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CRITICAL BEAM-INTENSITY ISSUES IN CYCLOTRONS —
OVERVIEW OF THE SANTA FE WORKSHOP

M.IK. CRADDOCK

Department of Physics and Astronomy, University of British Columbia,
and TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

A Workshop on Critical Beam-Intensity Issues in Cyclotrons was hosted by LANL in Santa Fe, New Mexico, in
December 1995, with the primary aim of assessing the feasibility of using cyclotrons to obtain a 10 mA cw proton beam
at 1 GeV for an “energy amplifier”. Machines considered included separated-orbit, separated-sector and conventional
integrated-sector cyclotrons accelerating either protons or H™ ions. Various injectors were also considered - dc devices,
RE'Qs and small cyclotrons - the latter having already produced internal beams of 5 mA cw. With the overall major
concern being minimization of beam loss, the detailed concerns discussed included space-charge effects, clean extraction,
rf beam loading, beam loss detection and control, and reliability. These matters are reviewed and the conclusions of
the Workshop summarized. It appears that cyclotrons offer a feasible, and probably the most economical, route to the
desired beams, but that R&D will be needed on rf systems, collimation and high space-charge beam dynamics.

1 Introduction

From 3 -6 Decemnber 1995, the Accelerator Operations
and Technology Division of Los Alamos National Labo-
ratory held a Workshop on Critical Beam-Intensity Is-
sues in Cyclotrons in Santa Fe, New Mexico. The basic
purpose of the workshop was to explore the capability
of cyclotrons for producing several-MW proton beams
for accelerator-driven nuclear waste transmutation, en-
ergy production and spallation sources, objectives to-
wards which LANL had already been developing designs
based on linacs.

There were 42 participants in all, 30 from LANL and
12 from outside. But as only these 12 were from the
cyclotron community (from just 6 laboratories), this re-
view of the workshop may be of interest to the rest of
the community. It is based on two talks given during the
workshop, and simply records the situation then, with-

out trying to bring it up to date. The full proceedings of

the workshop, consisting of copies of the speakers’ view-
graphs, are available as a Los Alamos report[1].

Stan Schriber’s charge to the Workshop may be sum-
marized i four questions:

How can 10 mA at I GeV be achieved?

What eritical issues Bmit beam intensity?

What resources are needed to resolve the issues?

e Clan the issues be resolved in the next generation
of machines?

Some 1dea of the topies covered n the talks and dis-
cussion periods can be gamed from the program, which
1s listed below. The chatrmen of each technical session
also acted as rapporteurs, providing sumimary talks in
the final session.

Workshop Program

Session [: TuTORIAL

H. Blosser: Cyclotron fundamentals

W. Joho: High intensity issues in cyclotrons

T. Stammbach: The PSI approach to high intensity
cyclotrons

SEssioN 1[: OPERATION RELATED ISSUES

G. Dutto: TRIUMF accelerators

T. Stammbach: Operational experience with space cha-
rge effects in the injector cyclotron

D. Clark: LLBNL 88" cyclotron experience

SsesstoNs [T & V: BEaM Dynamics IsSUES

F. Marti:

R. Baartman:

T. Wangler:

Space charge models for cyclotrons

Intensity limitations in H™ cyclotrons
RFQ as injector

EVENING SESsIoN: NEwW IDEAS AND DIRECTIONS
U. Trinks: Separated orbit cyclotrons
M. Craddock:  H™ cyclotrons for 10 MW?

SESSIONS IV & VI RE 1ssuEs
P. Sigg:
R. Poirier:

High power rf systems for cyclotrons
TRIUMF rf systems

Stss1oN VIEE CONTROL, SAFETY, RELIABILITY
J. Nolen: Control, safety and reliability issues
SESSION VII SUMMARY SESSION

. Blosser: R&D and future plans

D. Clark: Beam dynamics issues

H. Blosser: Operation related issues
I, Herghway:
J. Nolen:

M. Craddock:

Control, safety and reliability
R issues
Rapporteur’s talk.
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2 State of the art and critical issues

Some idea of how close proton and H™ cyclotrons are
to the I GeV x 10 mA goal may be gained from Ta-
ble 1, which lists the maximum beam currents already
achieved. No new technical problems are expected in ex-
tending the energy range of isochronous cyclotrons from
590 MeV to 1 GeV. Some development will be needed to
increase beam currents by a factor 2 (p) or 4 (H™), but
there was confidence that this could be done.

Table 1: Highest beam currents achieved in cyclotrons (1995).

Machine Ion | Energy Current
LBL model p 1 MeV 6 mA*

LBL 88" p | few MeV | 3 mA*

[BA p | 1-2MeV | 5 mA*
ORNL 86" p | 22 MeV 3 mA

PSI Injector 11 p | 72 MeV 1.8 mA

PSI Ring p | 590 MeV | 1.3 (2) mAf
Gachina SC p 1000 MeV | < 0.001 mA
TRIUMF CRM | H™ | 1 MeV 2.5 mA*
TR30 H™ | 30 MeV 1.2 mA
TRIUMF H~ | 500 MeV 0.4 mA

¥

internal beam
T beam loss < 0.2pA

The critical issues were felt to lie in four main areas:

BEAM LOSS AND SAFETY: With a 10 MW beam,
beam loss ts the overriding issue and must be strictly lim-
ited. Its detection, control (by collimation and tuning),
and shielding must receive the highest priority. Loss lev-
els regarded as acceptable, based on experience at high-
current machines, are listed in Table 2.

)

Table 2: Beam loss acceptability.

Loss Acceptability
0.01% = 1 kW | Yes
0.1% 10 kW | If directible to beam dump
1% = 100 kW | If directible to dump and
; provides major benefit

BEAM DYNAMICS:

source of problems; while transverse effects are serious

Here space charge 1s the major
only at lower energies, longitudinal ones are of concern

throughout, especially for extracting protons and in the
transfer lines. Low-loss extraction can be achieved either
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by stripping H™ ions or by cleanly separating proton
turns (with either high rf voltage and flat-topping or a
separated-orbit cyclotron).

RF sysTEMS: Beam power per cavity may be x5
times higher than now, giving 70% beam loading and re-
quiring improved control systems; flat-top cavities would
be heavily beam-driven. R&D is also needed on couplers
to get >1 MW per window, and on cavities to raise the
voltages and improve profiles.

RELIABILITY: The reliability goal should be the same
as for fission reactors (95%). As this is somewhat higher
than the norm for research accelerators, some redun-
dancy needs to be buiit into the design. There should be
multiple low-current first stages, and complete facilities
(like reactors) should be built in clusters of say four.

3 Proposed 10 MW cyclotron schemes

A number of possible cyclotron schemes were discussed
for achieving 10 MW beams. They are listed in Table 3,
along with the parameters of lower energy stages, using
the acronyms CC, SSC and SOC for compact, separated-
sector and separated-orbit cyclotrons respectively. The
star (*) ratings are purely personal assessments.

Table 3: Possible Cyclotron Staging Schemes.

Type Injector Mid-stage 1 GeV
EA 2 x 10 MeV H™ p SSC p SSC
HoHE 12 MeV SOC 120/200 MeV | N =10
PSI 1 MeV dc p p SSC
Dream 120 MeV p SSC
Mach. ~bH MeV RFQ N =4 N =12
FHE 50 keV de H™ 120 MeV H~
p SOC SOC 1T SOC II SOC 11T
Ak 180 MeV 400 MeV 100 MW
H~ 300 keV de H™ - H~ SSC
*x 50 keV de H™ 120 MeV H™ N=6
*** Prime schemes for evaluation

**  Preliminary concept

The first schemes to be proposed were the ‘Energy
Amplifier’ (EA) and the PSI ‘Dream Machine’ (PSIDM),
both with high-energy stages modelled on the 590 MeV
PSI SSC, though with more magnet sectors and rf cav-
ities to improve the turn separation and extraction effi-
ciency at 1 GeV. Unfortunately, the EA (Figure 1) was
not presented at the workshop, but has been described
by Mandrillon et al. elsewhere[2]. Details are given of all
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three stages, and preliminary space-charge studies are
included for both cyclotrons and transfer lines. H™ and
H* beams from the two injectors would be merged to
avold debunching in the 10 MeV line.

2 Injectors 10 MeV 42MHz Booster 120-990 MeV  42MHz

Main-cavities

Intermediate 120 MeV  42MHz

Main-cavities

Figure 1: The Energy Amplifier cyclotron complex.

The PSIDM (Figure 2) is modelled more closely on
the present PSI complex (Stammbach[3}), with a 1 MeV
dc injector and 120 MeV SSC, following the current suc-
cessful practice. Two alternative injection options were
also discussed and proposed for further study:

- &5 MeV RFQ and 120 MeV SSC; initial studies
suggested the RFQ longitudinal emittance might be too
big and that space-charge debunching should be studied.

- 120 MeV H™ CC, a hypothetical TR120 from the
Ebco/TRIUMF stable. Baartman[l] described how scal-
ing up the TR30 injection system would yield 10 mA.
The beam loading is relatively high and bunch compres-
ston might be needed to match PSIDM, but this is poten-
tially the least expensive option (and for the EA also).

The cost estimate of MCHF 222 plus 940 man-years
suggests cyclotrons would be much less costly than linacs.

l“igure 2 The PSI ‘Dream Machine’.

The use of separated-orbit cyclotrons (Trinks[4], Fig-
ure 3), where the focusing is locally adjustable and reso-
nant effects are absent, would make it possible to acceler-
ate currents as large as in linacs, say 100 mA. The design
1s somewhat complicated, but the use of superconducting
magnets and rf minimizes the size and the power needs.
Full demonstration of TRITRON was eagerly awaited.

Figure 3: A large separated-orbit cyclotron.

4 H~™ cyclotrons for 10 MW?

The author suggested that a single-stage H™ cyclotron
should also be considered, as it offered a number of ad-
vantages for high-current low-loss applications:

- Stripping by a thin foil provides a simple and re-
Hable low-loss (<0.1%) extraction mechanism, obviat-
mg the need for cleanly scparated turns, high energy-
gain/turn, narrow bunches and flat-topping rf cavities.

- A single-stage scheme simplifies design and opera-
tion and eliminates a whole set of loss-prone extraction,
transfer and re-injection systems.

- An H™ source and first stage are possibly the best
options in the ~10 mA intensity range (Baartman[l]),
and have been adopted for the EA.

H~ ions also bring problems, but no showstoppers:

- Foil heating by stripped electrons (0.1% = 10 kW),
if the foil is placed in a magnetic field.

- Better vacuum is required (~107% Torr).

- Electromagnetic stripping limits the magnetic field
to 0.3 T, making the orbit radius R =~ 20 m at 1000 GeV.

Present H™ cyclotrons are of traditional combined-
function design, with internal dees and single magnet
coils, hut a separated-sector design, which permits smail
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magnet pole gaps, (5 cm rather than TRIUMFE’s 50 ¢cm),
would offer significant advantages here:

- lower amp-turns, reducing the power requirement;

- a field-free region in the valleys for simpler de-
sign, installation and operation of rf cavities, diagnostic
probes and stripping foil;

- accurate computation of the magnetic field B;

- because of the sensitivity of the stripping to the
maximum field B, more flutter can be obtained at a given
mean B, and hence less spiral angle ¢ is needed to provide
vertical focusing.

Some zero-order estimates for major magnet param-
eters for 10 MW H~ SSCs are shown in Table 4. As
the great size of a 1 GeV machine would present a ma-
Jor challenge, values are also given for lower top energies
T down to 500 MeV (requiring higher currents I). B
was chosen to give the same £ = yvB as TRIUMF at
400 MeV to ensure zero stripping loss, and ¢ was com-
puted in hard-edge approximation for a hill fraction of
0.80. In all cases the spiral is less than for TRIUMF,
allowing straight rf cavities to fit between the sectors.

Table 4: H™ cyclotron parameters for various maximum energies,
with TRIUMF values (*) for comparison.

T (MeV) | B(kG) | R (m) | é (deg) | I (mA)
500* 5.8 7.92 70 0.4
500 507 | 896 | 56.0 20
600 453 | 112 | 595 16.7
700 4.12 13.6 62.2 14.3
800 3.78 | 161 | 64.4 12.5
900 350 | 188 | 66.3 11.1
1000 3.26 | 217 | 678 10

Figure 4 shows the layout of a 6-sector 500 MeV SSC,
about 12% larger than TRIUMF. Single-gap A/4 rf cav-
ities are assurned, with voltage increasing towards the
outside 1n some cases, but towards the centre in others,
to ensure sufficient energy gain at all radii.

The large diameter of these machines makes it tempt-
ing to consider two-stage designs. A 100 MeV first stage
(TR120 again?) would enable the radial extent of the
main ring magnets and vacuum chamber to be halved -
but would require development of a highly efficient H™
extraction system. Although a few percent loss at 100
MeV amounts to tens of kilowatts, the lost beam could
be stripped on a pre-septum and sent to a dump outside.
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Figure 4: Three sectors of an H™ separated-sector cyclotron.

5 Conclusions

The conclusions were generally very favourable:

- A 1000 MeV x 10 mA cyclotron complex looks
feasible, would be less costly than linacs, and should be
achieveable in the next generation.

- A proton SSC with 10 or 12 sectors looks very
promising for the final stage.

- The injection options need to be brought to a con-
ceptual design stage to assess their feasibility and cost.

- SOCs await experimental demonstration but look
cost-competitive and offer 100 MW capability.

- System R&D is needed on

- demonstrating 10 mA cyclotron beams;

- rf systems, especially high-voltage cavities,
couplers, and control of high beam loading;

- beam dynamics under high space charge in
cyclotrons and transfer lines.
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