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ABSTRACT

The pr&posedemnitron facility includes a synchrotron which will
acqelerate protons to 1.4 GeV and heavier elements to tens of MeV per
nucleon. To obtain intense high energy beams of the heavier elements, after
the‘first acceleration éycle the beam is placed in a storage ring, then on
the next cycle'is stripped, reinjected, and acceleratéd to hundreds of MeV
per nucieon:‘ As the'particle species delivered by the injector is changed
a range of e/m values from_0.0S to 1 must be accepted, and the ;ntensity can
change by orders of magnitude.g Problems that arise‘in injection, bunching,
acce}eration, extraction, and reinjection are discussed.

" Provisions for beam handling and control must be flexible enough to
allow maximum possible exploitation of the acceleraﬁor facility. _Possibilities-
for time-shared utilization bf the machine are considered. For this to be .
most effective, each experimenter must be able to specify partiéle species
and energy independently. It is also necessary to make a rapid changeover
from one_set of operating conditions to another. TH{S sets requirements

for reproducibility, for rapid tuning, and for fast troubleshooting.
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I. INTRODUCTION

A synchrotron for accelerating heavy ions is pretty much like a

proton synchrotron, but with a few minor differences. The first is d@e
to the fact that the charge to mass fatio € can become much lower (.0642
for singly charged Uranium, compared“to 1 for protoﬁs). Since the forces
"exerted upon a particle by electric and magnetic fields are propbrtional to
e,‘as € decreases it becomes increasingly harder.to achieve a gi&en énérgy
per nucleon Tn' A second difference is that € can be easily changed in
stripping reactions. This fact introduces -a new dimension into %he job'
of selecting accelerator parameters and into accelerator operatibn. There
is a:problem of obtaining adequate intensity because the output of ionisources
fall with increasing € and‘for a given €, with increasing atomic_numbef.
This situation will improve:as more develbpment work 1s done on beavy ion
sourceg but at present it is clear that some very weak beams wili need tb be
accelerated. These will require somewhat different detection ana chtrol
apparatus than that employed for intense beams. |

" The possibility of bullding. a heavy #ion synchrotrqn has been.under
study>at LRL for some years. The Omnitron proposal,l’2 is one result qf this
effort,  The Omnitron parameters, given in Table I, will be used as an
example in this discussion. Fig. 1 shows séhematically'the layout of this
machine. The novel ideas mentioned here have originated with a number of

individuals within the Omnitron gr-oup, led by R, M. Main.

IT. ACCELERATOR~PROPERTIES
o Thelvalue of € used for injection into thé synchrotron is very
important in determining the energy that cen be reached with a given

rigidity Bp given by peak field times magnetic radius (upper curve, Fig. 2).

-3
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To reach 10 MeV/nucleon requires € > .063. For the lightest ions thisimeans
removing one or two electrons; for the heavy ions many more. Anlattempt to

get a usable beam of heavy ions might result in a much lower €, say .03 which

would reach about 2fMéV/n in the synchrotron. waever,'if after being accelerated

in the 3 MV Cockeroft-Walton this particle ig stripped to a highér charge
state, a much higher energy can be reached. The equilibrium charge states
reached with dense strippers are shown in Fig. 2, for Neon and Uranium.

The curve for Neon is based upon experimental data;3 the curve for Uranium

'1s an extrapolation of the data for lighter elements.l+ Stripping curves for

ions with A between 20 and 238 fall between the curves for Ne and U. With

stripping, however, a distribution of charge states results, and asvonly

one can be accelerated, the intensity is much reduced. Also, stripping will

cause some dilution of phase space density. A“iarge jump in € is penalised,
in that the top:energy becomes limited by the RF frequéncy band.’ This can
be deduced in Fig. 3, which shows curves of h (the harmonic numbér) = const.,
at 3 MV dc injection, and for maximum Bp. The acceleration of a typical
uﬁstripﬁed particle (shown for € = ,05) starts with a lower h curve within
the.frequency'band, and proceeds to the corresponding upper one.. Stripping
does not change the veloéity so that h (here h = 48 for € = .05) is unchanged.
Bu£ to reach full energy the frequency must reach a value on the upper curve
gorfesponding to the stripped value of ¢ (denoted as é*). For € > .ll; this
requires a frequency greater than 33 MHz, so there 1s no advantage to
stripping an.e ; .05 particlerto greater than é* = .11.

After accelerating a partially ionized beam toc peak field in tﬁe
synchrotron; we can go to still higher energy by storing the beaﬁ, thén

pass it through a stripper and reinjéct on the next cycle. If 5-10 MeV/n has
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been reached on the first cycle, stripping can produce high values ofle, and
hundreds of MeV/n can be reached on the second cycle. Here again losses .

and dilution are a necessary consequence of stripping.

ITTI. INJECTION

Multiturn injection will be necessary in order to achieve satisfactory
circulating currents of heavy ion beams. Because of the low velocity of
these partiéles at injection, injecting a number of turns takes an apﬁreciable
time. With a dc injector, in order tO'prevent'intrOQUCing eithéf large
radial errors or large momentum errors in the beam, injection must be‘at
the field minimum. Adiabatic trapping should be'employed in ordérjﬁo conserve
as many particles as possible for acceleration. Some details of a possible
injection and trapping scheme are shown schematically in Fig. 4, for 10 turns,
€ = ,05, Injection commences while the field is deereasing, accélerat;on
starts when trapping 1s complete. In order to minimize trapping time,
" the véltage is turned on and rises to 120 KV in 50 us, which is about the
time required for one phase oscillation at this voltagé, This should ﬁrap
eéSentially lOO%.5 The injection énergy is chosen so that the equilibrium
.orbit is centered at the start of acceleration. Because the field is
changing the E.O. méves several mm during injection. As at the ﬁaximum
excu?éion Ar the beam is not yet its full width this should not result in a

.decrease of useful aperture.

IV. TIME SHARING

Let us consider the case where two experimenters are to share the machine,

L B

each receiving a specified fraction of the 45 cycles pér second. Each wishesto specify"

particle species and energy independently. The maximum magnetic field B»is
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voltage V 17 the injection velocity is lower by the factor (e /e
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set according to the maximum Bp required. FEach particle can be éxtraéted at
the prbper energy with a fast kicker magnet, one at B and one on ‘the rising
field. One of the particles can be diverted to the storage ring and use a
slow extraction channel. The extraction channels and the storage ring-are
operated dc.

| If stripping occurs at injection, it can be shown that in the nonrela-

tivistic 1limit the injection parameters of the particle €. and e, will

1 2
satisfy the relation
i,1 1 = "1,2 2 - . (1)
Vl el V2 €2
B, ..and B, are the respective injection fields, V. and V_ are dc inﬁeetor
l,l 172 l 2 ’
voltages., Consider the case Bi 1= Bi 5 = B. For both particles, this allows
) »

multiturn injection and -adiabatic trapping to be carried out as previoﬁsly

described. With no stripping, we get
vy = (ey/e) Vg (2)

Taking V., as the maximum injector voltage and € > ¢ V. is below maximum

1 1 27 "2

voltage. This means that 1f the injection lines share the same’inflecﬁor,

it must be pulsed. Compared with the case where €, is injected ét_maximum

1/2

2
, So that for

‘the same number of injected turns the injection time is longer by the factor
(el/ez)l/z. The space charge limit is proportlonal to the energy and 1s

lower by ez/el. Since €5 is likely to be the heavier partlcle, which may be
of lowvintensity anyway,_lowering_the space charge limit might not be serious.

Increasing the 1njection time means larger Ar; at some p01nt the 1ncrea51ng

Ar limits the useful aperture and no further increase in 1njectlon time is
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useful. Thus one effect of large el/e2 is to restrict the number of

particles that can be injected: Another effect of lowering V2 is to increase

the required frequency swing. For particles with €2

= 3 MV, this will lower the maximum

= .3 and lafger, which

require the full frequency swing with V2

energy that can be reached. For ez < .1 the frequency swing is less and

this effect is not as likely to limit the top energy.

By allowing €, to be stripped at injection, we get

2

%2
Vz = (€2 /€l€2) Vl' (3)
*2

Since V, is proportional to €,

5 , & modest amount of stripping'can be a

big heélp in raising the injection voltage. If the inflector is éhared;
the case when the. inflector voltage is the same for both particles is of

‘ * . .
special interest. This is so when €, = €, ‘then (3) becomes

v, = (el/ez) v,

with now V2 greater than Vl'

What if Bi,l ¥ Bi,Z 7 - With no sﬁr;pplng

(1) becomes

V., = ——Zme 1’2 E V.. (h)

When € >> €, a drastic lowering of V2 can be avoided by injecting at a

-somewhat higher field Bi A éifficulty is that injection is not now at

¢
2
the field minimum, The field in this case can change by several percent
during injection. Thils can be accepted oﬁly if the energy of the injected
beam 1s increased to keep in step with the rising field. Adiabatic trapping

must be glven up, with the trapping efflciency being lowered to 30-50%.

7



-7T- UCRL-18778

Another complication is the necessity for pulsing injection transport line

elements.

V. WEAK BEAMS

'Heavy ion beams of less than 107/q'particles per pulse will be
difficult to detect with induction electrodes or other non—destrﬁctive

means. For such beams completely programmed operation might be necessary,

which will cause more stringent requirements to be placed on the magnetic
field and rf stability. Beams of low € undergo relatively few révolutions

3

during agceleratioh (2x10° for ¢ = .05) which eases this problem‘somewhat.
To rapidly update the acceleration program, a sampling technique could be
used. With a fast kicker magnet, occasional pulses would be defiected to
strike a solid state detector placed Jjust outside the aperture. TThen %y
prog;amming the kicker to operate at successively later times from injection
to péak energy, a plcture of beam behaviof.would.be built up in a short time.
It should be possible to mix a heavy ion beam with a 1igh£ ion
beam of greater intensity, but with an € valuevwhich is'very‘nearly the
same. As an estimate, we can suppdse that the weak beam would rémaiﬁ in
phase during acceleration if Nefe were no greater than thé spread in Aé/p
whiéh the accelerator will accept. This would pléce an upper liﬁit ofjabout
hxlO;3 on A¢/e. If we look at the separation of € states for liéht and heavy
ions (Fig. 5) it appears with some luck, a light ion could be found to pair
wi%hﬁa given heavy ion.
Another possibility, which would allow a much larger A€/e than the

foregoing is to use a timeshare mode of operation, witﬂgthe light and heavy

~ ions being accelerated on alternate cycles, and the light ion being used
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for accelerator control. This would require a greater cycle-to-cycle‘

‘reproductibility than a mixed beam, but less so than for a progrémmed mode.

VI. REINJECTION

When a double acceleration cycle is used for a particle such as Argon,
h must be changed for the secon@ acceleration. For the first ac¢eleration

h

i

48 to 96 can be used with € = .05, buﬁ for the second acceleration with
€ = .45 h'must be 15 or lower if top energy is to be reached (Fig. 3, ﬁop
curves). This rebunching can be done neaf the top of the acceleration cycle,
before eitractihg from the synchrotron. This has the advantage Bf makiﬁg
the problem of extraction with a fast kicker magnet easier, as the bunch
separation will increase when the beam is rebunched.

'For reinjected beams that experience a large change in €, the space
chargevlimit can be lower than for the first.aéceleration cycle. The

transverse inccherent space charge limit can be expressed as

N, = (const) Ez(l+a/b) B 52Y3/€2- (5)
The constant factor incorporates those terms which do not change appreciably
between first injection and reinjection. Assuming ideal acéeleration the

3

transverse emittance varies inversely as the momentum, the factor Bzy varies
approximately with energy, the bunching factor B decreases only slightly

_withlhigher energy, so that approximately

N, = (const) Tnl/z/ez. N (6)

‘For the case where € = .05 for first acceleration and .45 for reinjection,
the expression (6) is 12.5 times higher for the first acceleration. A

possibility exists for inéreasing the transverse phase area in the stripping
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process, which does not necessarily conserve phase area. Also, it may be

possible to increase B in the rebunching process.



- 10 - UéRL-18778

VII. REFERENCES

N .
This work was performed under the auspices of the U.S. Atomic Energy Commission.

F. T. Cole and R. M. Main, Proceedings of the Sixth International

Conference on High-Energy Accelerators, Cambridge, Masschuseﬁts."p. 18

.(}967) .

. The Omnitron - A Multipurpose Accelerator, Lawrence Radiation Labofatoryw

}eport UCRL-16828, (July 1966).

H. H. Heckman, E. L. Hubbard and W. G. Simon, Phys. Rev. ‘52__9_, 1240
(1963).

R. M. Main, Private communication.

J. M. Peterson and P. L. Morton, Lawrence Radiation Laboratory internal

-report UCID 10181, (February 1966).

Ref. 2, page V-8.




- 11 -

. UCRL-i8778

Table I. Parameters of the Proposed Omnitron Accelerator

o

Nominal peak guide field
Magnetic radius

Average radius

Magnetic field cyeling rate
Maximum energy

Calculated space charge limit at
injection for charge state g,
and |av | = .25

Maximum d¢ injector voltage

" " " current

Maximum frequency range

Peak voltage, LF resonator cavity

1" n m 1 "

No. of rf cevities

B 10 kG
e T.24 m
16.79 m
45 Hz
see Fig., 2
11
N, 1.5 x 107°/q ppp

7.5 x 10°%/q pps

3IMV
10 mA

VCW
cw
2.3-33 mHz

10 kV

50 KV
3LF, 3 HF




Fig.

Fig.

Fig.

" Fig.

'-Fig.
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FIGURE CAPTIONS

1. Schematic layout of Omﬁitron. The accelerator is the inner ring,
the outer is the storage ring.
2. Omnitron injection and maximum energy as a function of €, and

showing equilibrium charge states for Ne and U passed through a dense

- stripping foil.

3. RF frequency limits as a function of h and e.

‘4. Scheme for injection and trapping.

5. Graph of € states for some light and heavy ions.

3
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behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
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fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. v

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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