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0 11k0 003839k 2 Very High Energy llachines

The followlng 1ara transcription of some informal remarl:s

L mede at the request of the ilidwestern Accelerator pgroup, The
deslre of.zhat group was to establish some basls for compering

the posalble relative merits of a proton abcelerator eand en

electron sccelerator at very hipgh energy. o attempt is mads

=

= here to decide which type of machina 1s the more desir

oy s The answer to that question will depend on many circumstances
beyond the speclal lknowledpge of the theorist, as well as on the
speclal interests of the group responsible for the cdevelopment
of the machine. The remarks presented here are concermned

with some of the'possible uses to which such mechines may

be put, and with some guesses as to fha performence of the

=< machines when so used,

For the sake of definiteness, most of the dlscugslon is
centered around accelerators operating at an energy of 30 Bm?
i : or largar, In thle reglon, thére is available from cca#ia

.ET ray experience a limited amount of informatlon concerning

tion

e

the processes that can occur. Such experimental inform
has been used whenever posslible. Ilowever, it has been
noceasary to extrapolate from low energles in many casos
and to make use of out-and-out guesses in cthera.

ticulsr, the estimates of cross sections ziven in Section 2

may be wvery much in error. . On the other hand, any resultas
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based on purely kinemetical considerations should be quite
reliable.

The dlscussion 1s-ccncerriad with four more-or-less
distinct subjects, namelf 1) FKinématical éonsidsratiqns,
2) Eatimates of créss gections, %) The accelerator as a
source, and 4) The nature of the,infnrmation‘to be ﬁaine&

" from experiments. Each.df these is taken up in order. '
1) Kinematlcal Conslderations

cInsgdifar as any raﬁctions it nay produce are concerned,

the effeitive energy of the beam ig the center ¢f mass BNerLy.
‘Thereféré, for a given type of particle of siv'n laboratory
énergy, we must calculate the enerpgy in the cenger of mags

syabem, We consider the collislon between an liicident

)

particle of mass [l and energy Ej with a target particle
‘ of mass M, with energy Eg. Kinetlc enerpies of the two

particles are denoted by T, and T, respectively, and the

momanta by’ﬁ? and BE. We work with natural units, ¢ = 1,

The total energy avallable in the center of mass system is
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given by
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It can be seen from this equation that for energles much
‘ber than the rest ener:y of the particles, the available
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enarsy ' is. proportional to the square root of the
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beam energy T

incident energy, so at very high enersy, the galn with increasin:
size ‘of a machine is rather slow. The Cll energy is somewhat
increased 1f the target particle has an appreclable momenbun
in a direction opposité to the beam direction. For exampls,
in the colllslion of & very high energy particle with a
nmuclous, the nuclear particles will have an average kinetic
energy around 25 lev. The maximum ener;zy avallable in such
a colllision will then be obtained when the nucleon iz moving
against the beam, and the increase in the avallable ensrgy
is of the order of the geometric mean of the energies of
the two particles. .

The avallable kinetic energy T' in the C! system ls

- tabulated below, both for a photon-nucleon collisionﬂbhoton

beam) and for a nucleon-nucleon collision. The quantity
Tt% 19 the maximm kinetic energy when the target'purticle
(nucleon) has a kinetlc energy (lab) of 25 lMev. The energles

ars giveﬁ in terms of the rest energy M of the nucleon.

(lab) photon-nucleon nucleon-nucleon :

T, /i T/ M T /il T A ,

041 0.1 0.12 0,05 0.1 E

' 0.73 0,87 0.45  0.62 %
2 1.24 1.45 || o.83 1,08, il
5 2.32 2,08 1,72 2,11 ﬁ
10 3.6 4.10 - R 3.45 ﬁ
20 5.4 6.15 4,6 504 I
30 6.8 .7 7. 6.0 740 |
100 358 14,9 12.2 13.9
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Tt is of some interest to remark on the enargy_available
1n o ecollision between a photon and an electron or between

two alectrons, Then we find

el e g @

whore m is the electron mass, This result obtains for
energles larger than m,

We see that 1t 1s very hard indeed to obtain a large
effective enorgy in such a colllislon between light partlcles.

Tn order to have E' = 1 Bev, we must have Ei = 10° Ber In

_this case, target motion will add appreclably to the energy

only if the kinetic energy of.the target electron ls cone
siderably greater than m,
On the basls of Eq. (1), it 1is possible to establish

the thresholds for tho production of varlious particles in a
colllision botween two particles. In every case we will
aggume that the targset ls & nucleon. Ve give the threshold
kinetic energy (T;) when the target is at rest and the
threshold kinetlc energy (Tl*) when the target nucleon is
assumed to have 25 llev kinetle energy. The binding energy
T the nucleon in the nucleus is neglected. Results for
two lnteresting cases, the production of nucleon pairs and

a
of K-meson are given in the following table:
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produced
particles nucleon pairs K=meaon
Ty /i1 T, * A T T, "/
photon & 3.02 0.66 0,54
pion 3.85 2,87 0.51 0,35
nucleon 6 4,6 1.2 0.8

The determination of the threshold for a pion beam has been
based on the assumption that the pion 1s absorbed in the
process, When these figures are compared, it must be kept

in mind that the shape of the excitation curve near threshold
will be different for different processes. At threéhold,

one may expect the excitation curve to be proportlional to
(E'-E;)qﬁ:f where n 1s the number of particles in the final
state and EJ 1s the (C) threshold energy. Therefore, it

may be necessary to use an energy conslderably above threshold
to detect the many particle process, such as the nucleon-miclecn
production of a mucleon pair (n = 4), If it 1s necessary to
go as hich as E'R® 2E! to obtaln an appreclable cross section,

then the laboratory energy isfar greater than the estimate

given In 'I:he'ta.ble, El‘::: 4FE or—T_E ©“27, It will probably
M
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not be necessary to go to energles as high as twice threshold
in the Cl system to detect the process, but 1t must be kept
in mind that, whetever the required factor, 1t is asquared Iin
going over into itho laboratory system.

Another purely kinematical remerk that may be of some
interest concerns the angular spread o} the products of a
very high energy collision, If the anpular distrlbution in
the Ci system 18 isotropic, the =B mean square angular
spread 1s given by

gi = s (4, B y) i
E 2 M, (3)

t

at high energy when the target is at rest. It 1s to be unoticed

-.that only the targelt mass enters this expression. The result

shows that the products of a very high energy reaction will
be closely correlated in angle so that there may be soms
difficulty in separating light from heavy particles.



2) Estimates of Cross Sections

e considar here the cross sectlon for the production of
certain specie# of particles by photons, electrons, or protons.
It i1s assumed that the energy 1s well above threshold so that
the excitation functlon 1is reasonably flat. The estimate ia
meant to include multiple productlon in all orders of Ehe
particular species under consideration. The results are pre-
sentaed in the followlng table in unlts of the geometrical

cross section of the tarpget nucleus,

' 3
0-3}07"’ e 60 A 3 m b & {‘g‘,
Specles
Produced Photon Beam Electron Beam Preton Beam
3
X 7 A A K] :
photon direct i : &
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These estliuates have been obtalned as follows:

I'or photon production by electrons, we give the high
energy total bremstrahl cross sectlon for a nmucleus of charge
Z and mass number A

The photoproduction cross section for pions has been
estimated in two different ways. First, we extrapolaﬁad from
1 Bev on éhe assumption that the total cross section is
roughly proportional to J&>  at high energy whers &  1is
the photon\anergy in the laboratory system, The J&w 1law is
obtalned as follows. Viie denote the Cil photon energy by d)'.
The photoelectric cross section for production of electrons
from atoms is proportional to 1/w' in the extreme relativistic
case. ilowever, the plon current operator 1ls proportional
to the momentum, while the electron current is essentially
iqdependent of momentum. This means that the plon cross

gsection shouléd be w'a'

times the electron cross sectlon at
high enersy. In other words, it should be proportional to
w'. Uowever, since the photon energy in the Cil system ls
proporticnal to the squaré root of the laboratory energy, we
obtain a cross section proportional to R < b

At 500 !ev, the cross section for photo production of a
sinsle plon from hydrogen 1ls decreasing faster than c2)-2 .
and has a value of about 0,1 mb (CIT work reported at Rocheéter,
1954)., Ve have assumed that this may be extrapolated to tHe

value of 0.0l mb at 1 3ev, and from there we assume that the

TS law sets in., Extrapolation to 30 Bev zives 2,06 mb = 10“3ﬂimw
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Compton wave lensth of the K meson to that of the pion. Thus,
the cross section should be smaller in the ratio of the square
of the masses, or about;% of the plon crosé section,

The productlon of hyperons is assumed to be correlated
directly with K meson production, so that its cross section is
the same as the K meson cross section.

To estimate the cross section for photoproduction of
antinucleons, two methods have agaln been used. First, we
misht puess that the cross section is (fé?b)z ‘lmes smaller than
the cross section for electron pair production. However, in
the slectron case, the recoll momentum is taken up by the
coulomb Interaction with the nucleus,-while the nucleon palr
is subject to a cirect nuclear interactién. This can be
expectec to introduce a factor 137 in the cross section of
hydrogen if the speciflc nuclear coupling constant is of the
order of unity. This leads to a cross section of 2 x 10"4 mb
for nucleon pair production by photons incident on a nucleon,

An slternative method for estluating the cross section |
is to assume that the process occurs through the absorption
of photoplions. In other words, the process is similar to the
photonucleon process. In thils case, we assume that virtusal
palrs occupy a rezion of the size of a nucleon Compton wave
length in the nucleon proper flelc. Then the cross section
shoulc be about,}% of the photonucleon cross section. This
leads to & value of 10™% wb '1n very good agreement with our

prevlious estimate.
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The estimates of production of nuclear particles by the
electron beam are simply based on the assumption that the process
occurs throurh virtual photon erission. Hence? each cross
sectlion should be abouti%? of the crossz section for production
of the same particle by photons.

All of the cross section for processes due to the proton
beam are based on the observation that cross sections for

nuclear processes at hich ener-sy are of the order of % the

. geomstrical cross section. In particular, the plon productilon

cross section 1s taken to be just of this order.

The productlon of photons will occur through the decay of
™ Ots, éo this cross se;tion should be of the same order as
the pion production cross sectlon. :

The production of neutrons may agaiﬁ be faken to be of
the order of :0 geom.

The eatimates of K mesop_and hyperon procuction have been
based on the same argument used before, that they will be swaller
than the plon cross section by a factor equal the square qr
the mass ratlo.

The productlon of antinucleons also has been assumed to
be smaller than the pion eross sectlon by the square of the

ratlo of the plon to the nucleon mass, since this would be

oxpected to be the geometrical factor to be t aken into account.
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3) The Accelerator as a Source

In 4his sectlon we consider the varlous posslble types
of beam which may be produced elther directly or indirectly
by the accelerator for the purpose of performing experimentﬂ.

We may hope to extract tﬁe primary beam and use 1t directly,

or we may insert a tarpget in the accelerator and produce & bsam
of secondary particles. These may be photons, plons, K mesons,
nucleons, antinucleons, or hyperons. The fundamental experiments
would then be performedwith the secondary beam. Our puess aa

to the relative intensity of a pgiven type of secondaﬁy beam

will be baséd on the cross section estimates of Section 2.

This requires thal the energy in the primary beam be far above
the threshold for procuction of each type of particle.

Our comparison of electron and proton accelerators will
be made on the basis of equal primary currents for the two
machines,

We consider first the use of electron accelerators. 1t
may be possible to extract the electron beam and use 1t directly,
but it is by no means certain (see Sectlon 4) that this would
have.any advantagze over the use of a secondary photon beam
proéuced at a target inside the accelerdtor. The preduction
of bremstrahl is very efficlent, so the photon beam may be
produced with high flux. UHowever, the photon energy cls-
tribution 1s expected to have the usual ™ dependence on snersy.
Therefore, the really hish energy part of the photon beam will

constltute a small fraction, possiblely fa of the total. Since

R R e IRt _ = = Fr el = e A el R AL T ¥ MRS i 8 e e e e S
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electrons are lsgs efficlent by a factor of,iﬁv than photons
for the productlion of particles, it wlll be assumed that the
bremstrahl beam is used to produce the desired (tertiary)
beam of particles. That is, we assume that the brematrahl
beam is Intercepted by a target which acts as a radiator of
pions, K mesons, etec. In this case, the cross sections in the
first column of the table 1n Section 2 are applicable.

Because the cross sections are all small 1n megnitude,
it is expected that a rather thick raclator must be used to
obtain efficient conversion. It also means that the production
of cascade showers will occur much more readily than will the
production of thé desired beam., Thus, the beam will be thoroushly
contaminated by low energy electrons, photons, photonucleons, ;
and photopions., Some reduction in the contaminetlon can be
attained by using a thick source. Thils procedure ﬁill have the
obvious disadvantage that the source of the experimental bean
wlll be large, so that geometrical conditions lnvolved in the
analysis of the beam will be poor, '

It is clegr that the proton accelerator will be consicdersbly
less effliclent as a source of photons or electrons. However,
it 1s to be kept in mind that the photon intensity (due to 7°'s)
will not be negligible, and it may be hish enough to make
photo exﬁeriments possible. The protons are much more efficient
for the production of nuclear particles than are photona,

Furthermore, the contamination problem will not »e nearly as
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ik gerious in thls case. Therefore, thimmer radiators may be
-used, and the geometrical conditions are thereby expected
to be much better, ’

The relatlive efficlency for production of high energy
nuclear particles of different kindﬁ will be about the same
for the electron and the proton accelerator according to our
considerations of Sectlon 2, and may be estimated from the
cross section table. |

: The only exqebtion would occur for proton production if
the proton beam cen be extracted and used directly. The use
of the cross section table 1is poséible only when the primary
enerszy is well above thresholc, and even then there may bé
large errors in the estim&teé. |

The energy spectrum of the secondary or tertlary beam
produced by the accelerator is expected to be continuous.
At very hish energy, multiile production processes will
occur with hiﬁh frequency. Tnls will accentuate the low energy
end of the spectrum of the particles beinz procuced. There=
fore, one expects a rather low efficiency for the production
of & secondaryAbeam of hirh energy with a strong increase

in intensity towarcd the low ener;y end,
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The other method for estimating this cross sectlon 1s baszed
on the results of 7. P. George for the cross section for pro-
duction of plons by very high energy muons. For an average
muon enérgy of 14 3ev, he finds a cross section in emu;aioﬁ
of 6 x 10~> mb which is about 3 x 10~5¢— geom., Presumably,
this cross section ls due to electromagnetic effects, e
can expeét that the photon cross section would be about 137 timen
groater. This leads to a figure of the same order as the ox-
trapolated cross section obtained by the first method.

For photon snergles below 500 llev, the nuclear cross section
appears to be gecometrleal, and thls is taken to mean that the
photoplons are absorbed within the mucleus with a consequent
gmizalon of nuclecons. At much higher energles, we may expect
that the pions will produce plons as well as nucleons, and that
about half of the emltted particles are plons while the other
half are nucleons. In this case, the cross sectioﬁ for pro-
duction of pions of all enersles may be about A/2 ti.es thé
croass sectlion of hydrogen, and the photonucleon cross section
would be about the same. Those are the estimates glven In the
table, Under these assumptions, the photoproduction of very

o

high energy plons will have a cross section somewhat smaller

~ in marnitude, and 1t would be expected to be propoertlicnal Lo A2,

The cross sectlon for photoproduction of K mesons has bosn
obtelned by assuming that the mechanlsm is about the same as

that for plon and nucleon production, but that the size of the

-

X meson cloud in the nucleon is smaller in the ratio of the

s e L R M L i s 2
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4) The Nature and Interpretation of Experiments

It may be worthwhile to make a few remarks concerning
the possibility of investligating the limits of our knowléégel
of quantum electrodynemlcs of the electron=positron system by
means of very high energy colllslon, Deviations from the
present theories mizht be expectec to show up in a collislon
‘between light particles with a relative (Cil) wave length somewhal
smaller than the classical radilus of the electron. Thls would
require a ClI! energy around 300 Yev or larger. Since we would
be dealing with a collision between light particles, the
corresponding laboratory enersy would be larger than 100 Bev.
Machines desipgned to operate at so high an eneréy are not being
contemplated at the present time, so we need give thié problem
no immediate consideration, However, it may be worthwhile %o
éall attention to the fact that accurate guantitative measurements
would be required for ﬁhis purpose, and that these would be
especially difficult in the presence of the cascade showers that
would be produced at such energles,

In considering the application of a high ener;y machine to
the physlcs of heavy particles (that is, heavier than electrons)
we may divide the problem into two parts: A, Questlions of
partlcle physlics which are essentlally qualitative, and
Be Quantitative measurements of cross sections, Fach pf these

1s described in turn,

* The momentum in the CM system 1s #E' for the extrems relativistic

case and we have taken Ito be % the classical electron radius.
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A. Particle Physics

The purpose of experiments of this type 1s to produce and
ldentily various partlcles, to measure branching ratios and
multiplicities and to establish correlations between the various
specles., An external bteam 1s usually preferred for the work
becanuse 1t allgws a greater control of the ener~y and easler
recuction of the contamlinstion of the beam, There are, of
course, certain emulsion experimants that can be dqne Internally.
Ixcept for these speclal experiments, we may assume that the
work is to be done externally. Then it will elther he necessary
to extract the primary beam.from the accelerator or to make use
of a secondaxy beam to investigate the particle production, In
the 1atter-case, the bremstrahl beam from an electron accelerator
would be used, while in the proton accelerator it would probably
be best to use a secondary pion beam,

Our concern here will be the relative efficienciéa of the
two types of machine for the production of the particles to be
studied. The comparison will be made for slectron and proton
accelorators operating at the same prlimary current.

We conslder ﬁhe production of K mesons, hyperons, and
antinucleons, According to our table of cross sections, the
direct préton beam may be expected to produce about 103 times as
many of theée particles as would a photon beam having t he sams‘
flux, The photon flux capable of producing the desired particles
will probably be couparable to the electron flux if the maximun
energy 1s quite large (say? 30 Bev) compared to threshold.
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At lower maximum energy, the Intense low energy component of the
photon beam will, of course, be useless. VWhen the secondary
beam is to be used, it is necessary to take into account the
r@lative_efficienéy for the production of pions by protons
compared to the procduction of photons by eleectrons, which is
about éb for a Pb radiation. Therefore, the use of the plon
beam for a proton accelerator would require a conslderably larger
radlator (to obtaln comparable flux ) with a corresponcingly
much poorer geomoiry. The effective plon flux might be estimated
at 10~ to 10™° the photon flux so the advantage of the proton
accelesrator for particle production would he reduced te a factor
10C or even.to 10, It has been assumed here that a plon has
about the same cross sectlon for K meson or antlnucleon pro-
duction as has the nmucleon.

It 1s araln important to notice that there will be assoclated
with the production of the interesting particles a large number
of cdntaminants 1f we use the photon or electron beam. The
numﬁer of photons and electrons will be enormous, and the photo=
procuction of pions will be some ten times more efficient than
the production of K mesons, Furthermore, the thresholcé for K meson
procuction 1s ulzhes, so the number of low energy plons wlll be
gvcn areater in proportion to the number of K mesons.

B, Cross Sectlon !leasurements

In order to judge the worth of extracting the electron beam
to use it externally, it 1s of some Interest to compare ths

relative merits of the electron and photon beams for direct use
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2 guantitetive measurements. We expect that electron cross

scebicons will be emaller than the photon cross sections by a
factor af;éﬁ'. The oloctron energy 1s unlque, while the photon
spoctrum is continuous. On the other hand, the photen 1s absorbed
in the production process, whlle the electron is not., This ﬁeans
that the kinématics of the photon experiment are much simpler
than those of the slectron experiment., For example, in the
moobozroductlon of a pion from a nucleon, the momentum of each
of the three partlcles can be determlined by maasuripg the energy
:ad the direction of the pion, while in the corresponding electron
Induced procesa, four quontities must be measured even i: the
initial electron energy 1is glven.

It may be somewhat more difficult to make absolute eross
ssction meaéurementa with the pﬁoton beam becasuse of callbration

¢ifficultlies., However, the theoretical interpretation of the

- photon experiment will usually be much simpler bscause 1t involves

the slectromagnetic interaction directly. Presumably, the elsciron
interacts by means of virtual photons, so that the electromagnetic
Interaction enters indirectly in the form of an integral over

the virtual photon specirum. In order to obtaln the proper welcght
factors occurring in this integsral, it may be neéeasary to assume
o rather specific model of the system being investigated. Inm.
theaet erse, the inﬁerpretation of the experiment will be difficulb
end most indirect. . :

If we consider now the information to be galned from

A

studles of photoprocesses (either photons or electrons), we find

¢
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that their great advantage over nuclear processes iies in the
fact that they involve a weak Interaction which therefore csuses
a minimal disturbance of the system being probed. Of coursae, forv
the same reason the cross sections are so small that 1t will be
difficult to measure them accurately. DNevertheless, 1t ls an
advantage from ﬁha point of view of theoretical interpretation
to deal with an undisturbed system.

Another advantane of the electromagnetic process 1s that
we have some a prilorl knowledpe of the electromagnetic interactlon
with any system. To the extent that this interactlion 1s known,
the cross sections for photoprocesses provide information cone
cerning the structure of the system, or more precisely, concerning
the structure of the wave function. Unfortunately, the electro-
magnetic interactlon is not known completely becauss 1t 1s
influenced by the strong interaction between the heavy particles.
According to our present understanding of heavy partlcle inter-
actions, we may expect an electric current (interaction curvent)
to flow between the interacting heavy particles. This current
can only be deduced from a complete theory of heavy particle
interactions. Therefore, the intecrpretation of photoprocesses
will be ambipuous until more detalled knowlecgs (éoncerning the
interaction currents) 1s avallable. The experiments would
probably be used as a source of 1nformation concerning lnteractior
currents and thereby as an lndirect means for studying the heavy
particle interactions. It will actually be a difficult under-
taking to untangle the effects of the known (free particle)

curventa anc the inSeraction currents.

s T o T T 57
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Experiments performed directly with a heavy partlicle boam

willl certainly give the most dlrect informatlon concerning heavy

\

partlcle Interactions. The interpretation will be somewhat
dependent upon questlions of gtructure, although any analyslis in
terms of structure will be less direct than in the case of fthe
photoprocesses aince the system is profoundly disturbed by the
strong interaction, The analysis will also be confused by
multiple production of heavy particles. Of course, a study

of the multiple production processes may in itself shed an .
entirely new light on the nature of the interaction,

Tuis report was prepared with the aic¢ of support from
the ALC.

R- G. Sachs
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1) Kinematical Considerations
Insofar as any reactions it may produce are concerned, the

effective energy of tre beam is the center of mass energy. Therefore,
for a given type of particle of given laboratory energy, we must
calculate the energy in the center of mass system. We consider

the collision between an incident particle of mass Ml and Energy El
with a target particle of Mass M2 with energy E2. Kinetic energies
of the two particles are denoted by T, and T, respectively, and the
momenta by Pl and P,. We work with natural units, ¢ _ 1. The total

energy aﬁéilable in the center of mass system is given by

E'-/M12 +H22 +2 (E, E, -f;l' P,) (1)
It can be seen from this equation that for energies much greater
than the rest energy of the particles, the available total energy
E' is proportional to the square root of the incident energy, so
at very high energy, the gain with increasing size of a machine is
rather slow, The CM energy is somewhat increased if the target
particle has an appreciable momentum in a direction opposite to the
beam direction. For example, in the collision of a very high energy
particle with a nucleus, the nuclear particles will have an average
kinetic energy around 25 Mev., The maximum energy available in such
a collision will then be obtained when the nucleon is moving against
the beam, and the increase in the available energy is of the order
of the geometric mean of the energies of the two particles.

The available kinetic energy T' in the CM system is tabulated
below, both for a photon-nucleon collision (photon beam) and for a
nucleon~nucleon collision. The quantity T'* is the maximmm kinetie
energy when the target particle (nucleon) has a kinetic energy (1lab)
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1) Kinematical Considerations
Insofar as any reactions it may produce are concerned, the

effective energy of tre beam is the center of mass energy. Therefore,
for a given type of particle of given laboratory energy, we must
calculate the energy in the center of mass system., We consider

the collision between an incident particle of mass Ml and Energy El
with a target particle of Mass H2 with energy Ea. Kinetlic energies
of the two particles are denoted by T1 and T2 respectively, and the
momenta by P, and P,. We work with natural units, ¢ _ 1. The total

energy a#éilable in the center of mass system is given by

E'--‘/Ml2 +M22 +2 (B, E, -;l' 5‘2) (1)
It can be seen from this equation that for energies much greater
than the rest energy of the particles, the available total energy
E' is proportional to the square root of the incident energy, so
at very high energy, the-gain with increasing size of a machine is
rather slow, The ClM energy is somewhat increased if the target
particle has an appreciable momentum in a direction opposite to the
beam direction., For example, in the collision of a very high energy
particle with a nucleus, the nueclear particles will have an average
kinetic energy around 25 Mev, The maximum energy available in such
a collision will then be obtained when the nucleon is moving against
the beam, and the increase in the available energy 1s of the order
of the geometric mean of the energies of the two particles.

The available kinetic energy T' in the CHM system is tabulated
below, both for a photon-nucleon collision (photon beam) and for a
nucleon-nucleon collision, The quantity T'#* is the maximmm kinetie
energy when the target particle (mucleon) has a kinetic energy (lab)
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of 25 Mev. The energies are given in terms of the rest energy M

of the nucleon.

Bean angrgy i G 5.

Ty/M T TS/ e i

0.1 0.1 0.12 0.05 0.1
0.93 0.87 0.45 0.62
1.2% 1.45 0.83 1.08

V] 2.32 2,68 1.72 2.11
10 3.6 4,10 2.9 3,45

20 5kt 6.15 4.6 5l

30 6.8 747 6.0 7.0

100 13.2 1%.9 12,2 13.9

It 1s o: someé interest to remark on the energy available in a colli-
sion between a photon and an electron or between two electrons. Then we
find

E' = vamE, (2)
where m is the electron mass, This result obtains for energies larger
than m,

We see that 1t 1s very hard indeed to obtain a large effective
energy in such a collision between light particles. In order to have
E' g 1 Bev, we must have E; = 103 Bev. In this case, target motion will
add appreciably to the energy only if the kinetic energy of the target
electron 1is considerably greater than m.

On the basis of Eq. (1), it is possible to emtablish the thresholds
for the production of various particles in a collision between two par=-
tigles., In every case we will assume that the target is a nucleon, We

give the threshold kinetic energy (Tl) when the target is at rest and
the threshold kinetic energy (T;*) when the target nucleon is assumed to
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have 25 Mev kinetic energy. The binding energy of the nucleon in the
— mucleus is negleeted. Results for two interesting cases, the produc-
tion of nucleon pairs and of a Kemeson are given in the following tables

produced
particles nmucleon pairs K-meson

beam TI/M Tl*/ﬁ Tlfl Tl*/l

photon b 3.02 0.66 0. 5%

pion 3.85 2.87 0.51 0.35

nucleon 6 4,6 1.2 0.8 :

The determination of the threshold for a pion beam has been based on
the assumption that the pion is absorbed in the process, When these
figures are compared, it must be kept in mind that the shape of the
excitation curve near threshold will be different for different pro-
‘cesses. At threshold, one may expect the excitation curve to be pro-
portional to (E'-E;JQFE' where n is the nmumber of particles in the _
final state and E; is the (CM) threshold energy. Therefore, it may be
necessary to use an energy considerably above threshold to detect the
many particle process, such as the nucleon-micleon production of a
nucleon pair (n = &), If it is necessary to go as high as E'#2E} to
obtain an appreciable cross section, then the laboratory energy is far
greater than the estimate given in the table, Elzh-E or Ty ® 27, It
will probably not be necessary to go to energies as high as twice
threshold in the Cm system to detect the process, but it must be kept
in mind that, whatever the required factor, it is squared in going over
into the laboratory system,

Another purely kinematical remark that may be of some interest

concerns the angular spread of the products of a very high energy
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collision, If the angular distribution in the Cif system is isotropie,
the mean square angular spread is given by
(3)

s
-é—izaEMI (M._J—--l)

' IM,

at high energy when the target is at rest, It is to be noticed that
only the target mass enters this expression. The result shows that
the products of a very high energy reaction will be closely correlated
in angle so that there may be some difficulty in separating light
from heavy particles,
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2) BEstimates of Cross Sections
We consider here the cross section for the production of certain
species of particles by photons, electrons, or protens. It is assumed
that the energy is well above threshold so that the excitation function
is reasonably flat. The estimate is meant to include multiple produc=-
tion in all orders of the particular species under consideration. The
results are presented in the following table in units of the geometri-

cal cross section of the target nucleus,

2/3
pagire B0 & mb (&)
Species 2
’hoten Beam
photon direct ia z2 2~2/3
electron direct %
pion 2 10-3,%/3 by * 10”73 -
proton % x 10734 137 X i x 107323 airect
-3 1 * i
neutron % x 10"k 1_37 x 1 2 107K %
2 3 x 1071/ : 2 o waialal Ll
meson o230 17 xlx10 20
A1/3] 197 2 L3 '
hyperon % x 10 A ,’|_7 x 1 x10 A %5
SRV LU -5,1/3 -2
antinucleon £ x1207%a I, xp B0 A 10

These estimates have been obtained as follows:
For photon production by electrons, we give the high energy total
bremstrahl cpess section for a nucleus of ¢harge Z and mass number A,
The photoproduction cross section for pions has been estimated
in two different ways. First, we extrapolated from 1 Bev on the
asslumption that the total cross section is roughly propertional te
Ja at high energy where & is the photon energy in the laboratery
system. The %5 1law is obtained as follows, We denote the CM photon

energy by w'. The photoelectric cross section for production of

electrons from atoms is proportional to 1/0' 4in the extreme relativistic
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case, However, the pion current operator is preopertienal te the
momentum, while the electron current is essentially independent of
momentum. This means that the pion eross section should be w'?
times the electron cross section at high energy. In other words, it
should be proportional to &', However, since the photon energy in the CM
system is proportional to the square root of the laboratory energy, we
obtain a cross section propertional to ¥ @ .

At 500 Mev, the cross section for phote production of a single

plon from hydrogen is decreasing faster than w=2

y and has a value of
about 0,1 mb (CIT work reported at Rochester, 1954). We have assumed
that this way this may be extrapolated to the value of 0.01 mb at 1 Bev,
and from there we assume that the V@ 1law sets in., Extrapolation te
30 Bev gilves 0,06 mb = 10-3°éeom.
The other method for estimating this cross section is based on the
results of E, P, George for the cross section for preduction of pions
by very high energy muons. For an average muon energy of 14 Bev, he
finds a cross section in emulsion of 6 x 1073 mb which is about % x 10™7g
Presumably, this cross section is due to electromagnetic effects. We i
can expect that the photon cross section would be about 137 times greater.
This leads to a figure of the same order as the extrapolated cress
section obtained by the first method.
For photon energies below 500 Mev, the nuclear cross section appears
to be geometrical, and this is taken to mean that the photoplons are
absorbed within the nucleus with a consequent emission of nucleons.
At much higher energies, we may expect that the pions will produce
plons as well as nucleons, and that about half of the emitted particles
are pions while the other half are nucleons, In this case, the cross

section for preduction of pions of all energies may be about A/2 times

the cross section of hydrogen, and the photonucleon cross section would be

about the same. Those are the estimates given in the table, Under
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these assumptions, the photoproduction of very high energy pions will
have a cross section somewhat smaller in magnitude, and it would be
expected to be proportional to A2/3.

The cross section for photoproduction of K mesons has been ob-
tained by assuming that the mechanism is about the same as that for
pion and nucleon production, but that the size of the K meson cloud
in the nucleon is smaller in the ratio of the Compton wave length
of the K meson to that of the pion. Thus, the cross section should
be smaller in the ratio of the square of the masses, or about 1/10
of the pion axoss section.

The production of hyperons is assumed to be correlated directly
with K meson production, so that its cross section is the same as
the K meson cross section.

To estimate the cross section for photopreduction of antinucleons,
two methods have again been used., First, we might guess that the
cross section is (i3&5)2 times smaller than the cross section for
electron pair production. However, in the electron case, the recoil
momentum 1s taken tip by the coulomb interaction with the nucleus,
while the nucleon pair is subjectto a direct nuclear interaction. This
can bé expected to introduce a factor 137 in the cross section of
hydrogen if the specific nuclear coupling constant is of the order of
unity. This leads to a cross section of 2 x 10'“ mb for nucleon pair
production by photons incident on a nucleon.

An alternative method for estimating the cross section is te
assume that the process occurs through the absorption of photepions.

In other words, the process is similar to the photonucleon process.

In this case, we assume that virtual pairs occupy a region of the size
of a nucleon Compton wave length in the nucleon proper field. Then the
cross section should be about %5 of the photonucleon cress section.

T i
his leads to a value of 10™' pp 4n very good agreement with ous
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previous estimate.

The estimatet of production of nuclear particles by the electron
beam are simply based on the assumption that the process occurs through
virtual photon emission. Hence, each cross section should be about
1/137 of the cross section for production of the same particle by photons.

All of the cross section for processes due to the proton beam are
based on the observation that cross sections for nuclear processes at
high energy are of the order of 1/2 the gedmetrical cross section. :In
particular, the pion product10n~cross section is taken to be just of
this order.

The production of photons will occur throfigh the decay of r o's,
so this cross section should be of the same order as the plon production
eross section,

The production of neutrons may again be taken to be of the order
of ; O geom.

The estimates of K meson and hyperon production have been based
on the same argument used before, that they will be smaller than the
pion cross section by a factor equal the square of the mass ratio.

The production of antinucleons also has been assumed to be
smaller than the pion cross section by the square of the ratio of the
pion to the nucleon mass, since this would be expected to be the

geometrical factor to be taken inte account.
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3) The Accelerator as a Source

In this section we consider the various possible types of beam
which may be produced either directly or indirectly by the acceler-
ator for the purpose of performing experiments., We may hope to
extract the primary beam and use it directly, or we may insert a
target in the accelerator and produce a beam of secondary particles,
These may be photons, pions, K mesons, nucleons, antinucleons, or
hyperons, The fundamental experiments would then be performed with
the secondary beam, Our guess as to the relative intensity of a
glven type of secondary beam will be based on the cross section
estimates of Section 2. This requires that the energy in the
primary beam be far above the threshold for production of each type
of particle.

Our comparison of electron and proton accelerators will be
made on the basls of equal primary currents for the two machines.

We consider first the use of electron accelerators, It may
be possible to extract the electron beam and use it direetly, but it
1s by no means certain (see Section 4) that this would have any ade-
vantage over the use of a secondary photon beam produced at a target
inside the accelerator. The production of bremstrshl is very
efficient, so the photon beam may be produced with high flux, How-
ever, the photon energy distribution is expected to have the usual
w=i dependence on energy. Therefore, the really high energy part
of the photon beam will constitute a small fraction, possible 1/10
of the total., Since electrons are less efficient by a factor of 1/137
than photons for the production of particles, it will be assumed that
the bremstrahl beam is used to produce the desired (tertiary) beam of
particles, That is, we assume that the bremstrahl beam is intercepted
by a target which acts as a radiator of pions, K mesons, ete. In this
case, the cross sections in the first column of the table in Section 2

are applicable,
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Because the cross sections are all small in magnitude, it is
expected that a rather thick radiator must be used to obtain effi-
cient conversion. It also means that the production of cascade
showers will occur much more readily than will the production of
the desired beam., Thus, the beam will be thoroughly contaminated
by low energy electrons, photons, photonucleons, and photopions.

Some reduction in the contamination can be attained by using a thick
source, This procedure will have the obvious disadvantage that the
source of the experimental beam will be large, so that geometrical
conditions involved in the analysis of the beam will be poor.

It is clear that the proton accelerator will be considerably less
efficient as a source of photons or electrons. However, it 1s to be
kept in mind that the photon intensity (due to®'s) will not be
negligible, and it may be high enough to make phote experiments possi-
ble. The pketons are much more efficient for the production of nuclear
particles than are photons, Furthermore, the contamination problem
will not be nearly as serious in this case, Therefore, thinner radia-
tors may be used, &nd the geometrical conditions are thereby expected
to be much better.

The relative efficiency for production of high energy nuclear
particles of different kinds will be about the same for the electron
and the proton accelerator according to our considerations of Section
2, and may be estimated from the cross section table,

The only exception would occur for proton production if the
proton beam can be extracted and used direetly. The use of the
cross section table is possible only when the primary energy is well
above threshold, and even then there may be large errors in the
estimates.

The energy spectrum of the secondary or tertiary beam produced

by the accelerator 1s expected to be continuous, At very high energy,
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multiple production processes will eccur with high frequency. This
will accentuate the.lew energy end of the spectrum of the particles
being produced, Therefore, one expects a rather low efficiency for
the production of a secondary beam of high energy with a strong in-

crease in intensity toward the low energy end,
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%) The Nature and Interpretation of Experiments

It may be worthwhile to make a few remarks concerning the
possibility of investigating the limits of our knowledge of quantum
electrodynamics of the electron-positron system by means of very
high energy collision. Deviations from the present theorles might
be expected to show up in a collision between light particles with
a relative (CM) wave length somewhat smaller than the classical
radius of the electron., This would require a CM energy around 300
Mev* or larger. Since we would be dealing with a collision between
light particles, the corresponding laboratory energy would be larger
than 100 Bev, Machines designed to operate at so high an energy
are not being contemplated at the present time, so we need give this
problem no immediate consideration, However, it may be worthwhile
to call attention to the faect that accurate quantitative measure=-
ments would be required for this purpose, and that these would be
especially difficult in the presence of the cascade showers that
would be produced at such energies,

In considering the application of a high energy-machine to the
physics of heavy particles (that is, heavier than electrons) we may
divide the problem into two partss A. Questions of particle physics
which are essentlally qualitative, and B, Quantitative measurements

of cross sections, Each of these is described in turn,

* The momentum in the CM system 1is %’E' for the extreme relativistiec
case and we have tzken '11:0 be ]} the classical electron radius,
2
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A. Papticle Physics

The purpose of experiments of this type 1s to produce and
identify various particles, to measure branching ratios and multi-
plicities and to establish correlations between the various specles,
An external beam is usually preferred for the work because it allows
a greater control of the energy and easier reduction of the contamina=-
tion of the beam. There are, of course, certain emulsion experiments
that can be done internally. Except for these special experiments,
we may assume that the work is to be done externally. Then it will
either be necessary to extract the primary beam from the accelerator
or to make use of a secondary beam to investigate the particle pro-
duction. In the latter case, the bremstrahl beam from an electron
accelerator would be used, while in the proton accelerator it would
probably be best towse a secondary pion beam,

Qur concern here will be the relative efficiencies of the two
types of machine for the production of the particles to be studied.
The comparison will be made for electron and proton accelerators
operating at the same primary current.

We consider the production of K mesons, hyperons, and anti-
nucleons. According to our table of cross sections, the direct
proton beam may be expected to produce about 103 times as many of
these particles as would a photon beam having the same flux. The
photon flux capable of producing the desired particles will probably
be comparable to the electron flux if the maximum energy is quite
large (say 230 Bev) compared to threshold, At lower maximum energy,
the intense low energy component of the photon beam will, of course,
be useless, When the secondary beam is to be used, it is neecessary
to take into account the relative efficlency for the production of
pions by protons compared to the predumtion of photons by electrons,
which is about'*ﬁ for a Pb radiation. Therefore, the use of the pion
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beam for a proton accelerator would require a considerably larger
radiator (to obtain comparable flux) with a correspondingly much
poorer geometry, The effective pion flux might be estimated at
10'1 to 10~2 the photon flux so the advantage of the proton accel-
erator for particle production would be reduced to a factor 100 or
even to 10. It has been assumed here that a pion has sbout the
same cross section for K meson or antinucleon production as has
the nucleon,

It is again important to notice that there will be associated
with the production of the interesting particles a large number of
contaminants if we use the photon or electron beam, The number of
photons and electrons will be enormous, and the photoproduction of
pions will be some ten times more efficient than the production of
K mesons., Furthermore, the threshold for K meson production is
higher, so the number of low energy pions will be even greater in
proportion to the number of K mesons.

B, Crosg Section Measuremenks

In order to judge the worth of extracting the electron beam
to use it externally, it i1s of some interest to compare the rdekive
merits of the electron and photon beams for direct use in quanti-
tative measurements. Ve expect that electron cross sections_will
be smaller than the photon cross seetions by a factor er~}37. The
electron energy is unique, while the photon speectrum is continuous.
On the other hand, the photon is absorbed in the production pro-
cessy while the electron is not. This means that the kinematies
of the photon experiment are much simpler than those of the elec-
tron experiment, For example, in the photoproduction of a pion
from a nucleon, the momentum of each of the three partiecles can be

determined by measuring the energy and the direction of the pion,
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while in the corresponding electron induced process, four quantities
must be measured even if the initial electron energy is given.

It may be somewhat more difficult to make absolute cross sec-
tion measurements with the photon beam because of calibration
difficulties. However, the theoretical interpretation of the photon
experiment will usually be much simpler because it involves the
electromagnetic interaction directly. Presumably, the electron
interacts by means of virtual photons, so that the electromagnetic
interaction enters indirectly in the form of an integral over the
virtual photon spectrum., In order to obtain the proper weight
factors occurring in this integral, it may be necessary to assume
a rather specific model of the system being investigated. In that
case, the interpretation of the experiment will be difficult and
most indirect.

If we consider now the information to be gained from studies
of photoprocesses (either photons or electrons), we find that
their great advantage over mueclear processes lies in the fact that
they involve a weak interaction which therefore causes a minimal
disturbance of the system being probed., Of course, for the same
reason the cross seections are so small that it will be difficult
to measure them accurately. Nevertheless, it is an advantage from
the point of view of theoretical interpretation to deal with an
undisturbed systana

Another advantage of the electromagnetic process 1s that we
have some g prlorl knowledge of the electromagnetic interaction with
any system. To the extent that this interection is known, the cross
sectlons for photoprocesses provide information concerning the

structure of the system, or more precisely, concerning the strue=-

ture of the wave function. Unfortunately, the electromagnetic interac-
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tion is not known completely because it i1s influenced by the strong
interaction between the heavy particles. Aeccording to our present
understanding of heavy particle interactlons, we may expect an elec=-
tric current (interaction current) to flow between the interacting
heavy particles, This current can only be deduced from a complete
theory of heavy particle interactions. Therefore, the interpretation
of photoprocesses will be ambiguous until more detailed knowledge
(concerning the interaction currents) is available. The experiments
would probably be used as a source of informat;on concerning inter-
action currents and thereby as an indirect means for studylng the heavy
particle interactions, It will actually be a difficult undertaking
to untangle the effects of the known (free particle) currents and
the interaction current,

Experiments performed directly with a heavy partiecle beam will
certainly give the most direet information concerning heavy particle
interactions. The interpretation will be somewhat dependent upon
questions of structure, although any analysis in terms of structure
will be less direct than in the case of the photoprocesses since
the system is profoundly disturbed by the strong interaction; The
analysls will also be confused by multiple production of heavy
particles, Of course, a study of the multiple production processes
may in itself shed an entirely new light on the nature of the
interaction.,

_ This report was prepared with the ald of support from the
AEC,

R. G, Sachs



