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1) = Introduction.

In the Frascati meeting, last December 1960, two pa-
pers, presented by Touschek and Gatto, pointed out the inte

Te”™ annihilation

rest for the reactions produced in the e
with energies, in the CM system, in the GeV region.

It has been also pointed out that, at least for the
time being, this type of experiment seems feasible only if
the CH system coincides with the Lab. system; otherwise the
kinetic energy T reguired for electrons colliding wibh posi
trons at rest, to get an energy E*@ in the CM system, useful

for the reaction, is

%2
B
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Besides this, which an optimist can consider only a tempora~—
ry limitation, the coincidence of the Lab. and CM systems mg
kes the experimental set up much simpler, avoiding the angle
transformation due to the CM momentum.

Together with the two theoretical papers, during the

Prascati meeting has been also presented a draft proposal for
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the construction of a colliding beam accelerator; its purpo
se wag a break-down on the problems involved, morc than a
display of possible solutions.

On the ground of the physical interest for a colliding
beam experiment, the Directors' Committee of the National In
stitute of Nuclear Physics decided, in February 1961, to sup
port such a program, and proposed, as a first step, the esta’
blishment in Frascati of a group for the study of the feasi=-
bility of such an accelerator; in the same time appointed a
Commissioh, headed by Touschek, in charge of the study of the
experinmentation with the accelerator.

In the following it is presented a short review of the
special features of a colliding beam accelerator for electrons
and positrons, ltogether with some of the technical problems
involved.

No attempt has becn made to derive the formulas pre=-
sented herej they are the results of the work of a number of
peoples we want to remember the Stanford storage ring group(1)
and thoe AdA group (and ,for this part, mainly C. Bernardini

and B, Touschek),

2) =~ The accumulation process and the indjector.,

If in a c¢yclic accelerator we have two beams, one of
electrons and the other of positrons, running in opposite di
rections, their trajectories will be the same, if the forces
acting on them are the samec.

The TPC theorem tells us that a magnetic field act on
two beams, of opposite charge and opposite velocities, with
the same forces an electric field, on the contrary, gives on
the two beams, opposite forces., If there were only magnetic
fields, the two trajectories would then be coincidents for
the time being we can consider negligeable the effects of

electric fields and ignore them.
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The two beams will ccllide in a fixed number of points
(their number and location dopend on the RF acceleration cha
racteristics), wherc the annihilation reactions, which we are
intercsted in, will takec place.

If Jhe circulating electrons and positrons are N_ and
N+, or the equivalent currents I. and I+, the rotation period
is %4, the number of bunches per turn (equivalent to the har
monic number of the 2P accelerating cavities) is k, the tran
gverse scction o the two beams in the cellisgion re-
gion 1s 8, the ordss scction for a certain reaction is o,the
interact;on rate n in cach of the 2K collision scotions is

given bhys

NN 37 I I
. g 107t 4T
n o= g 3 g (ev/sec) = - = = 5 s (ev/s) (2)

It is quite casy to sce that, to get a convenient va-
lue for fi, let say 1 ev/1' corresponding to 1/60 ev/sec, it
is necessary an accumulation process of charges into the ac-
celerators the cross sections for the annihilation recactions

-30 -32
rabge from 10 3 to 10 3 cmz, the rotation fregquency can be

of the order of 5 llc/soc, ¥ = 2, § of the order of 1073 cm2,

which give:s

I I =n 5 ~ ax10”4 (AZ) (3)
4x10 otg

2

for § = 1073 cm and o = 1072 om?

Assuming onc turn injection, the valucs of the cur-
rents given by the (3) are also the currents which must dbe
delivered by the injcctor; if the conversion efficiency is
5x10"5, this gives
4

I_ = 2,8 & ; I = 1,4 x 1077 A (4)

t

A linac delivering 2,8 A at an energy around 50 + 100



4a

MeV, within an energy spread of 1 =+ 2 %, ig not impossible in
principle, but certainly is very difficult and very expensive
to build. Horeover there are many recasons which suggest to ha
ve in the accelerator two beams not very different in intensi
tys with the same luminosity of the beams (we use this term
for the quantity N+NW/S), tha case of I, = I, is the most con
venient for all the effects which depend on the sum of the
two intensities or on one of them, like the power transferred
from the RF to the beams and the power radiated on the donut,
the space charge effects, the background.

Let us then consider, as more realistic figures for the

currents, something like

3

I = 0,1 A 3 I, = 4 x 10°° A (5)

4

This value of I, is now beyond the possibilities of a
linacs we have then to accumulate into the donut many diffe-
rent pulses to get the final intensity we need,

As we are dealing with eloctrons and positrons, the rag
diation losses make the phase volume occupied by the injected
beam, after a certain characteristic time which depends on
the energy and on the parameters of the acce lerator, indipen=~
dent from the phase. volumec oocupied at the time of injection;
in other words, the Liouvillel!s theorem does not hold.

Not considoring its dependence on the structure of the
accelerator (we shal} come back on this point), the damping
constant is given by:

P = 2 e % 6
= T5y < (6)

where B is the energy of the particle, AAEK is the echergy
radiated in one turn and tg is the rotation period; the (6)
holds exactly for the vertical oscillations, if they arec
completely decoupled from the horizontal ones,

In the case of a isomagnetic machine, the (6) can be
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rewritten in terms of cnergy E, radius of curvaturc of the
equilibrium orbit g, and the circumfercnce facltor A (ratio
between the length of the eguilibrium orbit and the length

of the magnetic sectors):

" o p%m)
{=4,7 = 10 S (sec) (7)

E
(GeV)

This gives an idea of the required time separation
between two consecutive pulsess cach pulse will be injected
outside of the volume occupied by the accumulated beam, in
the phase space representation, because for time short compz
red to the damping time the Liouville's theorem approximate-~
1y holds, but in a damping constant it will move toward the
rogime configuration enough to allow a new pulse to be injeg
tod,

At this point we have to considoer in detail Which is
the most convenicnt injectory from the technical standpoint
the higher are the cnergy and the current, the ecasier aro the
problems of accupulation; thig is cortainly true up to ener-—
gies around 500 4 700 IMeV, where the injection into the ring
may present some difficulty.

The choice is then mainly a compromise beﬁwéen cost
and probability of reliable operation.

Let us consider the case of a linac with a maximum po
gitron current i+ = 10 phAy if we want to inject one pulse
per second in an accelerator with p = 6,7 m and A=1,5 from
(1) we get, for the injection energy, 315 MeVj; the accumulg
tion time will be 400 sec, or, roughly, 7 minutes.

There can be another approach, namely to find a way
to decrease the damping constant for a certain value of the
injection energy.

Suppose wc inject .at, say, 100 MeV, then we make @
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cycle of acceleration up to a certain energy Byyx ané a do-~
celeration down to the injection energy Einj’
dal dependence of the cnergy with time of the type:

with sinusoi~

E = E,(1 =~ a cos 2 mpy)

-

Bpax = Zo (1 + a) ; (8)

i

Binj E, (1 =~ a)
If ¢ is the damping constant at the injection ener
. . . # .
g8ys we can find an equivalent damping constant T s which
gives ‘the exponential decay between two consccutive passa-—
ges at the injection energys
. 3
A H (1 - a)

a
1 + 1.5 &

-7 (9)

If we finally put Y™ 1/f, we can find the dependen
ce of the injection repetition rate as a funcition of Einj

and B through the parameter a.

max’

With the values of p and A already considered, we find
that we can inject onc pulse per second at 100 HeV, with a
eycling up to 440 ieV.

This system seemg to allow the choice of a very low
injection energy; but a limitation is set by the oscillation
induced by the radiation losses, which depend on the maximum
energy and at the injection energy are amplified by the fac—
tors (Emax/Einj)1/2 inj)3/4

the synchrotron oscillationss another limitation is due to

for the betatron and (Ey,y/E for
the 1lifetime for scattering in the residual gas, which goes
with Ez, and becomes too short for energies lower than 50 %
100 eV, o

With the adiabatic injectién we need a linac of 315
MeV, for 1 pulse/sec (or 630 MeV, for 8 pulses/scc)s cycling
the encrgy, up to 440 eV for 1 pulses/sec (or up to 900 MeV
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for 8 pulses/sec), we nced & linac for only 100 eV, but
the power supply for the magnet, the magnet itself and the
donut are much more %roublesome and expensive; in the se=-
cond case considered (cycling up to 900 MeV) the radial a=-
perture of the donut must be about twice larger than is the
case of adiabatic injection.

As Tar as the lifetime for gas scattering is concer=-
ned; in the case pf the cycling i1t can be calculated at the
equivalent energys

T v 4 Y
- ~ - : a5 ~ 5 .
.iiaeq = V.Linj Ema:{ (/ 1 a (10)

This lifetime is then certainly always shorter than
in the case of adiabatic injection by a factor ranging from
3 to 7 for the cases considered.

The value of the pecak positron current delivered by
the linac is of paramount importance in the choice of +the
injector energy and injection system. The higher is this
current, the lower ig the number of injection pulse requiw-
red for a certain total intensity, therefore the longer can
be the damping constant, to allow the accumulation to take
place in a fixed time, which has been chosen of the order
of 1073 86C.

An accuratc calculation has not yet been made, but
prpbably if the required damping constant is longer than
3 2+ 5 sec the adiabatic injeotién is more convenient, if it
ig shorter the cycling becomes more convenient.

The linmac will be made of different types of sections:
there will be a low energy, high current part, up to about
40 MeV with electron current of the order of 1 A, followed
by a high energy, low current (order of 10 mA) part.

Using a fixed magnetic focusging system, to focus the
positronsg produced in the converter into the high energy seg

tiong of the linac, it scems that the most convenient conver
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sion cnergy is about 45 eV if the solid angle accepted is
of the order of 0.2 ster and the energy vand 1 MGV, for 15
eV positron energy, the convuweion effilciency in a thick
target can be as high as 5 x 10”4(2).

This figure has Dbeen calculated in a very rough appro
ximationsy we hope o get for the conversion efficiency, in
1 eV band, at least 5 x 1073,

If the adiabatic injection is chosen, a figure of me—

(ol

it for the linac can be dofined, given by the product of

H

the pecak positron ciarrent times the eubic power of the final
energys it is proportional to the number of positrons which
can be injected per sccond.

This figure must boe maximized at a given cost.

3) = The radiation damving,

Many calculations have been done on the effects of the
radiation on the motion of electrons in cyclic accolery
tovs 30 (4)(5)

They all agrce on the value of the damping constants
for a constant gradient, isomagnetic accelerator; theym agree
also on the existance of an antidamping effect on the radial
boetatron oscillations in a isomagnetic strong focusing acce=~
lorator; where they do not agree anymore is on the changes
to be made in a strong focusging to get damping for the ra-
dial betatron oscillations,

Robinson and Tarasov find that is nccessary to change

the magnetic field along thoe ordbit, without any change in

;tho‘focussing propertics of the structure, whilec Kolomenski

thar
findsVis nccessary a change in the focussing paramcters.

C. Bernardini and C. Pellegrini are now working on
this subject, which of course is a focal point in a storage
rings for the time being they have not yot arrived at a

clear cut conclusicne.
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The calculation starts from the cquation of motion,
in which is included the classical reaction force due to
the radiation, as the time derivative of the recoil momen
tum duc to the emitted radiation; another approach is pog
sible, which is morc difficult, and it is the caleciilation
of the motion squaticns including the discrete cemission
of photons; it should give as a rcsult dircectly the regime
configuration of the bcam,

Anyway, as a starting point for what follows, we ag
sume that it is possitle in a strong focussing acgcelerator,
in some way, to sharc the damping due to the radiation in
two equal parts, for the vertical and radial betatron modes,
and in a third part, a factor of two bigger than the proece-
ding ones, for the synchrotron modes this means that we ag-

sume the following damping constants for the three modes

T = ;L*“£¥i~ s J., =1 botatron-vertical

v Iy Aﬁk 8 v

1 s .

T g 2 t oy J o= 1 betatron~-radial

r Jon AEX 3 T

’ (11)

T ! 25 s J. o= 2 synchrotron

8 T dmy e’ s T ynen

The damping cocfficlents in weak focussing have the

following values:

b
i

- ~ 1. 12

T T @ 1.5 (12)
3-—411'\}

y e



4) = Lifetime of the beam in the accelerator.

The lifetime of the beam in the accelerator depends
cn the three Tfollowing effects:
a) scattering in the residual gasg
b) bremsstrahlung in the residual gass
¢) diffusion due to the radiation fluctuations,
For ecach one of them can be defined a t;me congstant

T s the lifetime of the beam will be given bys

1 1 1 1
St (13)
- “so b rad

The first two effects depend on the pressure of the
residual gas, the last one on the radiofrequency voltages

the +time constants arcs

2
LQ p 2 1 b/a
T.o== (——) (sec) (14)
sc P op2 020 7 353104 14(p/a)?
-4
- 10
{ 4
by 5 (scc) (15)
~ . oxp
) = 16
Lrad Ls S (16)
wheres J : ey
¢ E s 1 ¢ 5 ! §
O = o e e 22 Y g€l = T 4 2arcsen — (17)

‘

and: A is the useful crogs section of the donutls

a, b are the axis of the elliptical cross section of
the donuts

4
T is a form factor governing the acceptanccet T 21
(= 1 for consitant gradient; ranging from 1.5 to
3 in strong focussing);

Q is the number of betatron oscillations per turng
R average radius of the machines R = Apg
B energy of the electronsg

P pressure of the residual gas in mm of Hgs
,\. - 3
C, damping constant for the synchrotron oscillations

(see the (11));
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e ¢ .
¥ 1/Q° momentum compactions
K harmonic number of the radiofrequency cavitiess

A= 1/sen'y% = VRF/ZXEK' ratio between the peak RF vol
tage ‘and the average radiation loss per turng

Eqy = 104 MeV,
Usually, in a storage ring design, the time constant

which is more easily made longer than the other two, is
™~

rad’ if we then write the ratio:s
[
“sc A(cm?) 2 2 b/a
e 4.8 —=2d Q7 B 2y Tr—— (18)
br ACE (wo/m%)  14(v/a)

we sce that at a certain wvalue of the field B, which is u~-
sually around 0.1 # 0.3 Wb/m2 for the values of A we are
T

[y
s becomes equal %Ho Cbrg at higher fields

dealing with,
the dominant term for the lifetime of the beam is ’zhr.

Az this quantity is very approximately indipendent
from the encrgy and the sitructure of the machine (the depen

-t

dence is through o tornm 1n-:§§— where AR is the Qnergy ac.
ceptance of the machinc; this term does not very more than
a few percent with the type of accelerator and the energy) s
we can say that the maximum value of lifetime attainable in
a storage ring, whichever it is, depends only on the pressu
re of the residual gas,

The design figure for the pressure in our case is
‘IO"9 mm Hg, which gives

22 > 109 sec o~ 28 hrs (19)
br

The lifetime at the injection will be probably doter
mined by ?QQ; if we have an energy cycling, the lifetime
(?SC nust be calculated for the cquivalent onergy given in

(10).
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5) = Bquilibrium dimensions of the beam,

As we already said, the classical radiation gives a
danping term, which would tend to decrease the dimensions
of the beams to a very small value, limited only by the
multiple scattering in the gas.

If the discrete emission of photons is taken into
account, we find that the equilibrium dimensions of the
beam are governed by the radiation in the radial plane (rg
dial width and length of the bunches), while the vertical
dimension depends mainly on the multiple scatbtering.

~The root mean square of the maximum amplitudes of
the beam, due to the radiation fluctuations, with the as~
gumption that there is no coupling between the vertical
and radial modes, are given bys

R
/ (m)lﬁ (cm) (20)

T 1/2
/<Ar> 0.17 F DQE(G@V)/ =

fi

betatron~radial

V%A§> 0.17 F1/20<5(Gev>& (m>)\ (om) ) (21)

1/3
&/<A§> 3.03x10° 'Q / (m) A (cm) (22)

betatron~vertical

it

gynchr.~radial

il

The formula (20) holds in strong focussing if the en
velopc of the betatron oscillations has the same shape  as
the closed orbitss usually this condition is fulfilled wit-

hin a good approximation (a).

(a)

More generally, F1/2 { R1/2 must be replaced withs
,2\

R_’\1/2=R max [((%p) ZH-W}-F(D(‘))K)
—%/5<o<p)<<><p>j>‘/2

with the usual notations (see Green and Courant. The proton
synchrotron: Handbuch der Physik =— Vol.XLIV - pag.218).
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This hypothesis mcans also that:

A ¥ 1/ (23)

The root mean square of the maximum vertical amplitu
des of the beam, due %o the multiple scattering in the re-

sidual gas, is:

o R%m) p!/2 pl/2
/<Av> = 1,2 QVE%/Z ) >L,]/2‘]‘,1/2 (Cm) (24)
GeV A

To get the total root mean square demensions of the
beam at a certain azimuth of the machine, the prcceding
quantities must be multiplied by VE: and the form factor F
must be replaced with another coefficient, whose maximum
valuc is F, which depends on the azimuth and can be smaller
than 1 (the average of its inverse, over one turn, is 1).

The root mean square length of the bunches is:z

ez - 24
l/< > = 0.564 “(m)y/K Y (m) (25)

SE(G@V}

The root mean squarce crossg sccition of the beam in a
collision section, where the form factor of the betatron o=
scillations is close to 1, is remembering the (23) and let-
ting Qp = Qy

’ / P Iy | R?é? 2
S = 044 Vm (+5=) 57— (on) (26)
| - .

With this formula we can calculate the cross section of the
beam, with the parameters uscd for the formula (3), which

ares:

2; P = 10" 7nmHg

o
=
i

15 GeVy K

i

R=10mg XA = 145

1

23 Q = 2.255 8 = 1.7
1,55 Q = 0.8; & = 3.3

it

T3

H

Strong focussings J, = Jp

it

“zo

Is
Weak focusing 3 Jy =13 J, = JS
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4

From these we get the values S = 2 4 x”10- om2 for
strong focussing and S = § x 1073 cm2 for weak fcoussings
the radial widths in the two cases are 0,33 cm and 2,5 cm,
while the vertical dimensions are T.1 x 10‘4 cm and 2x10“3;

the lengths of the bunches are 1,0 m and 2.1 m,

6) = Theo space charge offects.,

Under the headlinc we consider the effects on the
beam of electromagne tic forces due to the beams themselves
or to the ions produced in the residual gas. They can Dbe
divided into three classcss
a) the forces on onec beam due to its charge density, which
will be called self space charges
b) the forces due to the ions, or ion space charges
c) the forces due to the interaction between ¥he two beams,
or conplvd space charge.

They 211 depend an the dimensions of the beamss the
energy dependence goes like the inverse of the cubic power
for the first and the inverse of the first power for the
others,

Usually one calculates the effects as a change JQ
of the betatron frequency @, and finds an intensity limita
tion when Q + JQ becomes an integral number, because in
this case there is a resonance, and, in a linear theory,the

closed orbit displacements due to field errors,; go to infi-

nity.
Fer the efQ due to the self space charge we can wri=-
tos
Nr R 2 NR
~ e mec ~21 m
JQ‘S = ( )3 = - 1093510 ( ) (27)
24ns B as E3
g (en2)"(GeV)

where N is the number of electrons (or positrons) in the
rings



n is the ratio beitween the total length of the X bun
cheg and the cirecumferences

T, = 2.82 x 10”13 cm is the classical electron radius.
In (27) we can replace S with its expression given

in (26)3; we find:

_ ) 1/2 2
<§Qs’¥ *4.7x1o“213m )mhlij%rn,w» 4 . N (28)
T (14 =5) j p3/2  33/2
Tq (Ge¥) (m)

With the same parameters used for the calculation of

S (see (26)), and for W = 1012

, (which is considered the
upper limit for the electron intensity), the §YQS is wvery
small, between 3 x 104 for strong focussing and 2,5 10"5
for weak focussging. '

The energy dependence of the (28) tells us that the
self space charge effect is completely negligedble also for
lower energies.

The effect of the ions is much more difficult to
deal withs the positive ions produced in the gas are "trap
ped? by the electron beam, if its intensity is higher than
the intensity of the positron beam (condition which in most
cases will be fulfilled); the electrostatic forces act on
the clectron beam, increasing its betatron fregquency (or on
the positron beam, decreasing its betatron frequency)g as
gsoon as the (Q +«SQ) approaches an integral number, the
closed orbit begins to move. As the ion mobility is quite
low, the gQ changes, because the beam does not sec any
more the same number of ions.

The non-linearity of this effect and its dependence
on the ion motion, makes very difficult a reliable calcu~
lation. _

The (YQi given by the ions ise

Squ ~ NiroR / me? ﬁiR(m)
5

- ( ) = 7.2x10715 A (29)
2Q8 B (en2) (o)
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1/2
. o JJ 1/2 Q%%
Sa, & 1.8x10714 é Tz (CeV) g, (30)
* | P(14+ ==-) R3/2 :
\ Jg L(m)

The number of ions Ni corresponding to the limit values

rel

of 5@(0,25 in strong focussing and 0.1 in weak focussing) is
3 x 107 for strong focussing and 7.5x% 109 in weak focussing,
at 1.5 GeV

As we said, the positive ionsg are trapped by the elec

tron beams the trapping condition, in our case, can be found

to be, approximately:
N, - W, 2 3x 107 (31)

which means, for Ny, Z 1070, that the number of ions is prati
cally the same as the number of clectrons.
The ionimation rate assuming for the regidual as
t] &

z = 70, is given by:

a(w, /w_;

= o, ol = 7 x 10§ P (ions/electron-sec) (32)

dt
- =18 2 .. . s
wheros gy = 0.2 2 x 10 cm  ilonization cross section
~ ——
T =3.2x 1010 2 P on™> atoms per oms.

If the number of ions is more or less the same as the
nunber of electrons, according to (30) something must happen
to the beam when the number of electrons is close to 3X1O9 9
for a strong focussing, or7, 5 109 s for a weak focussings;
thesc inteonsities correspond to currents of 2,4 and ¢ mh, a
factor of 40 1618 lower than the value of 100 ni assumed
at the beginning.

Yo avoid the ions effect, whichever might it be, one
can use D.C. electric fields, directed along the magnetic
lines of forces, which swcep the ilons off the eclectron beamg

this has Dbeen done at Stanford for their electron storage
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ring. In our case the electric fields change the electron
and positron orbits in an opposite directions in order o
make as small as possible this offect, we should alternate,
along the machine, eclectric fields of opposite directions,
with a periocdicity as high as possible.

Probably the ion space charge is not a catastrophic
effect; but it only increcases the cross~section of the beam;
in this case, being the ionization rate very slow at 10™%mm
Hgy we could pulse the electric Ffields 20040300 +times a se-
cond for a time of the order of 10 psec (the ion velocities
are of the order of 103 m/sec) and clear the beams of the
ions formed, not caring whether the two beams, during this
time, do not collide.

On this problem we hope anyway to have some experimen
tal data from the Stanford electron storage ring, which 1is
supposed to work sometime this year.

The coupled space charge effect is due to the focus—~
sing force cxerted by one beam on the other; let us assume
that . >> N, 5 so that the electron beam behaves as it wg
re alone, and that the force on a positron depends only on
the distance from the center of gravity of the cross sec=—
tion of the electron beam.

I< f(@*) represcnts the ficld inhomogeneitics, and
g(Z+ - ﬁ;) represents the force of the clectron heam on the
positron beam, we can write the equations of motiop for the

vertical oscillations, for clectrons and positrons:

Z"';:+Q2 Z_ o= f (‘@—) (33)
zit+ 0z, + g(z, ~F) = £ (@) (33)

Subtracting from (33) the (32), written for Z_, we
gets
(3,-Z.)" + @°(3,-Z.) + g(z,-3.) = 0 (34)
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This equations means that resonances due to field~type
errors do not set a limit 4in intensity for the coupled spa-
¢ce charge. ‘

The limit is then set by the instabilities. This pro-
blem has not yet beon considered in detail, but we can eva-
luate the order of magnitude of the quantities involved.

If the interaction of ths electron becam on onc positron
in the crossing region is considered as a focussing elastic
force, by matrix mul+tiplication onc can find the value of
N“/S which makes the cos p  of one period of the machine
close to I 13 this value will depend on the focussing type
and structure, on the length of the bunches, and on their
numboer. This dependence is nevertheless not very strong,and,
in this very rough approximation, onehcan see that for
N./S =5 x 1013 5 1014 el/cm2 the troubles arisc for every
type of machine, at 1.5 GeV.,

The gradient errors should give an instability band when
the betatron frequency is integral or half-integral (which
means when the cos u of the whole machine is approaching
¥ 1) this limit gives a figurc for N-/S somewhat lower,
by a factor of about 5. However this instability, if the
machine is accurately built, has a very slow build-up time,
so that probably , taking into account the damping, the ine-
stability bands can be crossed by the positron boame.

With N, = N_ = 1.2 x 10’9, s = 2.4 x 1074 on? am
o = 10732 om?, the(2) gives n = 1.5 x 1072 events per se-
cond, for the strong focussing solutions for weak focussing,

with N, =¥

+ - 2.5 x 1011, S = 5 x 1073 cm2 and ¢ = 10732
2

L]
em®, we get n = 0.3 events per second. The total currents
arc 10 mA in strong focussing and 200 md in weak focussings
if we want to compare the currents with the same value of

: 2

n = 1.5 x 10°° ovents por second, we get 10 mA for strong

focussing and 45 mA for weak focussing. These are the space
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charge limited values fox N+ and ¥_. when the cross section
of the beams has the valuec calculated for T = 1,5 GeV with
the (26); for lower cnergies, in the samec aooeierator, 8
goes like E"3/2, and the space charge limit like L. This
means that, increasing both currents like E"1/23 up to the
space charge limit, n decrcases like E1/2.

A deeper study of the coupled space charge is of course
necessary; its results can be conclusive on the feasibility

of a colliding beam acceclerator, or on its most convenient

maxinum energy.

7) = The technic¢al problems.,

A colliding bcam accelerator presents new tochnical
problems as compared toc an usual particle accelerator.

The most difficult of them is probably +the vacuyum sy-
stems As wo said, a machine like the one here considered
requires an average pressure of 10"9 nmEg in a donut of el~
liptical cross section of about 100 % 200 cm2, 60 m long.

" The ultra-high vacuum tcchnique roguires the use of ma=-
terials with low outgassing rate, like glass or stainless
steel; in our case the most convenient will be probably the
stainless steel, It nmust be hcated at about 400°C to be out~
gassed; this requires a magnet structure allowihg the hea=-
ting of the donut without damage to the magnet poles.

At CERN it has beon studied an electropolishing treat-
ment of the surfaces, which seems td allow the outgassing at
moderate temperature, at about 200°C. This would of course
make much simpler the heating of the donut.

The pumping systom could be made by oil diffusion pumps
with special liquid air traps; we are thinking to usge a mi=-
xed system, with oil diffusion pumps down to pressurcs of
10~7 + 10~% mm Hg, and gettoer pumps from there on. This me-

thod should avoid tho troubles with the argon in the getter



20,

punps; at the same time with these pumps there is no danger
of air roeentry bYecause of errors or main faults.

It is interestiné to mention that an ultra-high vacuum
system (With pressure down to 2 x 10‘10 mm of Hg) has been
built by RCA for the stellarator; the vacuum envelope is a
tube about 20 cm in diameter and 30 meters long and the pumps
are oil diffusion pumps, with special liquid air traps(5).

The connection between the linac and the donut vacuum
systems muegt be carefully thought ofy a solution can be a ve
ry thin Al diaphragm, a few microns thick to keep the scat-
toring angle within acccptable limits,y, with a differcnitial
PUMPIng.

The radiofrequency system, by itself, is casier than
others already built for accelerators; the total voltage re-—
guired per turn, at 1.5 GeV, is about 120 KV in strong focug
sing and 220-250 KV in weak focussing, at a frequency of
10 Mc/sec; it can be obtained with more than one cavity, lo=
wering the total losses, The troubles come in when one think
to put these cavities, which are necessarily very big (their
diameter is of the ordcr of one fourth of a wave length), in
an uvultrahigh vacuun.,

At the moment the best solution seems to be use of cavi
ties mostly in air, with a dielectric separating the vacuum.
The feasibllity of such a cavity depends strongly on its ma-
ximum voltages this might possibly be a conclusive ecircunm=
stance for the choice of the stroﬂg focugsing. In addition to
sets a higher limit in the clectron intensitys for a current
of 0.1 A the power transfoerrcd from the cavities to the bean
becomes of the order of 7 # 10 KW, which can be thought as an
acceptable value.

The choice of a higher harmonic for the radiofrequency

acceleration would decrcasc the technological difficulties in
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building the cavitics;Yas can be scen from (2) and (16), the
higher fregquency means a lower counting rate, for the same
inteonsity, and a higher RF voltage, for the samc beam lifeti
me .

The second harmonic gives four collision scctionss two
of them can be employed for RF cavitics, the other two for
exporimentss this scoems a rcasonable compromisc between the
different reguirements,

The magnet and its power supply do not seem to present
special problems, idf we except what we already said about the
heating of the donut for its outgassing.

Carcful attention must be payed to the reliability of o=
peration of the whole machines we musi care to avoid as much
as possible the failures which cause the loss of the accumu-
lated beam. This means that the controls of the differents
parts nced to be designed very accurately from the reliabi-
1ity standpeint, which is not, usually, a very important

point in scientific apparatus.

8) = The choice of tho accclcorator paraneters.,

The design of a cclliding beam accelerator involves mo=-
re variables than the dosign of an usual accelerator; the
choicec of its paramctors is then a multi-dimensional problem
which we shall not attempt to proscent herce.

Let us cxamine only the leading criteria. If we cone
back to the interaction rate ﬁ, given by (2), Wwe can exXpress
tg and S.as functions of the accelerator parameters, using

the (26):

; J J 1/2
2= 201311030(T,T), 510, oy = { ——d— x
+ (42) (em®) X \ P(L+~£L)
) Jg (35)

% leov) )3/2

3 ,
= Q” (ev/sec)
m)

-
z (
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This formula holds if the cross sectlon of the beams 1s
deternmined only by tho radiation effects and gas scattering,:
not by the space charge, and if there is no coupling between
radial and vertical oscillationsy moreover the trajectories
of the two beams must coincide, at least in the collision sg
ction.

With this assumptions, we see from the (37) that A is a
function of the ratio E/R, which is proportional to the ma-
gnetic field B: this means that in two accelerators with dif
ferent B and R, but the same B, n is the same, if the other
paranmeters remain constant. This consideration may be useful
for the choice of the maximum energy.

Going to the choice of the magnet structure, we nmnust
first romark that a colliding beam accelerator, unlike an u
sual accolerator, doecs not give an external beam; the 'tar
get' is in thoe donut and the cxperimental apparatus must be
mounted closc to the donut, in a straight section. Thorefore
the design of the accelerator must take into account the re-
guirements for the oxpeoriments, the firet of which is, of
coursc, a straight section lecaving at least 1.5 to 2 meters
free for the.detectors,

This condition sets a higher limit on the number of
straight sections, that is %o say, on the number of magnetic
periodg; with an average radius of 10 m, this limit can Dbe
taken around 10, Another condition on the number of straight
sections is given by the fact that it must be %_multiple of
2 X, to have all tho collision regions in a straight section.
With ¥ = 2, we have then only two possibilities, namely 4 or
8 periods.

Without going into the details of the strong focussing,
we recall here that a low number of periods means nccessari=-
ly lower sitrength of the focussing forces.

The Q valuos attainable with 8 poriods range between

L3
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1.75 and 2.25, as conpared %o 0.7 + 0.8 for weak focussing.
Algo with thesce low values of Q, the strong focussing

presentsﬂmnyadvantagos over the weak focussing; let us try

to summarize the most important of thom:

a) higher cnergy acceptance, therefore higher peak cuzmrent
injected per pulsc, by a factor Q2 (roughly 5 to 8);

) possibility of indipendent adjustment of the vertical and
radial botatr&n fregquoncics with quadrupoless

¢) smallor dimensions of the boam due to quantum Tfluctuations,
thoreforc a factor QF in tho intoraction rate (10 to 20)

and o factor of Q2/F72 (3.5 to 5) in tho radial width of

the donut, if it is governed, at the injoection encrgy,by

the induced oscillations (it is the case for the eyeling

in energy, with I bigger than about 400 + 500 MeV);

mnax
d) lower RF voltage, by a factor of 2 to 2.5.

Against these advantages, the main disadvantage of the
strong focussing ie the antidamping of the radial bqtatron
oscillations; if Robinson's theory proves to be adequate, the
changes to be done in the structure to get damping are not
difficults the radial focusing sectors must have a lower
field than the defocusing ones, holding the same focussing
propertics, that is to say holding constant n/p2 (q is the
field index and p the radius of curvature of the cquilibrium
orbit) and the length of tho scctors.

A wecak focussing accelerator could be built with 4 pe-
riods only and a smaller radius of curvatures; this would in
part compensate some of the disadvantages, but in the same
time would require still higher RF voltage, as the radiation
losscs are invorscly proportiomwal to the radius of curvature.

These considerations hold if the coupled space charge is
not taken into account. Probably its effoct will be to cancel
the advantage of the gtrong focussing of having a smaller

beam cross section.
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Our first aim is now to settle all the controversial
guestiong; in this scnse a program of theoretical calcula
tiong is being carricd on, mainly by C. Bernardini, C. Pel
legrini and M. Bassotti, with the very helpful cohoperation
of Dw Ritson, in leave of absence from MIT.

The conclusions of the theoretical work will allow to
decide if a colliding beam accclerator is feasible, and
which arce its most convenient parameters,

Wo hope also to have, within a few months, some expori

Loy

mental information on the accunmulation procoss from the

?

Stanford storage ring and fron AdA, the 250 MeV electron and

positron storage ring built in Frascati(7)o
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