
Lawrence Berkeley National Laboratory
Recent Work

Title
BEAM DYNAMICS PROBLEMS IN A MULTIPARTICLE RAPID CYCLING SYNCHROTRON

Permalink
https://escholarship.org/uc/item/2s37803v

Author
Selph, Frank B.

Publication Date
1969-02-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2s37803v
https://escholarship.org
http://www.cdlib.org/


Presented at the National Particle Accelerator 
Conference, Washington, D. C., March 5-7, 1969 

UCRL-18778 
Preprint 

CO~ 

': ! ': 

, -'-

BEAM DYNAMICS PROBLEMS IN A MULTIPARTICLE 
RAPID CYCLING SYNCHROTRON 

I_IBRARY AND 
1,oCUMENTS SECTIOI>l 

Frank B. Selph 

February 1969 

". '\ ""', "'-, 

TWO-WEEK LOAN COpy 

This is a Library -Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext 5545 c 

o 
- ~ 

, - ~- -' -- _'-____ ~--~ •• -,----- -_ _- I ___ __-" _ _ _ -, -- - ~ t-< 

LAWRENCE RADIATION LABORATOR~ ~ 
~-:j 

UNIVERSITY of CALIFORNIA BERKELEY 00 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



!\~. 

' .. 

UCRL-18778 

--1-

BEAM DYNfu~CS PROBLEMS IN A MULTIPARTICLE 
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ABSTRACT 

The proposed Omnitron facility includes a synchrotron "\-rhich will 

accelerate 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 cycle the beam is placed in a storage ring, then on 

the next cycle is stripped, reinjected, and accelerated to hundreds of MeV 

per nucleon. As the particle species delivered by the injector is changed 

a range of elm values from 0.05 to 1 must be accepted, and the intensity can 

change by orders of magnitude. Problems that arise in injection, bunching, 

acceleration, extraction, and reinjection are discussed. 

Provisions for beam handling and control must be flexible enough to 

allow maximum possible exploitation of the accelerator facility. Possibilities 

for time~shared utilization of the machine are' considered. For this, to be 

most effective, each experimenter must be able to specify particle species 

and energy independently. It is also necessary to make a rapid changeover 

from one set of operating conditions to another. This 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 due 

to the fact that the charge .to mass ratio E can become much lower (.0042 

for singly charged Uranium, compared to 1 for protons). Since the forces 

exerted upon a particle by electric and magnetic fields are proportional to 

E, as E decreases it becomes increasingly harder to achieve a given energy 

per nucleon T . A second difference is that E can be easily changed in 
n 

stripping reactions. This fact introduces·a new dimension into the job 

of selecting accelerator parameters and into accelerator operation. There 

is a problem of obtaining adequate intensity because the output of ion; sources 

fall with increasing E and for a given E, with increasing atomic number. 

This situation will improve as more development work is done on heavy ion 

sources but at present it is clear that some very weak beams will need to be 

accelerated. These will require somewhat different detection and control 

apparatus than that employed for intense beams. 

The possibility of building a heavy ion synchrotron has been under 

study at LRL for some years. 1 2 The Omnitron proposal,' is one result of this 

effort. The Omnitron parameters, given in Table I, will be used as an 

example in this discussion. Fig. 1 shows schematically the layout of this 

machine. The novel ideas mentioned here have originated with a number of 

individuals within theOmnitr·:mgr'up, led byE, M. M{l..in. 

II • ACCELERATOR PROPERTIES 

The value of E used for injection into the synchrotron is very 

important in determining the energy that can be rea~hed with a given 

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

I 
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, 
To reach 10 MeV/nucleon requires E ~ .063. For the lightest ions this means 

removing one or two electrons; for the heavy ions many more. An attempt to 

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

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

in the 3 MV Cocker oft-Walton this particle is stripped to a higher 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 

4 . is an extrapolation of the data for lighter elements. 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 as only 

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

cause some dilution of phase space density. A large jump in E is penalised, 

in that the toplenergy becomes limited by the RF frequency band. This can 

be deduced in Fig. 3, which shows curves of h (the harmonic number) = const., 

at 3 MV dc injection, and for maximum Bp. The acceleration of a typical 

unstripped particle (Shown for E = .05) starts with a lower h curve within 

the frequency band, and proceeds to the corresponding upper one. Stripping 

does not change the velocity so that h (here h = 48 for E .05) is unchanged. 

But to reach full energy the frequency must reach a value on the upper curve 

** corresponding to the stripped value of E (denoted as E ). For E > .11, this 

requires a frequency greater than 33 MHz, so there is no advantage to 

* stripping an E = .05 particle to greater than E .11. 

After accelerating a partially ionized beam to peak field in the 

synchrotron, we can go to still higher energy by storing the beam, then 

pass it through a stripper and reinject 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 of.E:, and 

hundreds of MeV/n can be reached on the second cycle. Here again losses 

and dilution are a necessary consequence ·of stripping. 

III. INJECTION 

Multiturn injection will be necessary in order to achieve satisfactory 

circulating currents of heavy ion beams. Because of the low velocity of 

these particles at injection, injecting a number of turns takes an appreciable 

time. With a dc injector, in order to prevent introducing either large 

rad.ial errors or large momentum errors in the beam, injection must be at 

the field minimum. Adiabatic trapping should be employed in order to conserve 

as m~ny particles as possible for acceleration. Some details of a possible 

injection and trapping scheme are shown schematically in Fig. 4, for 10 turns, 

'E = .05. Injection commences while the field is decreasing, accelerat:ion 

starts when trapping is complete. In order to minimize trapping time, 

. the voltage is turned on and rises to 120 kV in 50 I-1s, which is about the 

time required for one phase oscillation at this voltage. This should trap 

e~sentially 10ooJ,.5 The injection energy is chosen so that the equilibrium 

,orbit is centered at the start of acceleration. Because the field is 

changing the E.O. moves several rom during injection. As at the maximwm 

excurSion & 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, 

each receiving a specified fraction of the 45 cycles p~r second. Each wishes to specify 

particle species and energy 'independently. The maximum magnetic field ~ is 



'. 

- 5 - UCRL-18778 

set according to the maximumBp required. Each particle can be extracted at 

the proper energy with a fast kicker magnet, one at 1j 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 limit the injection parameters of the particle El and E2 will 

satisfy the relation 

2 
B. 1 l, 

E 
1 

( 1) 

B. 1 and B. 2 are the respective injection fields, Vl and V
2 

are dc ~njector 
l, l, 

voltages. Consider the case Bi,l = Bi ,2 F9rboth particles, this allows 

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

described. With no stripping, we get 

( 2) 

Taking V 1 as the maximum injector voltage and El > E
2

, V 2 is below maximum 

voltage. This means that if the injection lines share the same inflector, 

it must be pulsed. Compared with the case ~here E2 is injected at maximum 

/ 
1/2 voltage V l' the injection velocity is. lower by the factor (EZ El ) ,so that for 

the same number of injected turns the injection time is longer by the factor 

, 1/2 
(E1/EZ) • The space charge limit is proportional to the energy and is 

lower by E2/El • Since E2 is likely to be the heavier particle, which may be 

of low intensity anyway, lowering the space charge limit might not be serious. 

Increasing the injection time means larger 6r; at some point the increasing 

6r limits the useful aperture and no further increase in injection time is 
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useful. Thus one effect .~f large E
1
/E2 is to restrict the numbe~ of 

particles that can be injectedA' Another effect of lowering V 2 is to increase 

the required frequency swing. For particles with €2 = .3 and larger, ~hich 

require the full frequency swing with V 2 = 3 MV, this will lower the maximum 

energy that can be reached. For €2 < .1 the frequency swing is less and 

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

By allowing E2 to be stripped at injection, we get 

*2 
V2 = (€2 /€1€2) VI' 

*2 
Since V2 is prpportional to €2 ' a modest amount of stripping can be a 

big help in raising the injection voltage. If the inflector is shared, 

the case when the inflector voltage is the same for both particles is of 

* special interest. This is so when €2 = €l; '-then (3) becomes 

with now V2 greater than VI. 

What if B. 1 * B. 2 ? With no stripping 
l, l, 

(1) becomes 
B2 €2 

V2 
1;t2 

VI' = 2 
B. 1 €l l, 

(4) 

When €l » €2 a drastic lowering of V2 can be avoided by injecting at a 

somewhat higher field B. 2' A difficulty is that injection is not now at 
l, 

the field minimum. The field in this case can change by several percent 

during injection. This can be accepted only if the energy of the injected 

beam is increased to keep in step with the rising field. Adiabatic trapping 

must be gIven up, with the trapping efficiency being lowered to 30-50%. 

• 
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Another complication is the necessity for pulsing injection transport line 

elements . 

V. WEAK BEAMS 

Heavy ion beams of less than 107/ qparticles per pulse will be 

difficult to detect with induction electrodes or other non-destructive 

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 E undergo relatively few revolutions 

during acceleration (2xl03 for E = .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 just outside the aperture. Then by 

programming the kicker to operate at successively later times from injection 

to peak energy, a picture of beam behavior would be built up in a short time. 

It should be possible to mix a heavy ion beam with a light ion 

beam of greater intensity, but with an E value which is very nearly the 

same. As an estimate, we can suppose that the weak beam would remain in 

phase during acceleration if 6E/E were no greater than the spread in 6P/P 

which the accelerator will accept. This would place an upper liini t of about 

4xlO"';3 on 6E/E. If we look at the separation of E states for light and heavy 

ions (Fig. 5) it appears with some luck, a light ion could be found to pair 

with:a given heavy ion. 

Another possibility, which would allow a much larger .6.E/E than the 

foregoing is to use a timeshare mode of operation, with' the 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 programrr!2d 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 acceleration 

h = 48 to 96 can be used with E = .05, but for the second acceleration with 

E = .45 hmust be 15 or lower if top energy is to be reached (Fig. 3, top 

curves). This rebunching can be done near the top of the acceleration cycle, 

before extracting from the synchrotron. This has the advantage of making 

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 E, the space 

charge limit can be lower than for the first acceleration cycle. The 

·6 transverse incoherent space charge limit can be expressed as 

The constant factor incorporates those terms which do not change appreciably 

between first injection and reinjection. Assuming ideal acceleration the 

transverse emittance varies inversely as the momentum, the factor ~2y3 varies 

approximately with energy, the bunching factor B decreases only slightly 

with higher energy, so that appr~ximately 

N ~ (const) T 1/2/E2. 
sc - n (6) 

For the case where E = .05 for first acceleration and .45 for reinjection, 

the expression (6) is 12.5 times higher for the first acceleration. A 

possibility exists for increasing the transverse phase area in the stripping 

• 

I . , 
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process, which does not necessarily conserve phase area. Also, it may be 

possible to increase B in the rebunching process. 
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Table I. Paramete'rs of the Proposed Omni tron Accelerator 

---------~------------=~====================================== 
Nominal peak guide field 

Magnetic radius 

Average radius 

Magnetic field cycling rate 

Maximum energy 

Calculated space charge limit at 
injection for charge state q, 
and l.6.vzl= .25 

Maximum dc injector vol4age 
11 11 11 current 

Maximum frequency range 

Peak voltage, LF resonator cavity 
11 11 HF 11 11 

No. of rf cavi tie;s 

2 

P 

R 

see 

N sc 

V cw 
I cw 

10 kG 

7.24 m 

16.79 m 

45 Hz 

Fig. 2 

1.5 
11 x ,10 /q ppp 

7·5 
. 12 

x 10 /q pps 

3MV 

10 rnA 

2·3-33 rnHz 

40 kV 

50 kV 

3LF, 3HF 

-----------
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FIGURE CAPTIONS 

Fig. 1. Schematic layout of Omnitron. The accelerator is the inner ring, 

the outer is the storage ring. 

Fig. 2. Omnitron injection and maximum energy as a function of E, and 

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

. stripping foil. 

Fig. 3. RF frequency limits as a function of hand E. 

Fig. 4. Scheme for injection and trapping. 

Fig. 5. Graph of E states for some light and heavy ions. 
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