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INTRODUC TION

The progress in accelerator physics and techniques is one
of the most important conditions for development in nuclear
physice and physics of elementary particles. In the work pre-
sented here,the content of which corresponds in its major part
to the report delivered at the ¥I International Confe -
rence on high energy physics /1/, I will tryto consider briefly
the shifts in the accelerator and, partly, in the field of inst-
rumentation, which were most significant in facilitating the
progress of elementary particle physics in recent years and
will be in the near future.

Firat of all, let me make only two remarks general now
both for the accelerators and detectors. The golution of pro-
blems of elementary particle physics, which become more and
more complicated, forces to shift to a larger scale for sll
the systems, both for accelerators and detectors. This shift,
in particular, becomes accesgible because of a wide use of the
module principle for construction of systems with maximum ho-
mogeneity of modules. This permits meking systems aignificant-
ly cheaper, prolonging their life time and reliabilitye

0f the same importance is the profound and versatile uge
of the gtormy developing electronics and egpecially computerse
In the modern systems of high energy physice the computer
devices became as widely spresd and necessary as magnets and
counters. They serve the functions of continuous collecting the
data on the installations and the processes, gystem control
end data processing.

In section I, general questions are considered which con-
nected with the most important physical and technical develop-
ments in the field of accelerators: exploration of the widely
used method of colliding beams, development of the beam coo-
ling techniques, preparation for the wide use of super-
conductive systems, the commencement of the guperlinac deve-
lopmenta.

In section II the most essential progressive changes are
briefly reviewed occuwrring in the field of systems for detection



of the final products of reactions under study and experimen-
tal data procesging.

Section III is devoted to evaluation of modern possibili-
ties for the high energy particle beam generation as the primarily
accelerated and gecondary particles; and an attempt 1s made
to estimate the more distant prospects in this direction. Es-
pecial attention is paid to production of high gquality beamsa-
-pure, ultimately intense, with the possibly lower emittance,
desirably polarized.

In section IV the prospects are considered for creation
of a system with colliding beams with possibly wide range of
particles including those polarized and ultimately monochroma-
%ic. It is emphasized the possibility of achieving sufficient
luminosity with participation of stable and unstable particles.

Sectiong V and VI are of especially certain character connec-
ted with the development of superlinacs which initiated by

Prof. A.M.Budker and developing in INP (Novosibirsk) during the
lagt decade.

In section V, the so-called proton klystron is described
enabling to use the modern and future proton accelerators at
ultimately high energies for generation of pure intense beams
of particles with a total (and even higher) energy which gene-
ration has not yet visible in other ways. The purpose of this

- sectlon 1s to stimulate the main proton centere to the develop
ment of the concrete projects.

Finally, in section VI, the project is deseribed,which is
under development at INP, of the installation with linear elec-
tron-positron colliding bteams (VLEPP) which,if realized in the
whole scale,will enable one to achieve the electron-positron
interaction energy up to 1 TeV.

Note, that the presence of these two special sectiong in
the paper has naturally led to expansion of the INP papers gi-
ven in References.

I. Progress in Accelerator Physics and

techni ques

1. The greatest'event in the area under congideration is
the exploration of the colliding beam method (the summary of
the development and its prospects are considered in /2/). Col-
1liding beam experiments starting with electron-electron beams
in Stanford and Novosibirsk, electron-positron in Hovosibirsk,
Orsay and Frascati and proton-proton et CERN became one of the
main sources of fundamental information in elementary particle
physics, and their significance will only increase in future.
Below we shall have a snecial detalled discussion of colliding

beams.
o, Tt is well-known how important for implementation of

electron-positron colliding beams was the existence of radiati-
on cooling for light particles even at low encrgies. Radiation

. cooling enabled one to stack intense positron beams, to comp-

*e” colliding beams down to

ress transverse dimensions of e
aemall sizes (to a few microns even now) and to maintain the

beams compressed despite strong perturbations of particle moti-
on caused by the field of encountered beam,and correspondingly

to achieve high luminogity.

Cooling will be of the same fundamental importance also
for implementation of the proton-antiproton colliding beam ex-
periments, cooling of heavy particle beams became accessible
after development of electron cooling in Novosibirsk /3,4/ and
stochagtic cooling at CERN /5/. These two methods complement
each other substantially in their possibilities. Stochastic co-
oling is especially effective for beams of low density with
large emittance (i.e. at small 6 ~ dimensional phase dengity).
Electron cooling is the most effective particularly for getting
low-temperature ("narrow™) beams of heavy charged particles
(protons, antiprotons, ions). It is not excluded that cooling
with the circulating electron beam will turn out to be useful
for suppressing the diffusional beam cross-secticn growing with
time of proton-antiprotonp colliding beams at high energies. Lei
me note that at energies ;a 10 TeV an important and positive
role will be played by radiation cooling for increasing lumino-




sity of proton-antiproton colliding beams,

The use of ionization cooling /4 b/ can open up very in-
teresting possibilities in getting intense muon beams of high
energy including implementation of muon colliding beams of suf-
ficiently high luminosity (see bhelow).

2+ 1« Continuous cooling of the particle beam in a storage
ring gives an important possibility for carrying out experi-
ments with  superthin internal targets /6/ wherein diffusional
growing of the beam size (because of multiple scattering on the
target substance and due to fluctuations of ionization losses)
1s suppressed by intensive cooling. Thusg, fine "apectrometric®
experiments become possible with ultimate high luminosgity which
1s only determined by the injector productivity and the cross-
sectlon for single-scattered particle loss on the terget sub-
stance, that ig impossible to achieve in the ordinary set-up of
experiments. Experiments of this kind - electro-excitation of

nuclei - for a few years are being performed on electron stora-
ge ring VEPP=2 /b/.

Another application of the superthin target mode of opera-
tion is generation of secondary beams with good tagging (of
- kind of the generated particle and its momentum) using regist-
ration of accompanying particles. Such a mode gives 100% duty
cycle, the relative intensity of the secondary beam is determi-
ned by the ratio of the interaction cross-section in use and
the total cross-section, beam emittance is only determined by
properties of the process used for generation and by the size
of the continuously cooled primary circulating beam at the
interaction section;weakening the flux of secondary particles
due to absorption in the target is naturally absent.

2.2, Similar set up of experiments with continuous cooling
is reasonable even under conditions when the target cannot
practically be made so dense that the life-time of a particle
in the storage ring would be determined by the collision with
target and not by residual gas in the vacuum chamber (another
posgible restriction for an intengity increase are the resgtric-
tions on the stored current value). Consequently in this case,
though, the luminogity does not achieve its ultimate value but
the great gain is conserved compared to the single pasgss of the
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beam through the same target and also there is a possibility
to operate with a very atable beam of high quality.

guch a situation is characteristic for experiments with
the polarized ges-targets which nowadays permit one to have
aven.for hydrogen or deuterium up to 1012 atom/cmz only, which
corresponds to average vacuum in a storage ring better than
WD-E Tor. Naturally, the most interesting work with a polari-
zed target is in a storage ring with polarized beamsae

Another interesting example of this kind can become the
target of free neutrong which is especially promising for de-
tailed study of Bn interaction at low and medium energies /4/-

3. Nowadays we are at the stage when important improve-
ments for accelerator field are under implementation.

Pirst of all, a wide use of superconductivity has star-
ted. The use of superconducting magnetic systerl even now per-
mits increasing the maximum guiding field from 20 kG to 45 kG
(uging Wb, Ti alloys) and correspondingly gaining energy for
proton and antiproton beams (at a given scale of accelerator
facility). There is a possibility to reach 100 kG in the near
future (the use of Nb, Sn alloys). An important fact is the
significant reduction in energy consumption, which ig the '
gain being especially high for the storage ring mode of operatioi.

T would like to draw attention to the fact that at small
fields up to 20 kG (with ferromagnetic formation of a magnetic
field in the storage ring or slow accelerator) the use of su-
perconducting coils permits construction of extremely miniatu-
re magnet systems (design works of the High Energy Laboratory,
JINR, Dubna).

However, superconducting magnet systems ghould still demonst-
rate long operability with the intense beams which are planned
for most projects; that longevity requires a special care.

The use of high magnetic guide field enables one to in-
creage the energy of heavy particle beams, but this way is
cloged for electrons end positrons because of excessive incre-
ase of synchrotron radiation losses. However, the use of su-
perconductive magnetic structures turns out to be efficient
for reaching higher luminogity for electron-positron colliding:
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beams at low and average energies /2/ and also for producing
generating structures for various applications of synchrotron
radiation.

The use of superconductive regonators in RF accelerating
structures, which have already been used in RF separators for
beams of secondary particles, will be essential for accelera-
tor progress. Up to now it is not clear whether an increase of
accelerating gradient of these systems higher than 5 or ]DMQ%]
will be achieved, but, at any rate, such systems will permit in-
creaging noticeably (by 1.5-2 times) the energy of cyclic elect-
ron-positron storage rings /7,8/.

4. A sharp increase in acceleration rate in linear accele=
rating structures (up to 100 MeV/m and maybe somewhat higher)
one can achieve in a pulgsed mode (with normal conductivity of
regonatorg). Such accelerators could be called superlinacs. The
problem of achieving ‘an appropriate surface strength with res-
pect to high voltage break-down as well as the problem of de-
veloping accelerating structures for relativistic particles
with minimum overvoltage, one can congider as solved in prin-
ciple /9, 10/, The basis of possible progress in thisg field is
the development of pulsed short-wave generators of a fundamen-
tally new level of pulsed power (order of gigawatt). Two di-
rections in the development of "RPF-pumping" systems seem to be
most promising.

One of these directions is connected with the fast prog-
ress in the technology of high power pulsed relativistic elect-
ron beams /9/. Already now when golving the controlled fusion
problems the pulsed power of electron beams of a few gigawatis
is achieved for durations of the order of a microsecond, with
transformation of a substantial part of the beam energy into
the energy of the RF electromagnetic field. The present day
tagk is to make these generators more efficient, more sensiti-
ve in control over the amplitude and phase and fto develop them
for the regime of comparatively high repetition rates.

inother direction /11/ is connected with the fact that
modern big proton accelerators (not even mentioning future
accelerators) have an energy stored in the beam of millions
joules, zood properties of high energy proton beams (small
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energy spread — only tens of MeV at an energy 500 GeV— and a
small emittance) permit rather easily (with the help of a ben-
ding modulator) to cauge the deep bunching along the beam with
the required wave length of the order of one centimeter.

With such en ultrarelativistic beam pasaing through the corres-
ponding diaphragmed wavegulde one can effectively transmit the
energy of a proton beam in the electromagnetic field of this
linear accelerating structure with an accelerating rate up to
100 GeV/km. Let us call such a mode of operation the proton
klystron mode (see section V). By injecting ultrarelativistic
particles to be accelerated after the exciting proton bunch
one can obtain a wide range of particles of high energies.

In such a way 1t is poseible to transfer nearly full
energy of the basic proton accelerator to accelerating partic-
les with the beam intensity up being of substantial part of
the initial beam intensity. By lengthening accelerating struc-
ture and exciting consecutive sections with various proton su-
perbunches one can proportionally raise an energy of accelera-
ting particles with corresponding logs in their mean intensity.

1l. Progress in Detector Fields

1. The progress in detector systems is very strongly con-
nected to the permanent revolution in electronics.
Namely the "electronics revolution" enables one to create mo-
dern fast track devices and to handle the large flowsg of in-
formation. The very rough upper estimation of information on
an individual event in a big detector (107 resolvable elements
of space X IDE resolvable time moments x 102 regolvable values
of amplitudes = 1011 resolvable elements) shows that the num-
ber of elements is very large, so that computer image of an
event ia quite informative = or as it is said sometimes now -
~ 1s quite pictorial. As a rule, thousands of these events
should be registered in a second i.e. the full information
£1ows are very 1EPgén

it

References in this section are mainly made to the papers
presented to the XX International Conference on High Energy
Fhygica.



Therefore, development of everfaster processors is very
important. Apparently the "Fast-bus system" developed atIBrﬁck—
haven is the record one which provides the processing rate up
to Gigabit per second /12/. But even this rate is insufficient
for the purpose of processing the full information flow if the

information considered as totally uncorrelated and of equal
importance.

The separation of taking and processing information is of
great significance, as well as the use for this purpose of the
more perfect programmable microprocessors, that enables to re-
cord and further to use for analysis only potentially interes-
ting information. There could be several levels of decision on
the further more detailed recording and processing the informa-

tion and even several levels of triggering of the detector de-
Vices.

2. The detector systems used now happen tobe hugein their gize.

Especially large are neutrino detectors /13/ and the multikilo-
ton detectors for the study of proton stability /i4/.

But of extreme importance is also the line of the microde-
tectors development when for achieving necessary information
the ultimately high spatial, time and amplitude resolutions are
ugsed (either one kind or combined). The International Symposium
in Italy (September, 1980) was specially
detectors.

devoted to micro-

3« Let us consider now the progress and proapecta in some
certain detecting techniques.

The discharge track devices are improving. Revolution in
electronics enables one to use the finer properties of elect-
ric discharge in various media. Already now the spatial resolu-
tion in a liguid-argon chamber is Gx =8 Mm /15/, in a gas
chamber - 20 }tm /16/ and the time resolution achieved

‘E,=
= 20 pikoseconds /17/.

One can confidently predict that further improvement and
miniaturization of electronic components (as well as their lo-
wer cost) and, may be, the use of integrated sensitive and
electronics procesaing components will further facilitate the
progress in track detectors.
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4o It is quite promising the direction of "active tar-
gets" with a fast (electronic) information reading which is
direct outgrowth of the bubble chambers and high pressure gas
chambers /18/. One of the versions of such a target is a set
of fine semiconductor counters /19/ with a longitudinel reso-
lution 10 Jam, designed, in particular, for measuring the life-
-time of D-mescna generated in the substance of the target it-
gelf. Pogsibilities of this device are expanded especially
with the add of the transverse resolution for each counter (the
prototype of the device is already manufactured providing
trangverse resolution 61 =0 /Am).

But with the use of technological means of modern micro-
electronics - thin silicon plates production, ion implantation,
molecular epitaxy, laser and in not too distent future X - ray
lithography with the use of synchrotron radiation of electron
storage rings, the use of integrated circuits in production cf
the whole channel with up to transport of information into
procegsor - the prospects open up for the real revolution in
the whole this field.

The latter note ig valid also for the system of informa-
tion read-out, optical, in particular, for the detectors of

any kind.

5 Guite interesting possibilities appear when using the
thin-wire scintillation hodoscopes /20/. Good results obtained
for information read-out when using the avalanche photodiodes
and microchannel electron multipliers. It looks realistic to-
day to have hodoscopes with the spatial resolution up to
TDD'}fm, the length along filaments of 1 m and event rate up
to 157 Hz

bs Interesting prospects open up for small bubble cham-
bers at operation with - very small bubbles /21/ - the resolu-
tion already achieved is of 10 M m. Especially attractive in
this cage ig the use of holographic information taking which
enableg one (mainteining the same resolution) to increase
sharply the image optical depth (a 10 cm image depth is alrea-
dy achieved). The main efforts in this case are put on the
further information processing. Note, as the studies of Nucle-
ar Physics Institute (Leningrad) has shown, the holographic way
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of information reading is apparently feasible for streamer
chambers. Actually, for holographical detection in the resl
detectorg it is reasonable to tend for using the filmless way
of taking information, i.e. microchannel multiplying plates,
the large area gemiconductor counters with the neceggary sapa-
tial resolution and perhaps some other techniquess

7+ lote, the hybrid emulsion and rapid-cycle bubble cham~
bers with the countfer aiming the interesting events and adding
high time resolution are still of interest, especially for ope-
ration with very high multiplicities and complex unknowvn events

In particular, the hybrid bubble chambers can be adequa-
te to the work with linear electron-positron colliding beams
at super high energies /9/ when at an average repetition rate

of tens Hz the luminosgity at a single interaction should be
very high.

8« In conclusion of the detector section let me note the
quite extensively developing methods of direct measurements
(or at least estimates) of relativistic Y -factors of particles
mder gtudy. With the energy growth this problem becomes more and
more complicated and important. Among these methods I would
mark the gas Cerenkov counters (especially those with measure-
ments of Gerenkov radiation image ring /29 ), detectors of trans-
sition radiation /23/, the use of relativistic dependénce of
ionization loss (at high energies in gases), radiation at
channeling in monocrystals, which is most successfully applicable
for pogitive particles, eand the synchrotron radiation. For va-
rious cases the optimal methods can be different and sometimes
optimal may be their combination. Some methods, for instance,
channeling radiation, is mostly applicable for tag -
ging the secondary particles falling dovm the target when di-
rections of their motion are sufficiently collinear.

III. Generation Pogsibilities of Elementary
Particle Beams

Let us consider now the possibilities for generation high
quality beams of a possibly wide set of particles both the
primarily accelerated and secondary. The progress in this di-
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rection determines to a gignificant extent the development of
elementary particle physics.

Among the characteristics of beams significant from the
point of view of elementary particle physics, energy and in-
tensity have obvious importance. An increase in the energy of
projectile particles leads to an increase in reaction energy
for fundamental processes under study. In ultrarelativistic
cage this energy increases ad\ﬂ§ in the experiments with sta-
tionary target and as E in colliding beams. An increase in in-
tensity makes possible both the observation of more rare pro-
cesses and higher accuracy of experimental data, which frequen-
t1ly supplies quaiitatively new information of fundamental im-
portance. As a bright illustration of the latter may serve the
discovery in laser experiments of the parity violation in ato-
mic transitions and, consegquently, the discovery of eleciron-
-nucleon weak interaction due to neutral currents /24/.

In addition to an energy and intensity, the following
gualities of beams are of a very great importence: smallnegs of
their emittance, monochromaticity and optimum of their time
astructure. The smallness of emittance permits minimizing the
transversal gize of interaction region between particles of a
beam and the subatance of the target, which improves, say, mo-
mentun analysis of reaction product. Concerning the time struc-
ture of the beams it's worth mentioning that sometimes it's
beneficial to have the shortest intense bunches separated by
long particle free periode for helping to avoid, for example, homoge=-
neous cosmic background, for the use of primarily triggered
detectors like bubble chambers, and for separation over the
velocities; in other cases it is beneficial to have the beams,
continuougly distributed in time, loeding optimally the detec-
ting electronics and getting the possibility to "tag" each
interesting particle byithe products accompanying ite produc-
tlone.

In recent years, obtaining polarized beams has become mo-—
re end more importent. The opinion accepted earlier that spin
effects, for strong interactions at any rate, become weaker
and weaker at higher energy turned out to be absolutely incor-
rect. More than that, one can say that it is imposaible to
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develop the quantitative theory of elementary particles witho-
ut experimental study of the spin properties.

Let us consider now, very schematically, the pogsibili-
ties of generation of the beams of all known stable enough
particles. The secondary beam generation is often the multi-
~-step and complex process. And at many stages the use of su-
per-thin target mode with a suitable cooling could be effective.

1. Protons. The proton acceleratores continue to grow in
energy and intensity being the bagig for the great class of
experiments including colliding beam experimentse.

Aready now the energies up to 500 GeV accessible; too distant
future the DOUBLER at I TeV will be put infto operation in not:
the UNK project at 3 TeV /25/ is under way. The sub-

Ject of consideration of ICFA (International Committee of Fu-
ture Accelerators), 1979 was an accelerator at energy 20 TeV.

Modern intensity of proton beams of the highest energy is
p/sec; further increase of their intensity is connected
with a solution of a problem of further sharp improvement in
the "beam hyglene", which is of particular importance for
accelerators using superconductivity, that is used in every
project for proton accelerators at super high energy. The use
of superlinacs with the proton klystrons opens up interesting
possibilities for getting protons of higher energies using
existing and future fecilities.

ald

The record intensities for medium energies belong to me-~
gson factories (up to 1U1h p/sec). Further increasse in intensi-
ty will be in progress with the growth in power of RF genera-
tors and solution of radiation problems.

In the field of lower energies the electrostatic tandem
generators are distinguished for the excellent beam properties.
However, many corresponding experiments, e.g. spectrometric
ones appear to be feasible (and without sharp energy limit)
with the help of the proton storage rings with electron coo-
ling in the super-thin target operation mode /4/.

Obtaining polarized proton beams is connected with the
design of sufficiently enough intense sources of polarized
protons and, in the case of cyclic accelerators at high ener-
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gieg, with overcoming the depolarizing effects of spin reso-
nances. The experience of Argonne laboratory has shown experi-
mentally the possibility (and high ngefulness) of accelerati-
on of polarized protons up to rather high energiess.

New poesesibilities are already seen now for filling cyclic
proton accelerators with polarized particles up to the total
intensity of the given accelerator. The main wey 1is the use of
the proton polarized H -beams, which may have nearly the sgame
intensgity as that of polarized H'-beamsg, and the use of charge
exchange injection into the accelerator, that enables one 1o
increase by several orders of magnitude the current circula-
ting in the accelerator compared to the current of the H -sour-
ce /26/. Additional increase in injection multiplicity and im-
provement in the stored beam emittance one can achieve by intro-
ducing electron cooling during the injection process. Only for
meason factories are there yet no possibilities for the intensi-
ty of polarized proton beams to approach the intensities of
ordinary beams.

Acceleration up to very high energies in cyclic accelera-
tors ie accompanied by numerous spin resonances. This question
was thoroughly studied theoretically and ways were found for
overcoming the determinal effect of resomnances, including pro-
ducing magnetic structures which eliminate these resonances

completely /27/.

The problem of producing polarized protons of high ener-
gies after initial charge-exchange stacking in a booster is
especially simplified with use of superlinacs, in particular,
with the uge of proton klystrons 11/

Since presently there are no pure polarized targets of
condensed substance, an especially important role could be
played by the experiments in storage rings with an internal
tataily polarized gas target which enables one to operate with
nearly pure initiel spin states. One should pay attention that
even longitudinal polarization of a coasting beam near the
target can be made stable /28/ for achieving initial states
with the given helicities.
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2 Nuclei. "Relstivistic nuclear physics"/29/ turned out io
be more interesting than it was expected earlier ("porridge on
porridge"). Such experiments give both ideas on supercompres-
sed nuclear substance and supply data on fundamental interac-
tions (study of "cumulative" inclusive processes). Already nowa-
days accelerated uranium nuclei are obtained with energy up to
10 MeV/nucleon and 10° U/e and nuclei to carbon with 5 GeV/nu-
cleon energy and up to WGT C/s intengity (the latter i1s in the
High Energy Physics Laboratory, JINS, Dubna). An implementa-
tion of projects is under way which sharply raise the ceiling
of available energies and intensities. In some cases coherent
methods of acceleration could be used, including "smokotron"
devices.

This table represents the expected maximum parameters
(energy and intensity) of the nuclear beams for one of the
biggest projects VENUS (Berkeley):

Table 1. 1 GeV/nucleon 20 GeV/nucleon
e 0.8+10 '@ 10207011
K 2.10 11 3.10 10
U 0.7+1011 121010

Thig project also envisages an operation in colliding beam mo-
de.

Obtaining beams of polarized deuterons of high energies
is even simpler than in the case of protons (because of small-
negs of the deuteron anomalous magnetiec moment).

Note, that with the necessity of stacking beams of heavy
ions and especially of conserving them compressed for a long
time, the most reasonable is the use of cooling by proton beam
which, in its turn, is cooled by electron besm (Y"proton cooling!

[4/ .

3. Neutrons. Neutron fluxes with an energy up to tens of
MeV are produced mainly with nuclear reactors (including pul-
sed reactors) and with deuteron and proton accelerators. For
monochromatization of reaction energy the velocity separators
and the time-of-flight technigques of detection are used.
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I cannot help but drawing attention to the fact that it
‘s a very attractive possibility for the energy range from
t.as eV to hundreds keV to use very powerful and highly colli-
L ated synchrotron radiation from electron storage ringe at an
6nergy = 10 GeV (with the guantum energy above 7.6 leV) irra-
diating.a beryllium target. Small transverse dimensions of the
effective neutron source (achievable yimensions are down to
10 Mo x1 mm), short pulse (fractions of nanosecond) end a very
low duty factor {;3'1D_5} at high average intensity (up to
1014 n/e) provide by many orders of magnitude better conditi-
ong for the study of neutron reactions ueing the time-of-flight
technique. In the lower part of the mentioned energy range the
amall transverse dimensions of the source make very cffective
the use of Bragg's monochromatization with the use of bent
crystals, and also make effective obtaining polarized neutrons
with the help of magnetized mirrors.

At higher energies an interesting pulsed source of neut-
rong can be obtained at meson factories with the use of char-
ge-exchange (H —~ H', D — D) stacking of accelerated protons
or deuterons in a cyclic storage ring, and using their possib-
ly fast drop onto the target.

At energies ;3 100 MeV an optimum way for obtaining quite
monochromatic and well directed neutrons is the usge of the de-
cay reaction for accelerated deuterons with required energy pe
nucleon. In the superthin target mode an intensity for well
collimated and quite monochromatic neutron flux can be achie-
ved close to that for the deuterons and also good tagging with
the remaining nroton of the same energy. The use of polarized
deuterons enables one to have neutrons wlth a good degree of
polarization.

The use of charge-exchange reaction @ Z*H(Z?'i)pemitf
doubling energy for neuttrons obtained at a given cyeclic accele
rator but the beam quality in this case is worse. The cross-
—-gection of elastic charge-exchange fallg down rapidly with
proton energy growth (O, ~ 21;:;‘””‘5, Gu/(:)},t”m"ﬁ-mf E;».V] and at
energies higher than tens of GeV one has to use the reaction
pp—~nFhwith the useful cross-section of 0.2 mb having with
proton accelerators up to 0.5% efficiency of transforming of
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protons to neutrons.

4. Antiprotons. Development of electron and stochastic
cooling techniques gives the possibility of obtaining the high
intensity, absolutely pure, monochromatic and small-emittance
antiproton beams. The first projects of antiproton storage
rings under implementation and under preparation /30-34/ will
give (i+5)-10? p/s. In the first experiments at CERN the suf-
ficient stacking rate is achieved /31/. Nowdays the ways arve
visible for an increase in efficiency up to 10° p/s /4,33,34/.

The stacking will be performed at an energy 0.5+#5 GeV.

The antiprotons can be decelerated to very low energies and ac-
celerated up to highest energies available for proton accelera-
tors /4,35/ (or even higher when using proton klystrons). Of spe-
cial interest are the studies with antiprotons at low energies
with continuous electron cooling in obtaining intense and long-
-life protonium flixes - pp-electromagnetically-bound states /4,35

When ueing (continuously cooled with electrons) antipro-
ton beams, which interact with a longitudinally polarized
hydrogen gas target at the storage ring section with stable
longitudinal polarization of the circulating beam, one can
achieve polarized antiproton beams with intensity up to 10% of
the intensity of the initial antiprotons /4/ with their subse-
quent acceleration (or deceleration) up (or down) to the ener-
EYy reauired.

D+ Antideuterons. With the same storage rings being desig-
ned for obtaining antiprotons one can get absolutely pure beams
of antideuterons with intensity only by 3-4 orders of magnitude
lower than that for antiprotons /4/. At these low intensities
the use of stochastic cooling in the stacking system becomes
optimal enabling to cool beams with a large energy spread and
_ emittance just at an energy of the deuteron production. Such
beams can turn out to be interesting for the study of nuclear
atates consisting of nucleons and two antinucleong.

be Antineutrons. At energies up to tens of GeV the most
profitable is to obtain antineutrons due to elastic charge-ex-
change reaction pp—1fin (the cross-section at high energies is

about Coy = 19/F"%.y mE) with tagging, if possible, by the
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remaining neutron of low energy. The intengity of antineutrons

will e up 0 By [Byy 2 Egwof the system efficiency for anti-

protons. The use of polarized antiprotons will apparently enab-
le obtaining the beams of polarized antineutrons with en in-
tensity one more order of magnitude lower additionally (becau-
ge of logses during antiproton polarization).

At still higher energies one has to get antineutrons in
the reaction ﬁp-ar-ﬁiﬁJ' p with cross-gsection of fractions of
mb having worsened guality of the resulting beam (even with
tagging). The antineutron intensity can reach a fraction of a
percent of the antiproton intensity.

The antineutron beam of an excellent quality., intensity
up to 10™> that of the antiprotons end with ideal tagging by
the remaining f can be obtained by the decay of the astored and
accelerated antideuterons.

T+ Pions. The generation of cherged pion beamg ie the most
explored field among the secondary particle beams production at
high energiesg. Here, I would like to draw attention only to
the tempting proapects for obtaining pure, rather monochroma-
tic and well-collimated pion beama by their acceleration in
guperlinacs with acceleration rate higher th512rﬁﬁﬁ¢%;dwmﬂﬁ?m
in this case, the most natural ig the use of a proton klystron
/ 11/« When using optimal conversion systems, for each ten pro-
tons with energy == 100 GeV we can have one positive and one
negative pions with an energy of a few GeV which are fit for
further acceleration. In order to decrease the number of muons
accompanying the beam of accelerated piong one ghould tend ma-
Xximum scceleration rate.

Let me note here that at energies above hundreds GeV the
number of events with full cross-section induced by neutral
pions in a condensed target becomes substantial. So, at initi=-
al proton energy of 1 TeV with intensity 1012 p/ 8 more than
102 events will be caused by neutral pione having average
flight length of 20 Mm. But, of course, the problem of iden-
tification of these events is extremely difficult.

8. Kaong. Unfortunately, for acceleration of charged ka-
ons the accelerating gradients higher than 3 lleV/cm are requl-
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red; that is still out of reality. There is some hope to achi-
eve such gradients using special modification of a proton
klystron where all the protons should be compressed into one
(or several, with long distances in-between) bunch about 1 cm
long and injected into a special linear wave-guide structure
/3b6/ (see section V ). In this case, inside the bunch a very
strong longitudinal electric field shall appear, decelerating
the protons of the bunch. Congequently, negative particles
traveling with protons together inside the bunch shall be ac-
celerated. So, the acheme gives posgibility, in very principle,
to accelerate K . Neutral kaons , if necessary, could be pro-
duced using charge exchange or charge lcss reaction of accele-
rated K~ with a target. The development and design of enough
damage-resistant systems of such kind is, of course, a task
for future.

But present day an optimum method for setting up kaon-
-beams production at high energies may turn out to be the use
of the thin target mode (and at energies and intensities ena-
bling effective cooling - the superthin target mode) at proton
storage ring with the best available tagging (correspondingly
with very complicated trigger). Since the total cross-section
for generation of every kind of kaons 1in p-p reactions is
large (fractions of mb), there are many kaons generated on this
target. Naturally, for making more pure experiment one will
heve to use the whole set of the charge, momentum, veloclty
and gamma-factor selection techniques, and, while recording
products of KN reaction, one should most carefully take into
account the quantum numbers of particles produced.

9, Hyperons. A new circumstance at superhigh energies is
the long life-time for hyperons. Even at 100 GeV the long-1li-
ved hyperons live for tens of meters distances. Nevertheless,
for separation of initial beam from the beam of produced nega-
tive and neutral hyperons (or positive of significantly devia-
ted momentum) one should use strong magnetic fields, but this
problem becomes easier linearly with energy growth. All the
regt said on carrying out experiments with kaons remains valid
even in this case (inclusive cross-sectione, in particular,
are of the same order).
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10. Antihyperons. At not very high energies (rather to
hundreds of GeV) the use of elastic charge-exchange reactions
1_}13—"? Y (Bex ]‘@‘tz’JD-E{EEGEv ) with tagging usging by-product
hyperons (being nearly at rest) in the (super) thin target mode
in antiproton storage ring seems to be the optimum for obtal-
ning antihypercn beams. Apparently, antihyperons produced in
guch a process by polarized antiprotons will preserve a notice-
able polarization level.

At higher energies one will have to proceed in the same
way as in the case of hyperons; the inclusive crosa-sectlon
for antihyperams production in pp colligiona io only one
order of mapgnitude lower than that for hyperons.

11s Electrons. Electron accelerators and storage rings
play a very essential role both in experiments on elementary
particle physics and in various applications (in particular,
for generation of synchrotron radiation).

The record in electron accelerators belongs to SLAC; the
available energy there is in excess of 30 GeV and in the near
future will attain 50 GeV at intensity up to 1D14 e-fs- Both
electrons and positrons of higher energies nAre obtained presen-
tly on proton accelerators due to the process PZ-.ﬁ”X;j]"f-g ;5
Y Z—=e'e” Z . Howadays it is possible to obtain electron
beamg of quite good quality with energy up to 300 GeV at inten-
aity up to 10 ef/s (separation with synchrotron radiation,
for example, /3T/).

4 sharp increase in intensity (up to 1013 el/g) of elect-
ron beams with energy of hundreds GeV will be feagible after cons-
truction guperlinacs for linear electron-positron celliding
beams (see Fa3).

Intengities of polarized electron beams have reached
1011 e7/s at SLAC. Intense polarized circulating beams are ob-
tained due to radiative polarization in storage rings /38-42/.
Uging intense circularly-polarized radiation (e.g. laser beam)
travelling against electron beam it is possible to achieve
much higher polarization rate of circulating electrons (and
positrons) /43,44/.
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At energies above 100 GeV with the use of a single pass
through magnetic fields of hundreds kG one can get satisfacto-
ry level of polarization ek by using synchrotron radiation de-
pendence on the gpin orientation of irradiating particles with
respect to magnetic field /45/.

12« Pogitrons. In the energy range of electron accelera-
tors the presently available intensity of positron beams of
about full energy achieves 1% intensity of electron intensity
at worse gquality of the beam. The use of intermediate storage
rings with radiation cooling can essentially improve the qua-
lity of pogitron beams and increase their intensity.

roducing beams of polarized positrons in experiments

atill was necessarily connected with radiative polarizaftion in

gtorage ringse.

At energies higher than 100 GeV, as mentioned above, pos-
sibilities for positron beams, including polarized beams, are
the same as those for electrons.

13 Photons. Intensities and energies of beams of Y -
-guanta obtained as bremsstrahlung at electron accelerators
and also as a result of decay of neutral pions at proton ones
are quite high. However, an important problem is beam separa-
tion and energy tagging for quanta hitting the targets. The
latter is especially complicated for proton accelerators, and
even so complicated that first of all one has to obtain oL
beams of known energy and only after that following the ordi-
nary procedure of measuring the energy of remaining et an
energy of the bremsstrahlung cuantum can be tagged. The same
technique of tacging energies of photons obtained on internal
(superthin) targets ig algo convenient for obtaining intense
fluxes of gamma-quanta in electron storage rings.

Interesting prospects in obtaining intense, monochxomatic
and, at the same time, appropriately polarized beams of gamma-
—gquanta of high energies ias en inverse Compton-effect on elec—
trons travelling in cyclic storage rings at high energies.

For obtaining such cuanta with energy E one should have
electrons with energy I and polarized photons with energy
higher than{rn&cﬂﬁﬂf. Under these conditions, zero-angle scat-
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tered photons will have full energy E (almost indepenaﬂntly

on the initial photon energy). At the scattering angles larger than
ﬁhacé?g the photfon energy will be much lower. So, for effecti-
ve monochromatization of quanta flux one needs to find out
their propagation direction to interaction points with a tar-
get, and electron beam should have as small angular spread as
possible. In addition, it is useful to use tagging the guantum
energy by measuring energy of electron remained after photon acattering.

2
Ingide an anglerm: E photons will have an ener-
Z

F
gy E with a spreadﬂffé‘:g—fﬁ:‘%};—, where ELY ig an energy of
initial photona. In this angle the fraction of the full
flux of scaltered photons of the order (é’-n E%—) is concent-
rated. <

At energies up to 50 GeV, as primary photons, it is rea-
sonable to employ synchrotron radiation from the special irra-
diator-undulators. In thig case, one should ensure the elect-
ron interactions only with photons moving inside an angle_?}f
( y is relativistic factor of electrons irradiating in undu-
lator). Irradiating particles can travel either in the same
storage ring (e¥e” colliding beame) or in a special storage
ring at a substantially lower energy.

oome interesting possibilities can arise when using radi-
ation scattering of mirrorless short-wave lasers based on po-
werfull electron beams /46/. At energies higher than 50 GeV
one can use photons of short-wave lasers of usual type.

An intenslty of such beams of gamma-quanta corresponds to
energy transfer of all stored electrons to these quantas with
the life-time due to this process of thousands seconds (up to
1083f /8) with the use of synchrotron radiation as a primary
one. With appropriate lasers available the intensity of high
energy af -guanta can he.sharply increased.

Especlially intense fluxes of Af-wwanta can be produced
at installations of VLEPP-type (see sect. VI),

For quanta of low energies (up to a few MeV; in future -
- up to 20 MeV) the installations record in intensity (and es-
pecially in brightness) are electron storage rings at high
energies 10-100 GeV (=ee also /47/).
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At energies of tens and hundreds of lieV some interesting
prospects open up when using radiation at electron channeled
motion in monocrystals /48,49/. Intengities of such well colli-
mated beams can be of ten {imes higher than bremssirahlung ra-
diation of electron beams at the same part of specirum.

14« linons. 1In order to have very pure, high energy and
most intense muon beams with a very amall emittance and good
monochromaticity it is reasonable to proceed as follows
Pl b e

a) to moduce as many as possible pions with energy of
i GeV on the target, with strong focuging, in nuclear cascade
uging the proton beams of energy ;3_100 GeV;

b) to let pions decay in the possibly stronger focusing
channel;

¢) to cool muons (with ionization cooling) in a special
ring with targets placed at the sections with s very strong fo-
cusing;

d) to accelerate muons up to required energy in the
short-pulse ecyclic accelerator or (better) in a superlinac.

The intensity of the muon beam can reach up to 10% of the
intensity of the basic proton synchrotron (with use of the pro-
ton klystron mode).

In order toc get polarized muon beams of high energy it
gseemg to be most reasonable to use monochromatic pion beams ac-
celerated in a superlinac by injecting them into a special ring
with strong magnetic field (pulsed or superconducting). The
atructure of the ring should be_deaigned in the way to have dy-
namically stable longitudinal pelarization /28/ of circulating
muons (at injection energy, at any rate) egual in both long
gtraight sections, which occupy, say, 3!4 of the circumference
of the ring). The muons produced in the forward hemisphere in
pion reat frame will have momentum quite close to the pion
momentum and nearly egual laboratory helicity; muons of in-
verse helicity (moving backward in rest frame of the pions) da-
viate strongly over the momentum and can easily be removed from
the ring. Polarization of the produced muon beams can be quite
high (approaching the ratio of straight sections length to the
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circumference).

i5. Neutrinos. The beams of muon neutrinos of high ener-

gies, well-directed and of useful intengity of a few nercent
of the intensity of the basic proton gynchrotron, can be ob-
tained with beams of accelerated plons. In order to decrease
the neutring beam dizmeter near the detecting facilities,
which are located behind shielding of required thickness, it
is profitable to perform the pion decay in a special storage
ring with relatively long straight sections.

Both muon and electron neutrinos of the same intensity
can be obtained in the track of this kind by injecting into
the track the accelerated cooled muons. The propertics of neutrino

beams in this case could be much better than in the usual K* - decay apmrosch.
Thus, a combination: "superlinac - special race-traclkh

can be a multipurpose installation.

As to the beams of YT - neutrinos connected with a hea-
vy lepton, it might turn out that their main aource will be
decay of T - leptonsfromZ'¥ - pairs produced by §y - guanta
on the target nuclei /51/. 4 - guanta can be cbtained both
with the help of proton and electron beams of high energy. lo-
re specifically one can evaluate the flux of ¢ - neutrinos
from electrons. In a thick target the number of produced
pairs will be of about {fHEKfﬁr)E = 10-7 with respect to the
number of incident electrong. Since at sufficiently high ener-
gy the nuclei form-factor does not influence on crosgs-sec-—
tion of T -pairs generation (see section VI.9).

Guality of neutrino beam produced by protons will hardly
be mghﬁrc

It is not excluded, that in a 100% duty ecycle mode it
would be possible to design the trigger system on T - lep-
ton and esimilar events production, for facilitating selecti-
on of events caused by sz in neutrino target.

IV. Colliding Beams

Colliding beam experiments became the main supplier of
Tundamental data in physics of elementary particles. Many
electron-positron storage rings are in operation now (see
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Table 2 and Figure 1). Certainly, the colliding beams experi-
ments are easentially needed at the highest energies.

1. However, the ete™ colliding beams shall necessarily be
developed and advanced noft only at the highest energies. In !
particular, this necessity is connected with the fact, the detailed ‘

||
|

i
GeV

study of quark-gluon systems in the field of low and interme-
diate energies is of primary importance at present since it

permita quantitative study of guantum chromodynamic effects, =
in particular, connected with the asymptotic freedom to confi- ! E

1I1ilil.
{00 2E

nement transition. Such studies are especially suitable for
electron-positron colliding beams, but to this end a sharp in-
crease in luminosity of installations is required. The possibi-
1lity end usefulness of this weTe proved by experience of
VEPP-2M designed specifically for increased luminosgity and,
correspondingly, yielding inereased accuracy of experimental
data in the energy range up to\ﬁ?'= 1.5 GeV. Even now the pos-
gibilities are seen Tor making ingtallations with luminosity

up to 1023 om™%s”! at full energy of 4-5 GeV.

Other directions in improvement of electron=positron in-
stallations also promise to glve important results. The possgi-
bility to work with polarized beams is very ugeful. In addition
to sharp increase in absolute accuracy of measurements of pro- I
duced particle masses /52,53/ (see Table 3), even the experi- )
ments with transversely polarized colliding beems help in un- ]
derstanding the s?ins of produced final and intermediate

atates. Implementation of experiments with longitudinally po- f Tg

larized beams permits obtaining qualitatively new information o

on the gpin dependence of strong interactions, and to study wealk E

interactions, for instance, of b-guarks in the region of Y - 2y [ el s = D
~mesons and decay properties of heavy leptons. Note that in %; of 5 e %3 %3 %}
meny cases it ig enough to have at the interaction point only > = = E = -~ =7 =

one beam polarized longitudinally.

The possible sharp increase (higher than one order of mag-
nitude) in monochromaticity of electron-positron reactions
opens up interesting possibilities /54/+ So, one can proporti-
onally raise the fraction of rescnance reactions, that is of
special importance for Y -mesons, and %o atudy the inner
atructure of ¥ - mesons (even for the purpoge of proving that

o

Achieved (solid line) and design
(dashed line) luminosity for

ete” storage rings.

Te

Pig.
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it does not exist). Wote, that even higher monochromaticity can
be achieved with pp - colliding beams under continuous elect-
ron cooling [f4/.

2. But the main trend in the field of electron-positron
colliding beams remains the tendency to higher energies, which
ig a task of fundamental importance.

Already now the total energies up to \E? = 40 GeV become
accesgible (PETRA, PEP). An intensive development of the LEP
nroject is under way (first stage-up tc\ﬁ?-z 100 GeV, second -
- up to 250 GeV), the project of the new storage ring at Cor-
nell and also the HERA project enables, in principle, obtaining
e"e” energies up to 100 GeV (see Table 4). Note, that at these
high energies in cyclic storage rings (despite the coverlapping
of spin resonances) implementation of ete” polarized colliding
besms is feasible /55/. The new and interesting is the SIC pro=-
ject of quasilinear single-pass ete” colliding beams at SLAC

- /56/ (Fig. 2) at an energy up to \|§ = 100 - 140 GeV.

Further increasge in energy of electron-positron colliding
beamsg in eyelic storage rings (now conventional) is almost un=-
realigtic because of the catastrophic rise in energy loss by synchro -
tron radiation that forces enlarge the installation both in
dimengions and power consumption aes the square of energy. The-
refore, the main direction in development becomes linear colli-
ding beams /9/.

In the plans for linear colliders at super high energies
even from the initial stage the pogsibilities are considered of
uging long superconducting structures with recuperation of ac-
celerated particle energy and of using pulsed superlinacs /57/.
Several projects of linear ete” gsuperconducting colliders are
being developed now - Cornell, CERN, Hamburg /58-60/. The col-
lider project VLEPP based on superlinacs is belng developed in
Novogibirsk /9,10,61,62/ (see section VI).

3, The first proton colliding beam facility (ISR) has been
operating at CERN since 1971. Its maximum energy is 2x33 GeV,
14

the maximum number of gtored particles is up to 10 in each

beam, ultimate luminosity is U.T-1OBEcm"EE-1. During thisg peri-

od a number of various experiments have been conducted which
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Start
1986(7)
1986 (7)

Table 4
1032
3s10°
101020

Iat 10D
ITIat 250
100

\&gwiGe?}

Particles

New Cornell Ring

Project/
Laboratory
LEP (CERN)

- provided valuable information.

Congtruction of the big superconducting storage rings is

5 T being garried out at Brookhaven proton-proton colliding beams
E§ §§ at energy \|S = 800 GeV - ISABELLE - with very high design lu-
o o minosity (102%em~2s~ 1. Implementation of proton-proton experi-
ments on the Main Ring-Doubler facility is under consideration
at Fermilsb at an energy \[S = 1100 GeV (300 GeV on 1000 GeV).
Zroton-proton colliding beams are envisaged in the accelera-
ting facility at Serpukhov (UNK) at an energy up to 2x3 TeV.
192 S0, we gee, colliding beem energies will increase rather rapid-
FE>FE ly (see Table 5). But experimental feasibility of reactions,
E E now of intenge interest, with energy 0,1 megajoul in elementary

interaction (beloved 1015 GeV in rest framel) - is the question
for not so near future.

Experiments with deuteron-deuteron beams have been carried

out on the storage ring ISR for a few years and recently per-
formed first experiments with colliding &» -particleass There

100

is a project for producing heavy ion colliding beams at the

Ist 300
IIst1000

game storage ring.

4., Firgt installations are put into operation with proton-
-antiproton colliding beams. The installation ISR and proton
synchrotron SPS(CERN) were modified for the mode of pp colli-

o W0 ding beams /30,31/. An energg uggtil S = 600 GeV was achieved
at SPS: The luminosity 1+10"'cm "8 ° achieved at both of these

installations (1981) enabled to carry out experiments with cross-

-gections of ordinary nuclear interactions. An extensive work

ig undertaken on incressing the luminosity.

e
e

Next will be comissioning of the pp installation at an
energy up to \ﬁ? = 2000 GeV based on the superconducting proton
gynchrotron Doubler (Tevatron, Phase I) being built at Fermilab
/32/. The pp project ig designed for UNK (Novosibirsk-Serpukhov
at the energy up to \ﬁ? = 6 TeV /33,34/.

In the first yearg after announcing the first proton-an-
~ tiproton colliding Leam project (1966 VAPP-NAP, Novoeibirsk
/63,64/) the proton-antiproton experiments at maximum accessib-
le energy were considered by many physicists as an exceedingly
complicated addition to proton-proton experiments at the =ame

VILEPP (Wovosibirsk)

Stanford Single=
~pasg Collider

g el
33



Start
1971
1986
1981
1984
1990
1988
g85(7)
1988

)

Table 5
—'i
0_7,1932
22 1022( 1. 10°°)
1+ 100
1.10°9
4+90° "

e

L[cm_zﬂ

>

62
800
1, 100
62
600

2,000
170

200
(256 ==300p)

\J° (GeV)
6,000
b, 000
10,000
300
[309*&b89ﬂ§}
{ 10e ~=1,000p)

pp
pp
pp
PD
PP
PP
pD

Particles
e

)

Phase 1
hov-liovoal-

(Fermilab)

Ulia (Ser

)

A

pukh

1

Serpukhov)

(Fermilab)
K (
SPS{CER

Laboratory
Tevatron,

ISR(CERY)
ISABELLA (Brookhave:

Main Ring/Dcubler
TSR{CERH)

Project/

Pentavac (Fermilab)

HERA (Hamburg)
CHEEBR( Fermilab)

TRISTAN (XEK)

birsk)

energies. Even then, of course, it was evident that this addi-
tion is rather important.

In addition to the necessity of verification of fundamen-
tal theorem of the equality of pp total cross-sections two classes
of experiment are assumed which are specific namely to pp col-
liding beams: first, the study of hadron annihilation, =second,
the study of two-particle charge-exchange reactionsg, l.e., re-
actions with conservation of baryon charge of each colliding
particle. The annihilation cross-section apparently decreases
only inversely as the energy of the colliding beams and even
at an energy 2x1000 GeV the cross-section will be:of the order
1D“3O cmE. So, the main problem will be geparation of annihila-
tion processes from the vast majority of "the events of the
total cross-section". At the same time, the crosgs-section of

the process like & ”
FePar A

decreases (in the energy region presently known) ag E—4 and
only with a luminosity of the order 10320m-25_1 one can manage
to get some data about these processes ai energies above

100 GeVe

In recent years the attitude toward proton-antiproton
colliding beams has changed greatly. The aquark model is ac-
quiring more and more dynamical content and more and more "pub-
lic opinion" is inclined to consider hadrons as congisting of
guarks interacting as point-like particleg. Accordingly, pro-
cesses with very large momentum transfer will cccur through the
interaction of quarks, the components of the colliding hadrons
(Drell-Yan processes). Here proton-proton collisions give
quark-quark resctions, while proton-antiproton colligions give
quark-antiquark reactions. In this sense one can say that in
experiments in colliding proton-entiproicn beams it is possib-
le to obtain the same fundamentel information as in colliding
electron-positron beams of the same luminosity and with an
energy of the order of one-sixth of the energy of the baryons.
Similarly, proton-proton colliding beams are equivalent to
electron-electron collisions. Of course, for strongly interac-
ting particles such as protons and antiprotons we cannot say
that they coneist only of cuarks of one "polarity". However,



according to contemporary neutrino data the content of anti-
quarks in a proton is about 5% (this is also the egtimate of
the content of gquarks in the antiproton). Therefore queark-anti-
guark interactions are dominant in proton-antiproton collisi-
ong, and cuark-quark interactions provide only a small admixtu-
re. For proton-proton collisions the ratio will be t}s reverse.
In addition, the average energy of quark-antiquark reactions

in proton-proton collisions will be substantially lower than

in proton-antiproton collisicns. So, for example, quite inte-
resting interactions will teke place at pp colliding beams
with cross-section of 10"34cm2 and energy of hundreds GeV:

el "‘-")+x
Note, (see sect. III) that it ie feasible to obtain pro-
ton-proton polarized beams with full luminosity and also the
proton-antiproton beam with luminosity one order of magnitude

lower than that for unpolarized, including experiments with
given helicities of interacting particles.

some interesting possibilities will open up:'when cooling
high energy colliding pp beams with circulating electron beams
/4565-67/+ At very low equillitrium  dimensions of colliding par-
ticles a possibility opens up to measure precisgely differential
cross-section of pp elastic scattering at the angleé of effec-
tive interference of gtrong and Coulomb interactions. Such me-
asurements, in particular, enable to give the information about
behaviour of proton-antiproton total cross-section at energies
by the order of magnitude higher than the energy of pp colli-
gions under study.

5. A few words about the "strategy" of advancing to the
ultimately-high energies. One can distinguish (guite conditio-
nally) three stages of exploring new regions at energies of
hundreds GeV and higher.

In the first stage only interactions of any point-like
objects (nowadays - leptons, quarks) should be accessible which
enable one to produce as large as possible momentum transfer
both in scattering and in production of massive objects (spa-
ce—- and time-like momentum transfers). In the first stage it
ig not too important for which pairs it will be done. The ques-
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tion of primary importance is the question of having beams
available for the first stage experiments. Colliding beams of
particles and antiparticles seem to give more experimental in-~
formation as the systems having less restrictions for genera-—
tion of new magsive objects. From this point of view, the most
advantageous variant for the experiments will be proton-anti -
proton colliding beems.

Of course, when we are talking here and below sbout
the study of fundamental interactions of different objects, it
ie just a way to classify the experimentc over the initial sta-
tes. Each certain class of experiments will also provide vast
additional information on other interactions.

To the second stage one cau refer the experiments which
cover interactions of all fundamental particles i.e. the study
of lepton-lepton, lepton-antilepton, auark-lepton, quark-anti-
lepton, quark=-quark and guark-antiquark interactions. In this
case, the choice of concrete particles is still determined by
that which is the most realistic to realize.

Thege problems will apparently be solved soon in the fol-
lowing colliding beam experimenta:

a) lepton-lepton and lepton-antilepton - e~ + e~ and
e” + e* (also y¢ end XY at installations of the VLEPP type);

b) lepton-quark and antilepton-quark - e + p and et + p;
the experiments of this kind are already planned at ingtallati-
ons at superhigh energies which are being built and designed
/68-T1/ (see Table 5);

c) quark- and antiquark interactions will primarily be
studied in pp and pp experiments.

In the next stage it will epparently be important to ob-
tain as complete as possible set pairs of fundamental particles
in the initial state. And finally, for advance in understanding
of fundamental interactions at ultimate high energies it will
become necese.ry to study the collisions of gall elementary par-
ticles and, apparently, nuclei.

bs In this connection, it is worth paying attention that
meny of those experiments which now seem exotic and unrealistic will
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become available in the not too distant future.

So, quite soon after exploring proton-antiproton colli-
ding beams deuteron-antideuteron experiments will become acces-
sible (for the study of neutron-aniineutron interactions):
for the effectiveness of stacking antideutercns is only four
orders of magnitude lower than that for antiprotons, so the
luminosity of the order 1027 cm™2e~1 will be achieved immedi-
ately and one should not wait to0 long for progress in this
field.

With time, colliding beam experiments with unstable par-
ticles will become accessible (see sect. V).

V. On Proton Klysiron

1« As already mentioned above some interesting progpectis
are opened up with the use of large cyclic proton accelerators
ag storages of big energies in the form well suitable for its
tranaformation into electromagnetic excitation energy of line-
ar accelerating structure /11/. The energy stored in proton
beams in accelerators SPS and Main Ring achieved now of 3 MdJ
and much higher energies end intensities are planned to achi-
eve. One can only talk of proton (not electron) cyclic accele-
rators since only here RF power is transmitted to the beam
and not used for compensation of synchrotron radiation losses.
Note, when using superconducting magnetic and RF systems the
trangformation factor for mains power into proton beam power
can be comparatively high.

The stored energy of 3 MJ is enough for exclfation of
sccelerating structure with a wave length, Tor example, 5 cm
" with mcceleration rate 100 MeV/m of 50 km long which enables
one to accelerate the various charged particles ( Pi, ’,Fif
gfi‘) up to an energy of 5 TeV. I'd like to emphasize that
the particle energy of a basic accelerator can be much lower
in this case. As much as half of the energy stored in the ba-
aic sccelerator beam can be, in principle, transmitted to the
accelerated particles. However, the energy of accelerated
particles will be, in thig limiting case, much lower than that
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achievable in the scheme chosen.

RF pumping power can attain (even with no longitudinal
compression of the exciting proton beam) 100 GW in ftoday's
accelerators; longitudinal compression makes it possible to
increase additionally thig value.

2., Let us now congider the question how to make the pro-
ton beam with a large stored energy to be capable to transmit
thig energy to a linear accelerating structure, i.e. to the
correctly chosen diaphragmed wave guide.

PMrst of all, the proton beam, homogeneous in time,
should be transformed into a density-modulated one with the
wavelength required (of the order of 1.cm). It is desirable
that the current amplitude of the needed harmonic Iy be clo-
se to 1ts maximum, l.e. I 3=210 where Ipis a average proton current
prior to modulation. Such a modulation can be performed in two
stagesz. First, the homogeneous beam is modulated over its
energy during its passage through the accelerating structure.
Thig structure ig excited at a wavelength required and provi-
des the proton beam energy modulation substantially exceeding
the energy spread of the primary proton beam in SPS (this
spread is less than 50 MeV). In order to improve the further
bunching, modulation on higher harmonics ieg useful to add. 1%
ceems most reasonable to carry out a subsequent transformati-
on of energy modulation to density modulation for ultrarelati-
vigtic particles, which are high energy protons, with a ben-~
ding modulator. With a correct choice of the bending radius
and modulator focusing structure, the path length will depend
on proton energy (in "normal" case the path length increases
with energy and, hence, the lower energy protons leave be-
hind the higher energy protons during the turn). If the rotation
ig interrupted at the moment when the proton of all energies
are arranged on the same azimuth (note that this occurs within
one wavelength and with an accuracy of up to the energy apread
of the beam and an approaching degree of the effective energy
modulation to the skew one), the outgoing (from the modulator)
beam will contain as much as possible current harmonic. After
this procedure the proton beam is directed to the correspon-
ding linear accelerating structure with the needed magnetic
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guadrupole focusing to keep protons wlithin the holes of

the wave guide diaphragms. No further relative longitudinal
shifts of ultrarelativiastic particles occur when the latter
are moving along the straight line.

Either a special magnetic track through which the emlitted
proton beam passes after energy modulation or the ring of a
basic proton accelerator may be used ag a bending modulator.
In the second case, a linear accelerator fits energy of the or-
der of 100 MeV)can be located in one of the straight sections
of the bagic cyclic accelerator, outside the operating apertu-
re. As goon as the acceleration cycle is completed, the beam
ig "thrown" through this modulating linac, and the necessary
beam density modulation appears in the bending part during the
further beam motion.

3. Let such a densgity-modulated beam of ultrarelativistic
particles pass through the linear accelerating structure with
wavelangth.dl.which corresponds to the first harmonic of modu-
lation. In this structure, a high-frequency field will be exci-
ted, which decelerates the protons transmitting their energy
to the electromagnetic field. At first, the amplitude of this
field E, will increase proportionally to the total proton
charge_efJ flowing 5$ruugh a given ifﬂss gections

2 -I1
E, =10 51; =45 {0 "5, (;_m—,f:-

Thig increase goesg on up to the proper damping time in the

3
system ’E& y which is proportional ta]{ /2 . and_, for 1 = 1 cmy

equals to 20 nsec for a copper wave gulde. If the period of
flowing the proton current ig much larger thanr[:& , then the
electric field amplitude is established proportional to the
average proton current I in the structure:

i v
F, =2IR=3g5[am

In the sbove formula R isa unit length impedance of the structu-
re, I4 1s the proton current in ampers; an additional elect-
ron load because of cold emission under the action of highly
excited electric field is asspumed to be still negligibly small.

A direct use of the proton beam produced by the present-
~-day record accelerators makes it possible to obtain an equili-
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brium field amplitude of about 0.6 MV/cm in the structure with

j& = 1 cm (for about 20 sec rotation time 1n such sccelera-
tors). Already comparatively insignificant prebunching of the
proton beam will allow one to generate, in the accelerating
structure, an effective field of up to 1,5 MV/cm, which is
maximuwn with resgpect to the electric strength of the surface;
the total time of existence of this field will be proportio-
nally less than that obtained without such a bunching. Passing
any relativistic particles together with the exeiting proion
beam in accelerating phase (for a given sign of particle char-
ge) one can accelerate them with a rate of 60-150 GeV/km, cor-
respondingly.

This method enables the particles to be accelerated up to
an energy close to the peak energy of = basic accelerator. In
this case, the highest intensity of accelerated beam will con-
stitute aboui 10% of that of the basic accelerator (monochro-
maticity is of the order of one percent).

If the iniftial beam is divided info several bunches long
enough and each of them is transmitted (with correct shift in
time) through the linear accelerating structures in geries,
each providing almost  full deceleration of the initial beam, it
is posgsible to make the accelerated particles pass, in sequen-
ce, through =211 these structures. Hote that the energy of ac-
celerated particles 1lg proportionally increased as compared
to that of basic accelerator. The limiting intengity of the
accelerated particle beam will, of course, be proportionally
lower.

The necessary time redistribution of particular parts of
the exciting beam - both the worked out and "fresh" bunches
have fo reach simultaneously each new sgection - may be perfor-
med according to various schemes. From the logical point of
view, the simpleat thing is to inatallsin the tunnel of the
basic accelerator, the additional pulsed magnetic small-apertu-
re tracks at full energy, which have somewhat different revo-
lution periods for particles with a given momentum, and then
to let each bunch, which occupies the corresponding part of
the accelerator circumference, in its track. When all bunches
colncide with respect to the azimuthal pogition, it is necea-
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sary, after the short-wave density modulation of each bunch,
to let them in and to direct to the corresponding sections of
linear accelerating structure. The same procedure may be per-
formed by using long delays in channels, though additional
tunnels will be needed for this case.

4, In order to confine the particles of the exciting and
accelerated beams in the holes of the diaphragmed wave gulde
of accelerating structure, strong enough focusing is necessa-
ry; moreover, the stability of transverse oscillations of par-
ticles with very different momenta ghould be simultaneously
provided. Estimations show that in case of the optimal quadru-
pole focuging for the accelerated particles with a momentum of
a few GeV, the beams of modern proton accelerators will pass
almoat without losses even for centimeter-range wave guides.

The other problem asgociated with the passage, through
the game structure, of ultrarelativistic particles with sharp-
ly different gf ~-factors and, hence,with a somewhat different
velocities is to provide a correct relative phasing of these
particles. To eliminate the consequences of gradual lag of the
particles with lower va%Pcity, it is necessary, after each
gection of lengtkl% h¥}ﬁ;ﬂ s to separate the exciting and acce-
lerated beams and to delay one beam relatively to the other
approximately by _%,Jh , due to the difference in the path
lengths, to the following accelerating section input. Such =
method makes it possible %o clean the accelerated beam from
the particles with different masses.

5. As has already been mentioned, the rate of energy in-
creage of the order of 100 MeV/m in linear accelerators enab-
les one to- mccelerate also unstable but comparatively long-li-
ved particles, i.e. muons and charged pions. However, for char-
ced kaons to be accelerated, the acceleration rate should be
above 300 MeV/m. Such gradients are likely to cause the comple-
te shunting of the structure by the cold-emission electrons
and, correspondingly, such a field cannot be generated by a
gradual increase Gf the energy stored in the wave guide.

in interesting possibility of obtaining the gradients of
a necessary level on the basis of a proton klystron ik sugges-—
ted in Ref. /3bf/. If one collects the number N of protons,
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which are formally reguired to cbtain the needed gradient in
one short bunch of the same length as diaphragm spacing of an
accelerating wave guide, then a maximum decelerating field of
approximately the same magnitude will be achieved within the
proton bunch : :
= ] -

5 ::fgu_ﬂﬂ [@

Lmayx L 2em om
where (L is the diaphragm spacing of the wave guide and the
diameter of their holes. '

In termg of the eigen modes of a wave guide, one can say
that a single bunch excites simultaneously several (azimuthal-
ly-symmetric) harmonics which amplitudes are added within the
length of the exciting bunch. The electric field strength on
the surface of the diaphragms achieves, though for a very
short time, the same magnitude as that in the centre of the
bunch. Therefore, a high shunting current is found to appear,
but there is no time for this current to influence significant-
ly the magnitude of decelerating field inside the bunch. One
should take care only for that the residual electromagnetic
field excited by the bunch should not release its energy on
the diaphragm surfaces. To do thig, the diaphragms may be open
from the outer side, and a strongly absorbing material, inste-
ad of the oufer coaxial of a wave guide, 1s placed at a large
digtance from the diaphragms.

The method described above allows one to accelerate much
shorter bunches of opposite sign inside the bunchk of exciting
particles (i.e. negative particles inside the proton bunch).
To attain the rate of acceleration of the order of 300 MeV/m,
that is a necessary minimum for acceleration of negative ka-
ong, one needs to form the half-centimeter bunches of ultrare-
lativistic protonsa, 1012 protong per bunch. In big proton ac-
celerators mentioned, such a number of protons occupies 3*10"3
of the accelerator circumference (with the bunching factor
taken into account), that equals approximately 20 meters. When
obtaining the needed bunch with the help of purely longitudi-
nal compression, an energy epread available in the accelera-
tor should increase at least to 200 GeV ( from 50 NeV) (almost
50% of the full proton energy). Such a procedure is likely to be
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almost unrealizable from the technical point of view.

Feasibility of the method can be simplified, if one can
use the smallness of the transverse emittance of a proton beam,
and can increase the linear dengity of the beam by adding, in
the transverse direction, particular parts of the proton beam
which is initially elongated along the whole circumference of
the basgic accelerator. This may be performed, for example, by
extraction of the beam part from the accelerator with its sub
sequent re-injection with necessary delay, using additional
tracks (see section V.3). A multiple compression of such a
kind will be somewhat less expensgive, if the facility already
has two rings at full energy (Main Ring-Doubler, ISABELLE,
UHK) .

6. TLet ug now consider in more detail the potentialities of

the acceleration version described in section V.

If the conditions mentioned above are satisfied, accele-
ration of stable charged particles (if from the very beginning
their velocity is close to the velocity of light) presents no
difficulties irrespective of a particle kind. Of interest are
also an increase of proton energy (with injection of a portion
of primary protons in the accelerating phase of RF voltage),
electron and positron .acceleration without any limitations
connected to- a catastrophic growth of synchrotron radiation
characteristic for cyclic accelerators (during linear accele-
ration the losses which are due to noncoherent radiation are
negligibly small). Of special interest is the acceleration of
polarized particles of all kinds since during linear ac-
celeration the depolarizing effects can be made very small.

Accelerators an based on the proton klystrons can be most
interesting for acceleration of unstable particles. The requi-
red acceleration rate a—ngfrom E: to E,E with a decrease in
the number of particles in the accelerated beamycaused by de-
cay, from NL to J"H/ is given by a__formula

dE _ . me  Un (E4/EY
e Bon BN

where nl'iﬂ - are the mass and lifetime of particles in the

regt frame.
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The value %ij ig 1.6 keV/cm for muons and 0. 18 MeV/cm
for pions. Hence, a linear accelerator with an enexrgy increase
rate of about 1 MeV/cm provides the acceleration both for mu-
ons and pions, with small intensity losses, up to the ultimate
energies.

Ag hag already been said, prior to acceleration the muon
beam is reasonable to cool by ionization cooling, and then,
before injection into a linear accelerator, the muons should
be bunched, with a bending modulator, within the phases cloge
to the maxima of accelerating voltage. The bunching of pion
beams being injected into a superlinac is desirable to perform

by bunching the high-quality primary proton beam used for pion
Zeneration. :

Keon acceleration in the method under discussion can only

be carried out with the help of the method described in secti-
on Va5

7. The uge of superlinacs with proton klystrons enables
one, in prineiple, to perform most of colliding beam experi-
ments described in section IV on the basis of the existing

high-energy proton accelerators and those being constructed
and deasigned.

For production of g -colliding beams, the pions, af-
ter their acceleration in a superlinac, should be injected in-
to a magnetic track with the highest (to increase the number of
colligions for the lifetime) value of a magnetic field. In this
case, the ultimate average luminosityi#;!r will be equal to

(77 = ZNe Mz
> Z

where 2 is the efficiency of the proton-pion conversion,

N P is the number of protons produced by a basic accelerator
per gecond, fqﬁ’ia the number of pions in one superbunch, EﬁfF
is the effectlive length of the optimized conversion target,. oy
1s the length of the superbunch in the magnetic track end, si-
multaneously, the value of beta-function at the collision po-
in%, s 18 the pion momentum after conversion, [ ia the
momentun of accelerated pions, [{ is the value of magnetic
field in the track in which the collisions occur; f:EJis the
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pion rest frame lifetime.

| -
A If one takes that ]r‘ufp = '1'013 o/ 8, Mﬂ]’: 101;;; §/= “1{}_1,
| = 5 GeV/a, Fﬁr’= 500 GeV/s, %i = 100 kG, é&t = 1 cmy
{Ef:ébh’ then one obtains the ultimate luminosity

P

. = 31027 en 27

that ig, in principle, sufficient for experiments on the study
of fundamental properties of the pion-pion sirong interaction.

With the use of the same system for the plion-proton expe-
riments with substitution of positive pions for protons, the
ultimate average luminosity is o

jrf’___L Np_
L AR
With the number of particles in one proton bunch fV
and with the same remaining parameters, this gives

L?P = 3*1028 om™2g™
=
If one uses the system under consideration for the muon-
-muon experiments with colliding beams in which the muon beams
are cooled by ionization (under the condition that in colligi-
on the normalized muon emittance is conserved to be equal to
their emittance dirvectly after the ultimate ionization cooling),
then the ultimate average luminosity will be equal to
I o zip allm R eBbn
=T B BN Bmecs B mu S
where ~€¢ ig the ionization-cooling target length, which is
equal to the value of the cooler beta-function in the target
region, Me is an electron mass. Assuming that ﬁac.= 1 cm
andeg,m=jﬁéthe remaining parameters are the seme), one obtains
the following estimate of the ultimate luminosity

I-—:-f. = 3-‘1031 om 2y !

g 1012

?

The superlinacs, which are excited by proton klystrons,
can be used also in the linear electron-positran colliding beams
experiments. With the use of the approach and the estimates
described in gection Vi, the uliimate ete”  luminosity, for
the ngtandard! productivity of a proton accelerator

NP = 'l'l:'l4|3 p/g, will ’t‘.if!.‘-eiqual to
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LE = 1{]31 GmFEE'-Ji

Even such = luminosity is of interest, in addition, the proton
synchrotron efficiency will further growe.

VI. The VLEPP=Projeci

Pinally, I would like to talk, in more details, on the
VLEPP project which has been more than once reported at the
conferences and meetings but still is not yet known encugh to
the physics communitys

1 First, a few historical remarks. In the Novosibirsk
report at the International Seminar on the Prospects in High
Energy Physics in Morges (Switzerland, 1971) /57/ it 1s said
the following:

"liay be, the most interesting thing in high energy physics
ig lepton-lepton interactions on highest posgible energies. s«

The one way to study these reactions in a hundred GeV re-
gion is to build two ordinary linear acceleratﬂrs*} with high-
est pogsible power in the beams and to learn the way to comp-
ress trensversal beam dimensions down to about 10 microns and
to achieve the same accuracy in beam control. In successful

2

case, having 10 megawatts in the beams, it should be possible
to have 1031cmn‘zea'1 luminosity. :

Another way for e'e , e e
after success in superconducting linear accelerators. In this
case, 1t ig possible not to have large active power in the beam

reactions will appear

and after acceleration to decelerate it in the second half of
accelerating structure. In this case, you ﬁc not spend the RF
power and have in the middle point the mesximum reaction ener-
gy. It is Vvery difficult to estimate more or lesg definitely
the luminosity in this case, but it geems that it can be more
(and even much more), than in the first case'.

As is seen from the quotation we were more optimistic with

respect to the prospects of superconducting linear colliding
%)

Hote that analogous scheme for electron-positron colliding
beams at low energles, as we have learned later, was first con-
gidered by U. Tigner in 1965 f12f s
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beams. But further success in producing and operation

of electron-positron colliding beams with transversal dimen-

sions of a few microns at the collision point (VEPP-2l1) and

algo same difficulties in achievement of high acceleration ra-

te in superconducting structures which make the super high
energy linear accelerators too cumbergome, forced us to con-
centrate our efforts on the development of elec tron-posgitron -
linear colliding beams on the basis of pulsed linear accelera-
tors with a maximum acceleration rate.

As a result, at the International Seminar on "Probleme of
High Inergy Physics and Controlled Thermonuclear Fusion"
was held in Hovosibirsk, in 1978, devoted to the 60th anniver-
sary of academician A.M.Budkers birth who, unfortunatelys could
not live till thig anniversary, we could present the first ra-
ther detailed project of electron-positron colliding beams
at a reaction energy 200-500 GeV - the VLEPP-project,which was
then reported at many conferences and meetings /9/.

Let us consider briefly this project in the way we can
gee 1t now.

2+ As already said, the general idea of the VLEPP project

congists in the use of two accelerators that "fire" at each
other the bunches of electrons and positrons. In such a way
the idea looks like quite a trivial, but the analysis of the
poesibilities of modern linear accelerators shows that theirp
parameters do not satisfy by several orders of magnitude the
requirements for a sufficiently high luminoeity (one has to
have very intense bunches at extremely small emittance), for
the power consumption and dimensions of a device.

The luminosity of Huﬁh a device can be estimated as:
L= f,
473G Oz
where N is the number of particles in each of the colliding
single bunches, 475, G« is the effective area of the beam
crosg-section at the collision point, f is the acceleration
repetition rate.

In order to achieve the satisfactory power consumption
the linear esccelerator should be operated at a repetition rate
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of 10-100 Hz. Both by the same reasons and because of the
growth of complication in the "high current® problems the
number of accelerating particles can not be much higher than
1012 particles in a bunch. Therefore, for achieving the re-
Quiréﬁ luminosity of the order of 1032cm“23_1 the cross secti-
on area in the point of colligion should be very small - of
the order of a few suuare microns. Correspoendingly, the beam
emittance (for the case of a round cross section) even with
optimal focusing and the bunch iength].mﬂ$ 1 cm, one should
make an exceedingly small, of the order of

Q /jr = gi =40 Ern rad . *
Both the obtaining of intense bunches of such a small emitten-
ce and ite maintaining during acceleration are extremely com-
plicated problems but we managed to show that they are solva-
ble.

For acceleration of 2-1012 particles up to 100 GeV one
should introduee into beams an energy of 30kJ the total energy stored
in the accelerating structure should not be lower than 150_kJ=
T+t should be transferred to the accelerating structure from
the SHF-generators in times shorter than the damping time of
electromagnetic field in accelerating structure which is about
2-10"7 g at the wave length A = 5 cm. Thus, the total energy
of the SHF generators should be of 1012 W and, assuming that

1 generator for 1 GeV section of accelerator is used, the po-
wer of a single generator should then be of 5 GW that 1s by
two orders of magnitude over the record power for commercially
available generators at a wave length of 10 cm.

Though, the progress in development of powerful electron
beams gives the real basis for the solution of this problem
in the not-too-distant future.

The desire to have the shortest possible accelerator
length and also, the intention to simplify the solution of the
nroblem for keeping the beam emittance small during accelera-
%ian,farce us to chift to the superlinacs with acceleration
rate of 100 MeV/m. The analysis and experimental studies have
shown that this problem is also solvable /9;10/.
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The task of creating VLEPP, thus, congisgts in creating
linear sccelerators with an acceleration rate of 100 MeV/m that
1s capable of accelerating the 1 e¢m single bunches of electrons
and positrons with 1012 particles in each bunch with a ve-
ry omall beam emittance and sufficiently monochromatic at the
exlt, and in creating the high-efficient and finely tunable .
over amplitude and phase SHF generators at a wave length of
5 cm and a pulse power of a few gigawatts with the pulse dura-
tion of 0.5 JHS and the repetition rate of tens of Hz. It is
very desirable to have a possibility to work with the polari-
zed electron-positron colliding beams.

3« The general layout of the facility may be represented
ag follows (Fig. 3). Two superlinace at an energy, gay, of
100 GeV and 1 km leng each, fed by high-power SHF sgources in-
stalled about 10 m apart, "fire" at each other the 1 cm long
(with 1012 particles in each) single bunches of polarized elec-
trons and positrong with a repetition rate of order of 10 Hz.
Following the collision at the colligion point, the buncheg
are slightly deflected by a pulsed field into a small angle
analysing system enabling measurements of the energy épectrum
of the colliding particles. From the analyzer the bunch enters
a special conversion system - the long helical magnetic undula-
tor. Passing through the system the particles irradiate of 1%
of their energy as the circularly polarized photons with en
energy of 10 MeV /62/. The remained polarized beam is slightly
deflected and directed, for example, intc the special halls for
carrying out the experiments with the stationary polarized tar-
gets and the emitted photons reach the converter. The longitu-
dinally polarized particles with the charge sign required gene-
rated on the target (only the upper part of the spectrum is
collected) are accelerated at high acceleration rate up to an
energy of 1 GeV. After the acceleration the particle polariza-
tion is transformed into the transverse (vertical) polarizati-
on, the bunch length is increased by an order of magnitude and
the particles are injcected into a gpecial cyeclic synchrotron
radiation cooler where the beam emittance goes down to the
very emall value required (which is not so easy to be

I'eg=-
ched for 10'° particles in a bunch). After full cooling the
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beam is transported (without aberration) to the injector end

of the superlinac. Prior 1o injection the beam length is redu-
ced dovn to 1 cm dnd the particle polarization is trensformed
inte that required. Then follows the acceleration of the high-
est posalble gradient with special care taken to prevent the
beam emittance growth. Upon acceleration the bunches are focug-
sed at the collision point into an elliptical area of 10 dlmz
and after that the acceleration cycle is repeated.

4. Let us congider in some details the electrodynamics of
the accelerator structure and the process of acceleration. In
our case the SHF generators energize the sectioned accelera-
ting structure with the required shift in the excitation mo-
ments of each section with appropriate phasing in such a way
to make the beam always passing in the required phase. Then the
accelerating bunch whoge length is much ghorter than the acce-
lerator wave length is injected.

A nontrivial result of the analysia of the acceleration
process lies in the fact that by gelecting the bunch length
with the number of particles required one can obtain a high mo-
nochromaticity after acceleration by transferring electrons a
significant fraction of the energy stored in s structure /6 /.
So, the ultrarelativistic bunch of 1 cm long with 102 elect~
rong passing the 5 cm wave length accelerating structure at
effective acceleration gradient of 100M€} will take 20% of the
electromagnetic energy stored (20% more of the stored energy
will be transformed into a parasitic energy of the higher exci-
tation modes of the accelerating structure) with the energy
epread being of 1% after acceleration. Let us note that for
operation in a stored-energy mode the I -type structure is

optimal where two neighbouring resonators are excited in opposgi-

te phases. In addition, such a structure ensbles one to accele-
rate particles in both directions.

5. The problem of malntaining the small emittance of the
beam in the process of acceleration has turned out to be much
more complicated /61/. When the bunch travelling strictly along
the axis of accelerating structure which is a periodically nar-
rowing waveguide, the particles do not practically feel the
tfanaverae forces from the total RF field. At deflection from
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the axis the particle irradiates a nonsymmetric mode which
Tield diffracted on the waveguide diaphragm steadily reaches
the bunche. In the ultrarelativistic case this field cannot
reach the nart of the bunch which generated the field bubt it
makeslthe full transverse influence on all the succeeding parte
of the bunche. The bunch portion which experienced such an ef-
fect will later be more deflected from the axis causing stron-
zer perturbation for the following portions of the bunch. The
summing effect of all diaphragms of accelerating structure
(even if they positioned with a micron accuracy) at necessary
intensities leads to ar inadmissible growth of the beam emit-
tance and consequently to the catastrophic reduction of lumi-

nosity.

It turned out to be possible to overcome this problem
during acceleration by introducing the high particle energy
gradient along the bunch and sufficiently strong focusing with
the guadrupole lenses. Under these conditions the trangverse
oscillation frequencies for succeeding parts of the bunch will
be cuite different and the instability described will not de-
velop. The results of numerical simulation of this effect con-
firmimng the feasibility in elimination of the beam emittance
growth are given in Fige. 4. True, this fact lmposes the requi-
rement that the precision of adjustment for focusing lenses be
on the order 1-10 mecm over the length of the order of fhe
transverse oscillations of particles. The final adjustment of
the lenses and stabilization in their position will be done
directly by measuring transverse motion of the bunches.

By the end of acceleration an initial energy spread of
104 is reduced to the required tl%.

6. Let us congider now what happens during collisions of
such dense bunches /6/.

The electric and magnetic fields of the bunches of high
density with a micron eize reach the megagauss order of magni-
tude. These fields do not act on particles of "their owm"
bunch since the effects of the magnetic and electric fields
are mutually compensated. At the same time, for the colliding
particles the effects of the electric and magnetic fields are
added and the maximum effective field is equal tc the doubled
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value: :
) ; 4 No
[Hett = BRI E = Bl o)

where O (f; are the transverse half-dimensions of a beam at
the collision point, -fe ig the bunch length.

AN
D

Let us congider briefly three aspects of the effects of
these fields. The first, in this field the particle radiates
the synchrotron radiation with the length of the total energy
lozse being quite small under considered conditionsa:

me ©

€ £ =) 2
T Y H é,ﬁ_,
The reaction energy spread will correspond to the energy
spread in the bunch

2
BE s 2 o
Bl lo (65 +64)*

hs a result, instead of colligions of the monochromatic

electron-positron bunches, in case DfE;j: sone gets the full
spectrum of ete” reactions energy and edditionally a number of

¥e and Y ¥ collisions. Becaugse of this fact one has to change
to flat bunches with the same cross section area for maintai-
ning the iuminosity. As wie have geen before, the fields in flat
beams are reduced proportionally with the growth of the bunch
widthe '

difference for transversge
beam ogcillations

beam emittance
= "head-tail" frequency

%
A0
<

- an increase factor for a
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Fig. 4.
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The second. The colliding beams fields of opposite sign
particles makes the strong focusing influence resulting ina few
Z -oscillations of the bunch particles during collision time.
At the head-on head collisions the effective dimensions do not
change for the bunches with the smooth density distribution
over various directions (even there is a slight compression)

,___aﬂ"
215

that has been shown with the numerical gimuiation for a gelf-
consigtent colligion. Let usg note, that the effect mentioned
decreases gharply the attainable luminogity of € e and etet
colliding beams (defocusing).

The third important effect of the colliding bunch coherent
fields is their influence on the spin behaviour for the polari-
24 zed colliding beams. Because of the anomalous magnetic momentum
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at too large angles of the transverse oscillations of particles
in the field of a colliding bunch the spin rotation with res-
pect to the particle veloclty leads to the full depolarization
of electrons and positrons in the process of collision. The
admissible angles in the beam are the following:

g 0p Ecov

To satisfy the condition it is necessary to have (for longitudi-

alariza- v [\ I _ motion);
B e D e e

“g;i&ix*ﬁg) (z - motion).
The shift to the flat beams solves this problem too.

A decrease in one of the bunch dimensions down to such a
small value, though, requires the guadratic decrease in the
beam emittance slong this direction. If this requirement hap-
pens to be very hard to satisfy one can ghift to & four-bunch
variant of collisions - the electron and positron bunches tra-
velling from each side. If the bunches moving from each side
are superimposed before they reach the collision point, their
coherent fields are mutually compensated (within the accuracy
that the bunches are equal and they are superimposed perfectly) .
Therefore, all the collisional effecis are attenuated and thelr
detrimental effect becomes insignificant. In this case, because
of the single collision of the bunches, the ingtabilities
vhich appear at ICI during a four-bunch mode of operation will
not develop. It is loglcally the simplest way to obtain four
bunches with four separate accelerators,but it is also pogsib--
le to perform the simultaneous acceleration of the electron
and positron bunches in the same accelerating structure with a
shift in between by a half of the wave length and subgequent
delay of the first bunch after acceleration.

Tt is quite possible that the use of the compensating .
bunch mode will enable one to raise significantly the VLEFF lu-
minogity. Let us note that for thig mode of operation a half of
the total luminosity will be gained from e"e” reactions and the
cecond half is divided equally between e e  and e'e’ collisi-

ong. The disadvantage of such mode of operation is that one
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cannot measure the charge asymmetry of the process under stu-

dy e

T« It is understood recently that additional extension of
the reacticn spectra is feasible on VLEPP /73/. The laser tech-
nology is nearing the stage allowing the creation of high-effi-
cient photon targets (of small cross section, at any rate) which
becauge of the backward Compton scattering will enable one just prior
the colligion to transform the main part of electrons and/or pogi-
trons into 3’ ~-guanta with an energy close to the full energy
of accelerated particles. Therefore, the pogsibility appears
for realization of the real photon-photon colliding beams at
super-high energies.

Let us consider briefly the main problems connected with
the realization of these experimenis drawing attention only to
these aspects which are intrinsic to the VLEPP operation in
this apecific mode.

At an energy of primary photons be of {mﬂg}EKE {(s0 much
the more-higher) the phatnnﬁ of nearly full energy E will be emit-
ted at an anglelfgf with respect to the direction of the scatte-
ring electron. If the effective length of the primary photon
pulse is smaller than the length of electron bunch 1, and the
light beam is focussed dovn to the diffraction limit with area

ﬂhﬂe s Where }» is the primary photon wave length,and this
area 15 still larger the electron beam area at this place, then
for achieving the conversion efficiency =€ the total energy of

the photon pulse is equal to:
2
phot 2 me s

T—t

= . f){\./ e

The mogt promising versgion of generation of such photon

-pulﬂea is the use of the ccherent radiation in the appropriate

undulators of the self-bunched electron beams of the VLEFP
device (mirrorless electron laser) /T4/, since these beams
will have 3 very high local denaity, very small emittance and
small local energy spread, and the radiation spectrum in the
appropriate undulators at electron energy of a few GeV will be
in the required range.

The parameters of the high energy electron beams remained
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after their passage through the laser targets should ensurae
regeneration of electrons Ior succeeding cycles.

The angular spread (at a given point) of electranT on
VLEPP out of the collision point is much smaller than v a
therefore, if the photon target is placed in the converting
Plux not far from the colligion at a distance LE the HEEf%E_
photons with an energy E will form the spot with an area fﬂ
(L1>fﬁ’}2. Between the photon targets and the collision point
one should introduce the moderate magnetic field in order to
ghift apart the electron beams at the colligion point by the
value larger than the electron spot size (from this view point
it ig convenient to operate just in the electron-electron mo-
de). For this purpose, in particular, L, should be sufficlent®-
ly large. In this case, the 3’ ~-guanta only of full energy
will effectively interact with an ultimate luminosity of the or-

' 2
v Ly b 2 Nle Y74
LE = ':S'_;i;_h i Vi 2'5':]‘].-9

The energy spread for ¥ ¥ reactions will be of 10% in this
conditions. If necessary, the reaction monochromaticity can be
improved by the use of the shorter wave lasers (with the pro-
portional increase of the laser pulse energy)s

der

Tf only one electron beam is converted into photons, one
can obtein €Y colliding beems of nearly full energy with the
even smaller energy spread and the luminosity about

No N 2 Ne h’a+
Leg fﬁ o L

Note, that if the conditions for ete” collisions in the opera-
tion mode without compensation need to be chogen in guch away to ha-
ve not too high fields in the bunches, in the case of Y& and
ey collisions there ig no such a limit and the luminosity,
in principle, could be even higher.

For an energy of 10 Jin the laser pulse one can hope
for (already at 2x100 GeV) to achieve on VLEPP rather monocchro-
matic colliding beams of b'\( and eh/ with the respective lu-

minogities:
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‘Let us note that obtaining luminosity for the photon-pho-
ton collisions of the same order of magnitude as for electron-
positron (or electron) colliding beams is accessible only on
installations with single collisions of bunches of charged par-
ticleg. The storage ringe have no auch posgibilitien.

The study of Y ¥ and €X collisions with helicities of
colliding particles being arbitrary cheosen (due to the appro-
priate selection of the laser beam polarization)may become an
important extention in pogsibilities of VLEPP.

With respect to the main body of events with generation
of hadrons,'k}’cnllisiong are gimilar to the hadron-hadron
collisions of the same energy and E?E’ reactions will contri-
bute information similar to that supplied by the deep inelag-
tic e p reactions.

In this case, the total crose section of hadron generati-
on in ¥ ) collisions will apparently be very large - of order
Os3 mcb. The main body of these events will yield hadrons fly-
ing at small angles with respect to the photon direction and,
therefore, will hardly be accessible for studying, though, in
principle, with the help of magnetic field one can separate
the initial }f -beams and the charged hadrons generated.

lMore promising seems to be the study of electromagnetic
generation of the quark (and antiquark) jets. For all kinds of

- quarks with masses much lower than the nhoton energy the

crogs sections for the jet generation are the same ( proporti-
onal to their sguared charges). This is the radical
advantage of the photon-photon collisions compared to pp and
PP colliding beams in which the quark content results in the
generation of jets with the d, dy, u, U - quarks. In addition,
Y ¥ collisions give effectively the gluon jets also. The par-
tial crogs gection of these processes at energies of hundreds

of GeV is of order 107 °2 cm® and therefore ig in principle ac-
cesslble for studying on VLEPP.
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Tn the region of electiro-weak interaction especislly inte-

resting is the study of reactions "
+
Yy wWoW :

The cross section of this process is of the order 10
and in the first approximation does nof Eall EOTH with energy
growth (differing, for example, from e e _ +-WW ). The study
of this process supplies the information of the unknown by now
'K Wi~ -interaction (anomalous magnetic momentum of W, form-
factor W, etce)e.

34, 2

cm

The same interaction cen be studied in the reaction
+ s
s e |

which crose section is of the same level, but the threshold 1is
lowers The feature of this reaction ig that the generated W is
single'that enables one to study clearly the decay properties
of these bosons. In addition, the dependence of the eV W inter-
action on the electron helicity is very clear.

8., Let us consider some features of the experimentation
on the VLEPP facilitye.

The VLEPP machine differs from the conventional colliding
beam systems by that the bunch interactions in VLEPF are.very
rare - of teng times per second - at a high total lumincslty-at
one colligion. The circumstance makes difficult the separation
of events as well as elimination of the background reactions.

The most principal limitation of the ugeful luminosity
per one collision of the bunches is that the total cross sec-
tion of electrodynamic processes of the kind
e+e—|—-— E+E‘ + X
crows rapidly with the decrease in momentum transferred to %.
Congequently, every collision of buniches and every interesting
event are accompenied by a large number of charged particles and
photons with energies much lower than the total energy of ini-
tial particles. Therefore, gpecial measures shuul@ be taken+
including, for example, installing the absorbing substance-ln
front of the detector, introducing the longitudinal magnetic
field, avoiding the registration of the small angle pa;ticles,
developing the special version of a trigger,etc., for ensuring
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the detection, separation and analysis of the events of inte-
rest. The probability of superposition for two interesting in
current experiment events one can make negligibly small by the
appropriate decrease in luminosity maintaining the high rate
of statistics gathering for these events.

Another source of the background are the photons of synch-
roftron radiation accompanying a collision, which are generated
in the coherent field of the counting bunch. These fields as
mentioned above are to be made sufficiently small in order to
achieve the average synchrotron radiation energy loss not high-
er than, say, 1%. In this case, each electron and positron ra-
diate a few photons which can interact with the counter-flying
photons and electrons. The main background processes of this
origin are the generation of electron and muon pairs. The back-
ground can be suppressed with the means mentioned above. With
the use of a four-beam mode of operation with compensation for

coherent fields this source of the background can be practical-
ly eliminated.

Some other kinds of background of more "fechnical® origin can
occurs So, together with the bunch of electrons having in the
device under consideration the exceedingly small mean-square
dimensions, some sgtrongly deflected particles can travel,which
can appear, for example, because of a single scattering on the
nuclei of residual gas in the cooler ring (the beam "haloM),
The interaction of such particles with a suhétance in the de-
tector region results in producing the total energy showers.
Therefore, a very high level of the "beam hygiene" is needed
including high vaecuum both in the storage ring and linac and

also installing the sgpecial disphragms far from the collision
point. ' '

Another source of the technical background can become the
presence in the detector region of products of interaction be-
tween the beam-beam synchrotron radiation quanta with a sub-
stance of the vacuum chamber, lenses,etc. It forces to take
care for the place of striking the substance by photong should
be far encugh from the collision point. In thie'caae, the mo-
ment for the background particles entering the detector will
be much delayed with respect to the particles under study. In
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addition, the solid angle and conﬂequehtly the total numher of
secondary particles that reach the detector can be gsharply de-
creased with the help of collimation. The background of this
origin vanishes naturally in a four-beam mode of operation.

Thus, we have seen that the study (an inclusive, at any
rate) of events producing the electrong, muons and phofons
with an energy which is substantial fraction of the initial
particle energy will not cause much difficulties. This type of
proceages includes those as the two-particle reactions (elect-
rodynamical, weak and mixed) and generation of intermediate bo-
song. It will also not be of principal difficulty the study of
reactions producing the hadron jets which carry a considerable
fraction of the initial particle energy. At the samc time, the
gtudy of all interesting processes will require the solution
of the'very complicated background problems.

Let us note that the physical background during studying
G }' and Ir reactions on VLEPP will be substantially lower.

The pulsed character of the VILEPP luminosity, the high re-
sulting multiplicity of the majority of the most interesiing
processes as well as a number of quite low-energy background
particles forces to develop quite special detecting systems
egpecially in their internal, "geometric!, track part. It is
not excluded that one of the possible golutions can become the
usge of the hybrid rapid cycle bubble chambers with electronic
indicatione.

Let us emphasize that the VLEPP average luminosity can be
distributed between several separate experiments. In this case,
in any certain cycle the only one collision point is switched
on; the succession of switching can be arbitrarily given.

9, Let us remind that VLEPP can be uged in the regime pa-
rallel to the colliding beam regime as an accelerator supply-
ing 1013 appropriately polarized electrong and positrons per
second with full energy E, as well, supplying the

lager convergion, as the source of polarized -
-quanta of nearly full energywithrmﬁasaﬂafﬂctory monochromati-

city and intenslty of order 1D12 a for experiments with the

atationary targets.

&2

Let us also remind that by striking the target with the
electron and especially with the photon beams of VLEPP one can
obtain gquite intense and well collimated fluxes of any kind of
high enerpgy neutrinos. It is of special interest that these
fluxes enriched heavily with.?&’neutrinoa from ’t[—lepton da—
cays (and, if they exist, the neutrinos from heavier leptons).
In this case, the flux can reach iﬂbpffs in the angle M csz
with the energy of the order 1/4E.

In the special experimental mode one can obtain the polari-
zed electrons, positrons and photons of doubled energy by ma-
king et pasgs succeedingly both linecs (in this case the secti-
ong of the second linac should be excited with a time shift
opposite to the normal shift in time).

If the VLEPP machine is added with the intense sources of

charged pions and cooled muons, it can be also used for their
acceleration.

10« Pinally, let us give the list of the main parameters
of the VLEPP project.

I astage Full project
Energy 2 x 150 GeV 2 x 500 GeV
Length 2'x 1.5 km 2 x5 e
Total luminosity 10°%cm™%g™ 1
Collision points 7
Repetition freguency 10 H=z
Number of particles 1012
in a bunch
Average beam nower 2 x 250 kW 2 x 900 kW
Pulse power of SHF 1000 GW 4000 GW
sources
Total consumption of 15 MW A0 MW
power from the mains
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The seventies are characterized by a stormy development
of elementary particle physics. The dominant factor was the
sharp extension of experimental possibilities. The forthcoming
decade opens up even more breathieking prospects (if only ex-
ternal factors will not deform the character of science deve-
lopment).

The more and more serious character is acauired by appli-
cation of developments, techniques and the phenomena primarily explo-
red in high energy physics in the other fields of science and
technology. Important examples of such a kind are the radiati-
on techneology and first of all the radiative chemical one, the use
of modern detection systems and data processing techniques
which commenced to be used,for example, in medical treatment,
and various applicationg of synchrotron radiation generated by
electron storage rings. This circumstance should facilitate
the further attention to development of high energy physics.

In conclusion, I would like to express the deep gratitude
to many of my colleagues at the Instituie of Nuclear Physics
(Wovosibirgk) and also to our colleagues from the Institute of
Theoretical and Experimental Physics (Moscow), Institute of
Mathematics-{Hovosibirsk},'Leningrad Institute of Wuclear Phy-
sics, Stanford Linear Accelerator Centre, Madison University,
Fermilab, Cornell University, CERN, DESY, whose numerous uge-
ful discussions facilitate.to form the attitudes and approa=-
ches pregented in this review.
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