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O POSSIBLE USE OF INTENSE BEAMS OF THE BIG PROTON
ACCELERATORS FOR EXCITATION OF A LINEAR ACCELERATOR
STRUCTURE

E.A.Perevedentsev and A.N.Skrinsky
Institute of Nuclear Physicsg, Novosibirsk

This work belongs to the mainstream of research pursued
by the Institute in the recent decade, . initiated by

G.Budker. The principal idea stems from the possibility of genera-

tion of intense beams of relativistic charged particles in
modern accelerators which possess rather great stored energy
per unit length of the beam'). An efficient conversion of this
energy into that of the electromagnetic field in an accelera-
tor struatureg} could'significantly enhance the accelerating
gradient in linacs and provide new possibilities in high energy

physicatij._

In this paper we consider a method of generation of acce-
lerating electric field of an ultimately high intensity in a
waveguide structure of the UHF range which is based on the usge
of intense ultrarelativistic beams with small emittance and
small energy spread obtained in modern high energy cyclic
accelerators and storage rings. We describe the arrangement of
the accelerator structure with a strong-focusing guidance lat-
tice and schemes of bunching., We study the capability of elec-
tron and proton beams in the existing installations. It has
been shown that there is a principal posgibility to obtain an
average accelerating gradient of =1 leV/cm with the use of
exigting machines. We discuss the potential applications of
such linear accelerators.

1. Let us consider the excitation OfLEG1D mode electromag-

1) E.Gs the SPS 400 GeV proton beam with 3-1013 ppp ( ~0.254)

corresponds to about 3 million Joules stored energy and to
some 100 GWt power in one~-turn extraction pulge.
2) Obviously, the smaller is the operation wavelength of the
structure (and respectively the smaller is the volume occu-
pied by the UHF field into which the energy stored in the

beam should be supplied) the higher ig the acceleration field
intensity: E >= ) =2 ,



netic field in a cylindrical cavity with radius a and length .
h. The cavity is penetrated along its axis by a beam with the
current density 15(?, t) which comprises N charged nartic-
les bunched in a long periodic sequence of k-identical bunches
go that their frequency is GJD1Dfn (n is integer). We
assume that these feebly coupled cavities are in fact the
cellas of the linear accelerator structure (iris - loaded wave-
guide), wherein the properly bunched accelerated beam is injec~
ted past the exciting beam, The energy conservation glives:

i (= sy, o

here the integration is made over the cavity volume V; E is
the electric field at t= T = zﬁ?wmn; ’? gtands for the
fraction of the beam fitting in the cavity aperture. Thus for
the amplitude E of Esq0 mode we obtain:

g TR 8 I 3 e
E'—(Jﬂ’o&fl) 7 keklek, @

where - I,4(:':} ie the 1-st kind Besgsel funcition of the m-th
order, Oénn‘,' is the 1-th zero of w3
- the transit=time factor

= Lim- L T h
kf ﬂ%/ﬂ :
with ha2a and /65'% 221 is close to unity;

- the formfactor kf is a characteristic of the beam coup-
ling with the electric field of the mode in question:

kf b SEEJV/J-M“'E'V < i-‘.

- the bunching factor kg is actually the ampl_ituﬂe of the
Fourier harmonic of J/J-max at the frequency of Cdmo

(Kg<1);

- the lagt factor kf‘ accounts for damping in the cavity;

L __ 1. 1—exp (knT/z) ,
s =% T-epl-nTr)

here T stands for the mode damping time.

e e —

For a narrow ( ’?=

kf = 1) completely bunched. ( k‘ﬁ 1)

beam with the pulse duration knT{-::r ( k,..= 1) eq. (2)

yields:
2

= SRR TS
Ein:(gi&ﬂf]) a% k—g_-""M'g"lg_i'k . (3)

With the account of the relation: & = @ o we

rewrite E,! in terms of /1:

o it -
Ej i eloy Jir’dwj)

o10 * ¥ =
Z :
%g. ktzfozif,:kﬁ J 5 ke

For practical estimations we express E. in MV/cm:

-1
Ei(%"'f =141 10 'N’k : (41)

A2 cem)

If the case is that the damping ie essential: kﬂ T':,"«f
(but, of course NT<XT), we have:

RS per L1 opr ),

and rewrite eq. (4):

E =E k=102 [1-epl-bnT/e)lk,; o

I_ J"er . .
here = EnT’ i1s the average current. For a long beam kn i *
and the stationary field amplitude is completely determined by
I‘L’/AE- *). Using the relation between T and A

7 =z oot
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we obtain in this limiting case, that E > A~/2, gy, (6)
aggoumes }). ~a; § fsa.-,i), stands for wall smoothness factor, O
is the wall conductivity, Introducing the unit length shunt

impedance:
R =51 ot
2FS
3
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If the current I is not high enough to achieve the value of the

E wanted, it is possible to use the preliminary compression of

the proton beam (in a amin
tion through a proper ang
space .,

i

le or multibunch mode) by the rota=-
e in the longitudinal motion phase



we express the stationary amplitude in the form:

E=2IR= 4.531'22”._} nkekg [2L] ()

However at short ;k the above consideration is no more
valid since the beam transverse gize is no more negligible as
compared to the cavity diameter, This results in decrease in
the field generation efficiency. The former is due to the
reduction of the fundamental mode electric field averaged over
the beam cross section ( £,< 1) and besides to the diminution
of the beam transmission °~ ﬁaﬁ&)'{: 1. In this case the
outer part of the beam cross peciion is of no use and should
be eliminated with a proper cut-off (or it may be separated.
and used as an ordinary proton beam of the lower intensgity).

2« It has been ghown in gection 1 that in order to
achieve the amplitude E as high as posgible one has to reduce
wavelength A providing complete beam transmission. To this
end it is reasonable to put the asccelerator section into a
gtrong focusing magneto-optical lattice which keeps amall
lateral size of the beam throughout the section length. In
this section we shall work out conditions upon A under
which the maximum intengity E can be schieved for a gpecified
emittance &,°€z; of the exeiting beam.

To calculate the beam transmisaionlfaqtur ?ﬁu we consi-
der a model of the FODO-period lattice consisting of thin
quadrupole lenses with the optical strength P spaced by the
drift lengthe L. We find for the increment}}k of the betatron
rhase on the period:

2
cos p = 1-—;%'{5-*9), (8)
and for the maximum of the - function:
e -42_|/;ﬂ-_P_
- Py = g

and choose the operation point so as to enpure the stable mo-
tion of decelerating particles with energies from Eﬁin to the
initial one of E, and besides the stability of the accelera-

6

ted beam in the energy range from E, up to E,__(E 3$’Eﬁih):

—L Emin
/—‘- 2Tk (10)
Having expressed P in terms of the short lens 1&ngth.L£ *)
and magnetic field H, at its aperture radius a (which is as-
sumed to be equal to that of the cavity), using eqs. (8) and
(lo) we obtain an equation for Ly

ey Holit = X Bwi
/w—LP L;HP ot E:::' (11)

ﬁmﬂx is lower if T,®L. Then (9) and (11) yield:

Broar =2 E10- |/ Emax . K,
Ha J Emm ﬂHf’
thus the acceptance vhase area A of the accelerator gection

imnosed inside the strong focusing lattice may be written in
the form:

e " o —_— -i?._ X Emin H /2
A 4&"“1!( 1:' (3_ Emu H):a') ) (12)

where aézga ig the iris dismeter. With the account of the
relation n:=§j_we have?

1
A= (F B fo(geye'd) o
: 8 E v Fﬁa 2r / -
If a gaussian density distribution ie assumed in the
exciting beam, if the energy spread in the beam does not

contribute to its lateral mize (i.e. the digpersion function

1;'9 = 0 along the section), then the beam tranemission factor
is readily obtained:

7&) =[1—exp(- Q_E:W[f“e‘ﬂb('%%ljj, (14)

¥) :

Note that in case the highest posaible accelerating fiel
E conditions no magnetic field in the accelerating stgucturg
the facus@ng lenses could be placed only between the accelera-
ting sections, and consequently the focusing gradient should
be augmented according to the shorter lenses lengths, while
the aperture may be made as small as the iris size, :




here Am.) is given by (13). In the case Af-%mwe have
-
f?()’LJ 7. Ve >-=.2.‘5 ' (15)
4@&,5
and substituting (15) into (4)/ one can see that in this case

of a large emittance Ed»A, and the phase-space dengity of
the beam N/é €z playes a decigive rdle.

Agssuming for the sake of simplicity €,~€,=€ we substi-
tute (14) into {(5) where ﬁ' and fg are taken fixed and
7= o (short beam pulaee], and obtain:

E=102 [f-—exp( )] '—1'02 ‘P(—) (16)

In the ahove Equaticn we have introduced a dimensionless

function Prx) = [1- E)*;DFX#’:U / X%, and o
= g E min 3
5“[3262 E max H 5] (47)

The maximum of &P (x) c@m = 0, 4{}86 is reached by an opti-
mum choice of ;1:

= E GeV) =4 %
=08358< ?"3'3[ e 'ﬁgfkes){ﬁ) & radol]s 16

nAOFt

at A"m]t

s . e {19)
E = 0.286 (102 %.’;:) :

In the opposite limiting case for a long-pulse beam the
accelerator structure transits in the c.w. operation and the
stationary amplitude ie found by the substitution of (14) into

(7):
/Mv’) 5;@;-(%} (20)

A dimensionless function F(x)= ff le,D( X%)] /x?’z

reaches its maximum value F___=0, 6262 under condition:

;1@=2.0¢45=3.26[§"$- Gl 55 & Yuraon) (£

g 8

and the relevant maximum electric field intensity in this
stationary c.w. regime is '

= 0.894(4.5 ﬁ‘#— J[Y], (22)

Note that the first nimerical factor in (19) and (22) corres-
nonds to the optimum value of the beam transmission '!?(J,qpr,} in
the two limiting cases respectively. Fig. 1 shows the depen-
dence of E on A in the two cases in question (ege. (16} and
(20)).

To give illustrative examples on the two limiting
cages (19) and (22) consider parameters of the 1,5 GeV elec-
tron beam extracted from the storage ring VEPP-3 (Novogibirsk)
and those of the 400 GeV proton beam of the SPS (CERN). The
resulte of the considerations relevant to the problem of gene-
ration of high intensity accelerating fields are summarized in
Table 1.

3. To justify the choice of the sitrong-focusing lattice
parameters based on an overgimplified treatment of Section 2
(Eqe. (8) - (12) ) we study in more detail the motion the dece-~
lerated and accelerated particleg in this magneto-optical
gyetem. Let us consider the usual linearized equations of fthe
particle transverse oscillations in paraxial approximation:

Q'J_E(ngajd PZFO) (23)

S (p )+ pfr =0

Here & is the longitudinal coordinate, 2 and x stand for the
particle lateral excursions, G is the magnetic field gradient
in the lenses, momentum p(s) is assumed to be a specified
function of s. Having written the solutions of (23) and (23')
in the Ploquet form:

2 = \/%% W(s) cos X(s),

we obtain equations for the betatron phase X{s} and for the



envelope function w{} :

An equation for the horizontal envelope can be obtained from
(25) by replacement: G —» -C.

Thus finding a numerical solution of (25) with initial
conditions,which describe the incident beam and with a speci-
fied p(s), then computing the transverse gize of the beam
that is travelling through the accelerator section:

F L V2
(Ag:) —(Q?P(J ) wrs), (26)
one can make an optimum choice of the strong-focusing lattice
parameters s0 as the beam dimensions corregponding to the
accelerated {(decelerated) particles in all RF nhases of the
induced field did not exceed the aperture of the waveguide
iri s,

4, For bunching of the ultrarelativistic beam with the
period close to A'D]:‘_‘r‘b ~ 1 cm a klyatron principle seema to be
reasonable: after an energy modulation by an external system
voltage U = Eo-u.-iim.n;l# the beam passes through a bending mag-
net with the field H(s) wherein, provided the dispersion func-
tion ﬁbia} %5 0, the path length difference As arises in

correlation with the particle energy excursion 6"-=115/E.,,:
5

=S kP(S)Hf;J a[sr_-—_EL (27)

This results in occurence of modulation in charge linear den-
gity 9¢(s) while the primary beam is assumed to be gaussian
in the energy phase plane:

2(s)= Sz:lrﬁ"d' Uﬁo(zﬂ_a 2@‘._)&5 (28)

—
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‘E:j‘_i'!

o =E—w bin 5T (s-¢b), (29)
.o =t—¢L (309

Asguming t‘.!;‘:b.r'l. we obtain a periodic (s}, expandable
in Fourier peries:

2(s) =Z s, exp(-insLs).

The Fourler-harmonic amplitudes have the same meaning as the
"bunching factor" 1{(‘ introduced in Section 1; they are deter-
mined by '

£
e o oo oSG o

The maximum value ae,ia 0,582 is reached at ﬁ;= 0 and
exwls = 1,84 A . The energy spread in the beam GE-:,E O causes
reduction in 2%, however the reduction is inessentisl in -
practice if %;3. For the SPS 400 GeV proton beam q;_,s_,m""'
which comes to some 30 MeV in absolute units, and the modula-

tor voltage should exceed 100 MV,

Thus the "klyﬂ%om" technique provides the bunching fac-
tor ﬁ%ﬂﬂﬁ,S readily. An enhancement of k‘ can be achieved by
repeated use of the transformation (29), (30). In the theory
of multi-resonator klystorns it is generally known that even for
2 - stage cascade bunching with an optimum choice of the para-
meters ., L and phase shift, the bunching factor comes to
k‘c{.—ﬂ,?a (6 = Q). However at ultrarelativistic energies such
a multi-astage cascade bunching seems to be inconvenient as it
requires additional drift sections, i.e, additional bending
magnet arrays of large curvature radius.

Another way to enhance the bunching efficiency is provided
by en admixzture of higher harmonics in the beam modulator vol-.
tage. In an idealistic case the saw-tooth-shaped modulator vc)l-
tage with the normalized amplitude —R;gﬁ/E'b yields:

Sim E0 (4 ul)

= — Lt Lol f T EL] oo

Z(4-ul)

1"



and maximum lc‘ =% . =1at £ =0. An optimum approxima-
tion of the saw-tooth by three harmonics can raige kg up
to ~0.8. With more harmonics the approximation is known to

converge slowly, therefore ky enhancement is not significant.

Note that one can use the synchrotron ring itself as a
bending magnet for beam density modulation if the beam after
energy modulation is made to travel around a part of whole
turn or several (such) turns before the final beam ejection,
The energy modulator structure could be placed in a synchro-
tron straight section or it could be placed in a special by-
passa, the proton beam passging thrﬁugh it only once before
ejection (such a solution looks like the cheapest one).

5« In the last section we dwell on the new posasibilities
in high energy physies in the framework of the proposed tech-
nique of the linear accelerator excited by intense proton

beam,.

5«1 Obviously, in the first stage the use of the techni-
que shall be the acceleration of some fraction of the initial
proton beam, sghifted in accelerating phase., So, it is possible
to have the proton beam of doubled energy (roughly speaking)
with the intensity of about one tenth of primary beam., Using
several such accelerating sectiong in serles excited by sepa-
rated fractions of initial beam, one can proportionally
increase the final energy with proportionally decreased pro -
ton intensity. :

5;2 It iuoks very.important, that the using of spuch line-
ar sccelerator excited by high energy proton beam gives the

poesiblility of having very intense beams of unstable secondary
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particles with energy equal to that of protons, good emittan-
ce and not bad monochromaticily (if good phasing).

for the unstable particles not to decay during accelera~
tion, it is necessary to have energy gain per ctb of the
particle ( T - the rest frame lifetime) more than 2 times

larger than mo—::2 (m, - the rest frame mass); that means

E?'zm—g- (33)

- : For muons this
means E 3,2 keV/em, for ¥ pions E2 0.36 MeV/cem, for ¥ kaons
E ?} 2,8 P.'IE'F}"le

543 The most difficult problem for pions is to design a
converter system, which gives about 10% efficiency of collec-
ting several GeV pions produced bj hundred GeV protons in
small enough transversal emittance. There are possibilities
to solve thisg problem using a multi-sectioned target and para-
bolic and/or lithium lenses. Maybe it would be necessary to
use a speclial initial accelerating section.

Several words about the phasing problem, It is better to
orgenize the initial phasing in pion beam using the properly
bunched initial »roton beam. The good phasing during accele-
ration, when difference between velocities of exciting and
accelerated particles ig not small (rather low energy of se-
condary particles, for example), gives more trouble. In this
case, after an accelerating section of the length equal to
%’13-31111 it is neceseary to install a wiggler megnet gection,
giving phase shift about 2 A (for low energy accelerated
varticles relative to e 'ting particles). To keep the pion
beam free of muons it is necessary to accelerate them as fast
ag possible thus preventing pions from decaying. To clean the
nogltive pion beam from protons of the same momentum it is
better to uge the difference in their velocities - during the
acceleration the above mentioned phasing efforts give the
devhasing effect in the accompanying proton motion (the kind
of A'-geparator). |

544 To have intense, very low emttance {and pure) muon

: 5



beams we need several steps: to collect as many pions of GeV
region as poseible in the smallest phase space volume uging
hadron cascade; to let them decay in very strong focusing
channel (to prevent the emittance inerease); to cool muons in a
special storage ring or linear accelerator uging ionization
energy loss in a target, placed in very low B - value region,

and compensating the average energy losses[B}to bunch the ejec-

ted muons properly and, finally, to accelerate them in the
main linear accelerator.

5.5 The charged kaon acceleration would be feasible after
great success in inereasing of strength of accelerating field—
about 3 MeV/cm or more. And the only crucial problem is the
breakdown limitation of the electric field value on the reasgo-
nator cavity surface, because it is possible to schieve the
needed peak proton current even. now, using preliminary phase
compression, as mentioned above. For purifying of beam it is
possible to use the mentioned "RF-separator" trick.

5.6 Of course, it will be possible to accelerate in such
an accelerator previously stored and cooled beams. This appro-,
ach looks reliable for antiprotons, electrone, positrong, ions.
In the case of electrons, light ions and, maybe, nositrons the
average intensity would be limited by the intensity of the main
proton accelerator (about 10% of proton intengity). For anti-
protons and heavy ions the average intensity should be limited
by production efficiency of the beams.

t is necessary to mention egpeciall Ehe possibility to
E zed beam out Ei
acce atevin such a linear acae eratnr polarization degree.

And in the near future the intensity of polarized proton and
electron beams can achieve the energy conservation limit ( 0%
of proton beam intensity). The intensity of polarized positron
and antiproton beams should be limited by the production effi-
clencr.

5«7 Using the acceleration of pions, muons and kaons in
such an accelerator it would be pogsible to have intense and
well collimated full energy neutrino beams (¥ 5M_, v f}h}'
Especially good results could be obtained by using spee;al high
field storage-decay ring (for muons and even for pions).
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5.8 This technique gives new pogsgibilities for solving
the problem of superhigh ‘energy colliding beams of unstable
particles and electrons, namely: Fip, Tiag /4-/""--, etetr colli-
ding beams /3,6/.

For pion-pion (¥) beams, accelerated in the linear struc-
ture, it is necessary to make a special high field storage
ring and put there as many pions as possible in a time, and to
repeat the cycle with all protons, accelerated in the main
gynchrotron. The average pion-pion luminosity will be ir thig

case equal %o

ar LMo  Nr. 7&;3& etity
LZ e ﬂ&f {g c)c 2xmcC

/

where (, - the efficiency of pratan—picn conversion, ‘\Q - num-
ber of pions in one super—bunch -£Eff - effective length
of the optimized conversion target, 4-—the length of pion
super-bunch agsumed to be equal to the }S- value in the
interaction region, Py = the pion momentum at cunverﬂioﬂ, P~
- the pion momentum in colliding beamsg, H - the storage ring
magnetlc field, ﬂ} - the rest frame pion lifetime. If we put
N = 10" ppsec, N = 10" wpp, & = 1071, p, = 5 GeV/e, p =
500 ceV/c, H = 100 kGg, f‘*ff =1 cm, {p=1m, we shall
have

L’E 3 {0 ::.m 25ec7t,

One will have proton-pion colliding beams replacing posi-
tive pionse by .fhe proton bunch of the same momentum and length
with Hl protons. In this case

L'.'.!;b L-T-E’

and for N; = 1072 and other parameters the same we could expect

L’; ==-3. fosz..z sec”’,

) Actually, in a colliding beams facility maximization of ﬂé—
may force us to choose a greater operation wavelength A so as
to gain the amount of energy, stored in the accelerating struc-

ture.
15



If instead of pions we inject in the same gtorage ring.
muon bunches with rﬂm muons in a super-bunch, cooled and ac~
celerated by the way described previousgly, we shall have the
average luminosity

SR gzr;’g%., p . eHta
L""::kﬁ M‘/ﬁ'ﬂ Em,t‘. 27 MuC

where fcanl - the length of the cooling target equal to the
[ - function at this point, /3,- the value of the - func-
tion in the interaction region of the storage ring. It is
necessary to mention, that we have made an optimiatic assump-
tion that during the collisions the muon beams have the same
normalized emittance as after the ionization cooling, Assuming
ﬁccn::l = 1 em, }50 = 5 em, ;‘\fg_.:n 10" 1/u,pp and the other para-
meters the same as for pion beams, we shall have in such con-
ditions

L/;ﬁ = 340! em2sec?,

It lookse pogeible t6 use the intense beams of big proton
accelerators for excitation of accelerating structures of
electron~positron linear colliding beams ['?.?- Of course, the
special efforts should be made for fast damping of agymmetri-
cal modes excited in accelerating structure by proton beams,

In this case the luminosity that can be achieved ig dif-
ficult to evaluate because its value depends on how small the
effective emittances of ef beams can be made in the collision
point. If we follow the optimistic approach of fql s there
would be the lumincsity

ete-
Z‘E = 10** cm2sec™t

with N = 1013 ppsec. And besides it is very probable that the
productivity of proton accelerators will still be growing,

16

In conclusion we wigh to take this opportunity to express
our appreciation to V.E.Balakin, T.A.Vsevolozhskaya and
M.M.EKarliner for many discussiong and for their interest in
this work.
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Teble 1.

VEPP-3 S PS8
Energy - GeV : 15 . 400
Beam current A 0.3 [4] 0.24 2,3)
Intensity particles pp 5101 3+10'3[2]
Emittance mmemrad 0,3 0,017 [3]
Energy spread MeV 1.5 40 [3]
'J"Pt ' cm 0.6 0.9 -
E MV om 5.T 0.75

/3
! -

0 1 2 3 “A

Pig. 1. The induced electric field amplitude E (arb. units) Pa6ora nocrynuaa - I3.cenrabpa 1979 r.

vs. operation wavelength Ar. Curve 1 - short bunch,

curve 2 - long bunch (Eqs. (16) snd (20) respeotive- OrBercrTBeHHHlt 8a Bumyck - U.0 .[10[I0OB

1a). . Nogmuesso ¥ 1o T9.9-1979r. MH 03034
Yea. 0,4 new "an.A.
Tupax 250 s
3axas ¥ 80.

18 : OrneuaTanc =2 o7 vTang MA® CO AH CCCP




