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ABSTRACT

An air-core strong focusing synchrotron is described. Low temperature
magnets. 80*K or lower are proposed. High magnetic field value and high
acceleration rate are characteristic advantages of the air-core magnet*. The
machine becomes smaller while the required radiofrequency power is con*
stderably increased. Present accelerators can be classified in either of two
extremes:

a. Closed orbit accelerators where one can hardly eee the accelerating
element; the main component is the guiding magnet and the acceleration time
ie of the order of a second.

b. Linear accelerators where the particles travel once through the ma-
chine and, due to '.his fact, tremendous amounts of rf power are required,
The proposed machine is a compromise between these extremes; hence, the
cost of the magnet and accelerating equipment ie well balanced; the accelera-
tion time is of the order of a few tens of milliseconds.

Molecular beam injection is proposed, allowing multi-turn injection;
thus trapping of 6 x U)1" particles per pulse is possible. By employing high
magnstic fields it is possible to reduce the aperture; hence, the final beam
cross-sectional area becomes very small, allowing synchroclaeh operation
of two machines without the necessity of storage, with satisfactory reaction
yield. The magnet units are combined with the radiofrequency cavities. This
arrangement eliminates long straight sections except at the injection and tar-
gets

Parameters of a 24-Hev machine of this type are cited. A method of
avoiding blow-up of the beam at the phase transition Is described. By properly
changing the amplitude of the rf voltage near the phase transition energy, it

is possible to obtain solutions of constant amplitude for both the momentum and
phase oscillations.

This work was performed undsr the aueptcee of the U.S. Atomic Energy
Commission.
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| INTRODUCTION

Thar* are two dt»Un<t RW StItM to be tonsidered in ths planning of
future high-energy accelerators High energy, math higher than ih* auat
eratora presently under construction (CCRN, Switasrland. Hroohhaven
National I iboratory, U S A ), namtl> ol the urd*r |I 100 Rev. ot moderate
energy, 10 to )0 Rev, bat rnw h higher «arrant ol th* order of a few tv... r&
amperes,

St**| magnets have certain inherent limitations In the (eee ut vary
high energy, the circumference of a at*el magnet become* undent ably Urge
Th* only way to reduce the length *if the tiriumterem r > to u»e higher value*
of magnetic field (i.e. . SO,000 gauss) whith are possible only wtih IIf tor*
magnets. Th* air-core magnet* are usually associated with high stored
energy. However, with proper toil design it it possible to redu«e 'he stored
energy to th* earns value as in a steel-magnet machine lor the eame parti* le
energy. This esn be obtained by reducing the site ol the magnet, and by propter
arrangement of the current distribution in the colls, Th* pesh power require
msnts ol such s magnet are lather high. However, this ten be considerably
reduced by operating the magnet at a temperature of SO'K or lower Receht
development tn cryogenics, or rather the necessity of building Urge refrig-
eration units for other applu ations, resulted tn a cor siderable reduction ol
the cost of auch units. Hence, application ol cryogenic a in accelerators is
now under consideration, although positive conclusions ere not yst possible.
In addition to th* reduction of the required peak power it is possible to redj*»
considerably the average power by contemplating a short atceltration lime,
less than one-tsnth of a second. This shorter acceleration time requires in
turn a more powerful rf amplifier but this is necessary anyway, if it is d*»
sired to accelerate a large number of particles per pulse, to compansstt lor
aslmuthal space charge forces in the bunch. An additional advantage ol the
high Held value is that the particle density m the bunch becomes high enough

so that aynchroclaah operation might be poaaibls without the necessity ol
storage rings.
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Il UAOHK.T COILb

The iiMfMI «all* art confuted between two <M iiti »ylindera of radius
and rQ respectively (fig || TIk* cylinder of radius i» the vacuum
*h«mb«i The* the c”vtura el the machine n of circular tvoii
the rsqutred Hold in th* i“rlure is a dipole field (the guiding field) corn-
bined with i quadruple focusing field The eolation of the vector potential
within the coll mutt eettefy the boundary conditions, namely, to match the
field component# of the vacuum field in the aperture end in the space outeide

the coll. The current distribution (j) within the coil io then determined from
the equation .V

Ax LV o« | VOA (], (1)

where ¢ le along the ante of the coil.

There te a variety of function* whu h can satisfy theee conditions. How-
ever, the calculatlofie are much simplified by employing Bessel functions as
eolutione for the vector potential within the coil. Heme, the so. Mona can be
identical with solutions of Maxwell equations for time-varying field-) where

the displacement current hae been substituted by the actual current distribu-

tion in the coil. Theee solutions for each harmonic (of nth order) assume the
form B

- me Cn(hr) cos M) .
where

Cftchf) « Cj Jn(kr> & Cj Yn(fcr)

end J ,  are the Utesel functions of nth order of the first and second kind,
respectively

The boundary conditions are (see Appendix 1)

= 0
V C(n.l1),hr0> « °-

By integrating the square of the field and the current density we can
determine the stored energy and the power loss respectively, as a function
of the ratio r~/r™ of the outer to the inner radius of the coll. A plot of these
two quantities >* a function of tf/v. I* shown In Fig. 1. The stored energy
varies almost linearly with r~/r™ while the power lose increases rapidly for
values of r0/r® Use than I. In the example cited hereafter a ratio of r*/r. *J
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ha* baan aelacted | ot this parti* uUr tumitlt, the «urr»nt denatty dttin
button ), the power lot* W#, and the Hortd tntfgv art given by Ut»
following aquation*

. H 1
Je - y— # *| *TS4< AN eml'# ! |

whe ra

MMU j.1.1) *oltUii v
Cjlfc.vl o | 9441 J2(k,r) ¢0 047 1* Y, (h,r)
Jj and At# Baaaal function* of the hr at hind of the firai *Hd
setond order, rti(»t»t»vtl|
Y| and Yj trt Itaeeal function* of the ittond hind of the first and
inond order, rvapntivtly

V 0°
| S7i«* V;
%0 peah valua of tha (laid at tha ortnt (gau**)
(i tha tnnar radio* of tha toil in tm
0 th,a ratio of tha quadrupole to the dipole fiald strength

at r a |v
0 <+ 0.SS74 m tha following example*

Tha power lost in tha coil i*

)
Ir21G Mk ,Q|-C Mk, r(] rf/'M O i'J -c fw |watt* <o,

«4)
and tha total atorad energy on tha magnet i*

% . Irz<d/».i0, |

O/rPycii (kX0)-k /» 1 «o* t'f/' ftcfarj-1k/rf/*) joulaarrm ,

whara p ia tha raalatlvitv (p = 1.72 x 10'6 for copper) and ¥ la tha apace
factor; in the following example* it la aeceumed that ntt 0 S8

Mora dataila on tha calculations of tha magnet are included in Appendix I.
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HI  MAIINfcT UNIT#. RrCAVniEI

Tht magnet units (onus' of a pair of magnet toil* em lo*ed in a *ylin*
drual tvfeuiitfd tank (Fig. V)  Jhi* tank serves itio as a radiofrequenc v
cavity where —Hi «uil » approximately aquarter wav# length at the highest
frequency The gap between the two coils serves as an at <elerattng gap. In
this way. straight settions for pomp connections and acceleration are not
necessary, thus enabling a smaller circumference length  The tuning of the
cavity can be done with rotating rondeneera up to 1% of the frequency The
fine tuning fs 1% can be ac«ompltehed with ferrite cotie disposed in sertee
with the routing condensere. Thus the effect of the low Q of the ferrite ts
minimised and an overall Q of 1*00 is expected for esca cavity Further-
more, by having a plurality of accelerating cav.iiea we minimise the overall
rf power requirements. Since the required volts per turn is rather high, in
order to keep the amplitude of the phase oscillations within reasonable limits
a high harmonic rf order of 10 or more, la required.

The dimensions of the magnet coils and the cavity in an example are:

Aperture .S cm
Outer coil diameter 8 cm
Cavity diameter 60 cm
Cavity length 100 em
rteld index In m * 4*0

L J
Betatron oscillations per turn, "v" 8

The acceleration lima is assumed as 0.06 seconds. The power source
of the magnet can bt either motor-generators or a condenser bank. It ap-
pears that for ouch a short acceleration time the cost of a capacitor bank ia
comparable with the coat of motor-generator units. However, detailed coat
estimates are not yet available at this time. In my opinion, though, other
conditions being equal, condenaar banks ars preferable to motor-generators
with all thnr rotating squipment,

In the calculation of the powsr losses a 60-millisecond linsar rise of
the magnetic field has been assumed. At the peak value a "flat top™ of 10
mllllaaconds has been included. A decay lime of 60 milliseconds has been
postulated. Continuous operation of the machine at 60 cps is also possible.
In this caaa, ths magnst currant varies as

| « IQ(1 ¢cos ut) . (6)



This 1t « (um)iliihctS by tli bitang of the magnet The ax it (irthMidhl tiy |
capacitor bonk Tht power loot in tl.it m r it ratl.rr high Hone. a< up*re
ation moat bt considered only »nt case where vary high *arrant it required

It should b« noted that a machine built initially (or patted operation tan be ten*
verted later to continuous ac operation t! higher CtfftM it required

iv. VMUtneu: ttUftc h<h. m>ac i. <iiaki«. limit

The numlitr of partic Ite per pulte which can be trapped are limited by
the allowed change of the number ol betatron ost illations 'V due to the *pa>r
charge forces in the bunth  We have assumed an (allowable) 6* « 0 2S in
calculating the number of particle* per unit length of the mac hint  Since the
number of trapped particles increases with the injection energy, a higher than
uaual injection energy can be employed, inaemuch ac the linear acc etc rate*t
cost is not a targe part of the overall cost of the machine for one-turn in*
jeetton the linear accelerator current become# too high. Hence, multiturn in*
jection appears more attractive. The most prornte-.ng way for multiturn in>
jection. In my opinion, is the molecular injev’ion, namely, to a<<tltfftlt H,
and split the molecules upon injection with a mrnury jet or otherwise  Of
course in this way the particles must be at <el* rated up to twi* e the m|g<UM
energy. However, no other way ot multttirn injet tion appears to mr at thu
time as promising as the molecular injection.

An injection energy of SO Mev has been postulated. This in turn re*
quires that the H/ lona must be accelerated up to 160 Mev The resulting
number of accele?ated particles per pulse (for 6v « 0.2%) la 6 * 1011 In
order to maintain all these particles as they go through the phase transition.
it is desirable to avoid any blow-up of the beam at the phase transition i on-
seq”ently, a mode of variation of the accelerating voltage was sought which
would allow finite amplitude of the phaee and momentum oe« illations near the
transition energy. This investigation was fruitful snd it turned out that in a
rather simple way one can find solutions for the phase oer:iiati<*r.s. thus avoid-
ing the blow-up problem. The required variation of the accelerating voltage
V near the phaet transition is given by the equation

(Vcoad8)- W - f- V~™os b0 . <7)
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whers 47 it the instantaneous value ot the equilibrium phase. it the effect
ol the space charge ot the bunch (which actually at the phase transition energy
it negligible), r « t - tn. ta the time the transition occurs, and ia a

tonaUM The reeulting solution of the phase oatillation la (see Appendix 11)

¢ * CQtoi (at* ¢ 6) . ()

At the transition point the bunch la exactly at the crest of the wave (4f * */2),
and the ac(titrating voltage la equal to the threshold voltage per turn. He-

yond the phase tianaitum, the accelerating voltage ta gradually increased up
to the Initial value and the equilibrium phase is restored to the original value
but at the other aide of the wave, fly employing this method it appears that

the amplitude of the phaee oecillations at the end of the acceleration becomes
a email fraction of the betatron o»cillations. Since this met! od t> not panic -

ular to the proposed accelerator, it can be tried on any ¢! the at celerators

now under construction.

v. ACCELERATOR PARAMF.IKKS

As an lllustrative example, the parameters for a 24-llev accelerator
are listed bstow.

Particle energy (llev)

24
Orbit radius (meters) 16
Aperturt (cm) 2.9
Peak value of the magnetic field at the orbit (gaues) St 000
Field index "n" 45(1
Approximate 'V value .
Number of magnet unite 96
Stored energy in the magnet (mega)oules) 1.8
Duration of acceleration (milliseconds) 60
Peak rf volta per turn 6 x 10(
Harmonic orde* (frequency range 12-00 me) 92
Injection energy (Mev) . BO
Number of particles accelerated per pulee b x 10
Final beam crosa section (cm‘_‘}” 0.1

Final beam current density (amps/cmS 190
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Magnet operating temperature f*K) *0
Magnet time (MtftANI (rniiliif«ondl) *%
Peak magnet power (megawatt#) *40
Average magnet power (I*» puteea/min) (hw) 1*+00
Cryoger.ua plant power (approx) (kw) 10000

We observe that the final bfam torrent density la high n >»*'
synchro'lash operation of Uo maihmo, namely, the reaction yield lev a
milltbarn cross eeition te about 100 per millisecond It ilia..!.! be noted tfe*t
partulea of a given energy in the laboratory ayitem colliding wit), a ae«.ond
beam of ZS% of the energy of the firet beam would yield in the center of mas*
eya'.em the energy of the firet beam ( consequently, the problem to make
available the energy of any high-energy machine in the center of mate be-
comes in the present cate quite etmple, requiring only an additional expend-
iture of 25% of the cost of the machine Of course much depends on whether
or not the number of reactions quoted fcbov* are considered satisfactory by
the experimental physicists

A detailed coat estimate for thia mac htne is not available at this time,
though preliminary estimate* indie ate that it i* rot in e»* eet of « Cpnvantlariat
(Brookhaven type), A.G.S. machine

The earne type of machine can be u»ed (or continuuui ac operation  Tice
coat howevar would be twice aa much, wherea* the power requirements are
created by a factor of five approximately. The current, however, become* (*0
mrcroamprret, or more than 10** particles per etc Since *uc h high turrente
are not contemplated at thu time by any of the experimental phyetci*t», no fur-
ther elaboration it warranted at preeent on the ac operation of the machine

The aperture of the machine, although it appears small, ie ac tually,
relatively apeak«ng, larger than the aperture of the preeently-built Brookhaven
or CERN machine*, because the figure of merit is the product of the field value
time* the aperture, .lienee, the result* are similar, while the amall aperture
or the higher field allows much higher beam current, in addition to the im-
portant result that the physical stse of tha machine ie smaller the latter
refers, of courts, to the circumference of the machine, the coat of the magnet
i* rather independent (within limits) of the cross section of tha magnat

IFinaIIy, it should be emphasised that tha above example i* cited for pur
poets of illustration only The final machine parameters would ba determined

from mors detailed coat aattmates and experimental data from the operation of
the CERN and Brookhaven machines.
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APPENDIX |

Wr shall discuss here in more detail the derivation of the relations (or
the calculations of the parameter* of the coils. As mentioned in Section 11;
the aperture of the magnet it a i ylmdcr of ramus r and the conductors are
k<ated hetwee; two cylinders of radius r~ and r®, respectively. The field
component* are in the r, $ (I ig. I) direction Only The current direction is
along the i-ans. which is paraUel to the axis of the cylinders (r®, r.)» The

vector potential in the current-free regions can be written for any field with
Ih poles a* follows

regioi 0<r<n
A« * BQr4 (rn/nr ”) cos (nO) ; 9)

region r >rQ:

Am *~coV o (rh/nrn) CO' * (10)
where is a dimensionless constant.
Within the coil region we have
(9 kA «- 4wj/lO0 . ()

where j it the current density in the coil.
By assuming that

4»j/10 < ki At , <uUJ

the solution of A# is given in Bessel functions of the first and second kind,
thus;

Af m-(BOA)[«,In(kr) & CjYn(kr»] co. (nfl) (U)
or
Aa *“ <Do/V) cn(kf) c®# (") * (»*a)

Ths boundary conditions are that the field componente are matched st
the boundaries and ths resulting relations are:

at » « 9|t

cn(krt) « I, (M)

nCn(krd)/kr. « 1| ; (Ua)
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0
i
»e)
nCn(k,0)/Kr0 * c0 (1H)
From Egs. (14) - (1Sa) and the recurrence (ormulu, wo obtain
C>.»-[-c,*M,IAfl] - - C BfICkr|» m 0 i W
Cnr(kr0) ¢[nCn(krO)ArQ@* Cn.,(hr0) . 0. (It!
Tho requirements of Eqs (16) and (17) result In that
In . 1<kr0»/Yn.I<kr0) O n,I<kV A n 4 |~ * (1)

k it determined from Eqg. (IS) and ¢cQ, C.4 *, from Eqs. (14) - (16). Finally
by substitution in Eq. (U) tho currant distribution to apacifiad By conetrud-
Ing tha coil with tho thuaespecified current diatribution tha doalrad field can
bo roaliaod. By aaauming tho oolutiona In Boaaol functiona one haa (ho con*
venience of existing tabulations, recurrence formulae, IS

Tho atorad energy in all throe roglona la obtained from tho integral

& po*.41 i
WO ¢ (t<r'/S») | B r dr d# joules/cm (19)

and the looses from the integral

(10

Tho actual loaaos depend on tho time variation of the field, in tha caee
where tho current vanee aa (1 4 coe at). tho actual loaeee are

wr . O/S)Wf0 (111

Any combination of harmonico can bo obtained by adding linearly the cor-
responding vector potentiate.

Analogous aolutiona can bo obtained In axial symmetric field configu-
ration in spherical coordinates; in tho spherical case tho coil la assumed to
be confined between concentric spheres of radius r* and r”; then for a 2n-~

pole field tho solution of tho vector potential in tho coil region ia assumed thus;

(BO> ~ > Cn~~r(kr) (U)
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with the condition that;

m
(zU)

Thu other constants are determined by the lame procedure as in ths
cylindrical cast.

In ths cylindrical cats ws observa from Eqge. (20) and (21) that tha
power loss is independent of the scaling (actor, whareas the storad anargy
is proportional to ths square o( ths radius r~

The actual coil construction prsesnts soma practical difficultias. Sines
many conductors must bs connected in parallel, it is required that the eml is
ths sama in each group of parallel conductors; otherwise the current distribu-
tion will bs disturbed, Ths amf is in ths s-direction; namely,

Wa observe that according to Eq. (24) ths smi is constant along surfaces of
constant vector potential. This in turn means that ths emf is constant on
surfaces whose trace on a plans s ¢ constant are magnetic lines. Hence
groups of conductors connected in parallel must be placed on such surfaces.
If N is the (total) number of conductor groups desired to be connected in
series, we ehall divide tha coil area in N tones where in each sons

jr dr d0 ¢ Ig/N , UH

where 1~ is the total currant in the coil (in the case where all the conductors

were connected in parallel). After the tones have been determined, the con-
ductors are placed in the center of each sons.
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APPENDIX 11

The well-known equation (or the phase oscillations is

hV»co* &« . .
(% 2) * %% -Z77Jwmmm * (26)

where r*>f-y - (26a)
\Y r/

m E/Mc* (the relativistic mass ratio)

m the number of betatron oscillations per turn

c/R the 1-armor frequency of a particle with velocity c

j'g<‘<
|

* the harmonic order
v 0 vV * /.
4 « the phase angle in respect to the equilibrium phase
e the equilibrium phase

« the applied rf voltage per turn.

The phase transition occurs when

Y « YO ¢ * o U’l

The adiabatic approximate solution of Eq.Ub) is .

4 m const coe (\] (Idt ¢ 6), (28)
where

Near the phase transition the approximation is not valid and it is customary
to assume that T is varying linearly with time. Then the solutions admit-
ted are Bessel and Neumann functions of order 2/).* In the present case
this solution was not considered satisfactory and a new one was sought in
order to avoid beam blow-up during the phase transition. lassumed that
near the phase transition the equilibrium phase is shifted with time according
to the equation

(V co. - V8. j- (Vlcot +ql, ual
S
where results from the space charge of the hunch (this quantity is how-

ever negligible at the phase transition and it can be deleted from the equation).



- IS - UCRL-5648

48 V art the instantaneous values of the equilibrium phase and applied
accelerating voltage, respectively; tet —-; it lhatime the transition
occurs, and T# is a constant with dimsnaions of time. This quantity must
bs larger than ths transition mistiming due to momtntum spread.

Tha quantity T varies with tims as:

e "7 1 *=«(rI'QT9 - (30)
whe re

TO « (VIW to) (31)
and

v e+ B/MijjC4 . (32)

Upon substitution in Cq.<26) ws obtain

Vo FER[TTIY %00 33)
where
“i%Ub(A co*h [* voro ) o 34

Equation (33) admits ths solution

¢ * *T (»)

whsrs

a e OS*)

Substituting ths Bessel and Neumann functions by their asymptotic expansions
ws obtain:

4 < Cj cos (or*) 4 sin(ar®) (36)
or

+ ¢ Cq cos (st* ¢ 6) . (37)

Ws observe that Eq.(37) is ths desired solution. As long as the equilib
rium phase varies as prescribed by Eq.(27), the amplitude ol ths phase oscil
lations remains constant; thus blow-up of either phase or momentum oscilla-
tions is avoided.

Equation (31) indicates that ™ must remain constant during the time
ths phase shifts* Consequently ths applied voltage times the sine of the
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equilibrium phase mull rtmim constant during the »*m< time mitrvtli
MMiy»

CqunUont (49) and ()e) yield

cott8e ?/TS§ (H>

(40)

(41)

At t o tQ at tht phase transition point, ths equilibrium phase is tjl, ths
appiisd voltage become* squat to ths thrsihold voltage psr turn and ths bunch
ridts at ths erset of ths accstsrating wave.

Ths amplitude of ths momsntum oscillations and the corresponding
radial oscillations are

it »VIco*V TO0*0
p U.h OVt <)

Hit

The constants Cq, 6g are determined from Eq.US) at ts - T# t.e., atthe
time where the applied voltage starts to vary in accordance with Cq.(41).
Due to ths momsntum spread all of the particles are not going through ths
phase transition simultaneously. Consequently, due to this mistiming error
as well as nonlinear effects, both the amplitude of the phase and momentum

oscillations are expected to be somewhat higher than indicated from the above
calculations.
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