisions

Products Threshold Kinetic Products Threshold Kinatioc

GeV energy GeV energy
AN+ <0 =T+K+X 1.43
AR < 0 F+A%+ 3% 3.68
X 0.66 Z+8+8 3.92
AS+ 2x <0 F+E+ A 4.97
2 sy <0 A+ A+ Z 5.13
B+ T4+7 0.22 F+E+Z 5.24
ko 1 T 0.93 a4 5.68
ANC+E+ R 1,26 A+ +F 6.42
S+ELTF 6.72

Laboratory Thresholds (GeV) for processes indicated in anti-nucleon nucleon

_collisions
Reaction Threshold Kinetic Reaction Threshold Kinetic
Products GeV energy Ty Products GeV energy 'l‘n
A+ A 0.77 - 2 S 1,13
Zw Z 0095 = + .;:— 1.84
A"'E‘ 0.95 A +8+x 1.58

2k+2%X 0.19




APPENDIX TIT
Total Yield of Particles as Function of Laboratory

Kinetic Energy of Protons

From Appendix I, we have

L . We = ;_\J}z'rn Mo+ uf (1)
Leb. kinetic energy Total C.M. energy (including rest energy)

In eny process, duction begins at the threshold W, and, in general,
rises as (W-W, ) (3n=5)42 where n is the total number of pt'odncts. Special
angular momn’t'um selection rules could alter this). The sharp rise in yisld
above threshold may be w flatten off when the wavelenghts,
corresponding to particle become comparable with the dimensions of
the interaction volume. ¥We assume an approximate equipertition of kinetic
energy and therefore

W, = W, + a N (2) (I!° = rest mass of
perticle in guestion)
as an approximate figure for the C.M. emergy at which the increase of the
* process flattens off
Table =~ all energies in GeV
W W 4 T

t 1 o i
n 2.016 2.435 0,290 1.28
k 2.548 4.030 1.583 6.78
5 2,864 4.8 2.49 10.61
w, 3.01 5.26 2.9, 12.85
g 3.75 ;- TN 5.63 28.15

Symbols W, = total C.M. energy at threshold

w1 = total C.M., energy for flattening off

T, and T, are the lab. energies of the incident proton corresponding
t |
to Wt and W1

+ Hypothetical Particle of Mass 750 MeV produced in association
with = (after Kaplon)



APPEIDIX IV

Effect of Fermi Momentum on C-M Motion

We give a brief discussion of the effect of Fermi Momentum of the target
nucleon. This has been omitted throughout the above discussion., It
will be seen that for most processes the effects are small.

We have previously given the formula

2

Wol = 2 MI+ 4M° (1) 2'1' = lab, kinetio energy)

! = mass of proton)

only now we write Wo for C.M. total energy, since this is for the case
of gero Fermi momentum., Por the case where the target particle has
momentum p2, this should be gmended to read

W2 o Wo? — 2 p.pp (2)
Here p is the lab, momentum and we work to first approximation keeping

only terms linear in pp. In that case, only the component of p
parallel to p is effective. We therefore have

R o Wo(1 - %’;) (3)

Using,
p = JT+21M (4)

we re-write (3) as

WaWo(1-’m %21)

Wa Wo (1 = ﬁ,_o %23) (5)

From this it follows that

)’o - T+2WM = Yeool1 + Beo %) (6)

The Fermi momentum pp is uspally taken av 0,2 Gev/o. Hence, the effect
is to produce changes in and Wo of the order of 10%.

Such changes are obviously significant near to threshold for processes
(e.g. in I produotion up to about 8 GeV). They also bear on the problem
of producing particles of very low or high lab. energy. Otherwise, they
may be disregarded.
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FIGURE CAPTIONS

The laboratory momentum spectrum of pions produced in the forward
direction per (GeV/c strBdian) per proton collision, as a function of
kinetic energy of proton. ;

The laboretory momentum spectzum of anti-nucleons produced in the forward
direction per (GeV/o. sterad) per proton ceollision, as a function of
kiretic energy of proton. Curve I at 14 GeV - assumed OM momentum
distribution similer shape to thei at 25 GeV. Curve II at 14 GeV -
assumed CM momentum dietribution similar shape to %hat at $Z2GeV.

The laboratory momentum spectrum of K mesons (not Xs) produced in forward
direction per (Gev/c. sterad) per proton collision - as a function of
kinetic energy of proton. The overlap of the 7 GeV curve with the other
two indicates problem of nomalising two sets of data.

The lsboratory momentum spectrum of X mesons produced in the forward
direction per (GeV/c. stersd) per proton collision - s a function of
kinetic energy of »proton.

Total yield of secondary particles ve primary proton kinetic enorgy -
baged on hypothesis in Appendix III. Note scale factors for yields of
X, K and N,

Estimated behaviour of particle yield of given laboratory momentum vs.
kinetic energy of incoming protons. Curve I ~ 500 MeV/c K
Curve II- 1 GeV/e P

Relation between CM total energy and the laboratory kinetic anergy of
inceming nuclecn for a nucleon-nucleon collision.

Intensity loss by decay of = =nd K mesons as a function of momentum and
flight path.
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