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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.
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PROPOSED MODIFICATIONS OF THE BERKELEY HILAC

Robert M. Mailn
Lawrence Radiation Laboratory
University of Californle
Berkeley, California

ABSTRACT

(’ Improvements are planned for the Berkeley ’ used for ultraheavy ions without mejor alterations.
Heavy Ion Linear Accelerator which will make ’
possible the acceleration of all elements from
hydrogen to urenium to 7.5 MeV/nucleon. The im-
proved system will consgist of & 2.7 MV dc injector,
a new 11 meter-long prestripper linac and the ex- bined with high promising results achieved with

medium energy charged particle medical therapy,
isting 27 meter long poststripper linac which will have created a high degree of interest in the use
e extended to 37 meters. Baffles in the latter
portion of this cavity will separate it into indi-  OF heavy loms (A=h0) in this field. The general
viduelly excited segments to provide completely requirement for these ions is the abllity to pro-
variable energy from 3 to 7.5 MeV/nucleOn. duce & precisely controlled dose in a precisely
defined reglon of tissue &t depths ranging up to
To provide the lighter heavy lon beams, at 15 em. These requirements, when transformed into
energles ascceptable for bilologlcal research and beam specifications, demand & high quality beam
medical therapy, & 25 meter dlameter rapid cycling wilth a continuously variable and preclsely con-
alternating gradient synchrotron 1s proposed. With trolled energy. The meximum energy 1ls determined

In addition to the nuclear chemistry require-
ment for the extremely heavy ions in the low
energy range, bilophysic studies at the Hilac, com-

this machine fully stripped ions from the Hilac es that requlred to produce & 10 cm range in
with M<20 can be accelerated to energles up to tissue for argon lons, approximately 400 MeV/
500 MeV/nucleon. Detalls of the synchrotron de- nucleon.

slgn will closely follow those developed for the
Omnitron snd & prototype of the Omnitron acceler-
ating resonator will be used.

In 1965, the author, with A. Ghiorso end
B. Smith, conceived a system capable of accelera-
ting acceptable intenslities of all elements to
INTRODUCTION ’ maximum energles varying from .3 GeV/nucleon for
uranium to 1.4 GeV for protons. This system, the
Omnitron,l congisted of a 3 MV Cockeroft-Walton
injector, & rapid-cycling alternating gredient
synchrotron, and & storage ring. It satisfied all
of the requirements of the nuclear chemistry and
the bilology and medical research groups at
Berkeley. Proposals for the construction of the
accelerator were submitted to the Atomic Energy
Commission, and included in its proposed budget,
on three successive years. Due to its high cost,
however, the project has not been approved.

The meximum energy renge of present Interest
‘ for heavy ions used in nuclear chemistry is de-
termined by the energy required for the formation
of compound nuclei, 5-7 MeV/nucleon. The principle
source of these ions during the past eleven years
: at Berkeley has been the Heavy Ion Linear Acceler-
ator (HILAC). This accelerator produces & maxi-
‘ mum energy of 10 MeV/nucleon and consists of a de
injector, 2 Alvarez-type RF cavities with pro-
| vision for lon stripping at 1 Mev/nucleon between
the two cavities. The injJection ermergy, particle

charge-to—mas§ retios in both cavities, and the The accelerator system described here 1s de-
stripping veloclty were designed for the efficlent - gigned to satisfy the minimum requirements of the
acceleration of ions with mass up to 20 (neon). research groups at & minimum cost. These minimum

“  Over the years improvements have been made requirements are shown in Table I.

to the Hilac to increase its duty factor from the The proposed system consists of an lmproved
originel 3% to 80% for the light ions and 20% for Hilac (Super-Hilac) designed to provide beams for
the heaviest ions. Higher electric gradients in the nuclear chemistry research, and a rapid-
the two cavities have been made possible by cycling synchrotron to accelerate beams from the
additions to the RF emplifier system, so that ions Hilac to energles acceptable for blomedical
up to argon (M=4O) can be accelerated. research.
During the past few years a substantially The necesslty for the use of as much of the
increased interest has developed in the ultraheavy existing Hilac components as possible, imposes a
lons (MSZ&O) in this energy range. The principle considerable restriction on the design parameters
K problem of producing these heavier ions is the of the proposed Super-Hllac. The synchnotron
difficulty in removing enough electrons to produce design is also restricted by the requirement that
8 sufficiently high charge-to-mass ratio for thelr ¢ the components developed for the Omnitron be used.
i efficient acceleration. The conventional cold- These conslst of the accelerating resonstor de-
id cathode PIG ion source is capeble of removing signed to operate at 50 kV and cover the frequency
electrons with lonization potentials up to about range 7.5 to 33 MHz, the fast extraction system,
150 volts, and, for the ultraheavy lons, this and the gulde magnets and thelr power supply.

corresponds to a charge-to-mass ratio of about *—ﬁiﬁf—————————

A s work was done under the ausplces of the
0.05, the minimum scceptable ratio for the existing U. S. Atomic Energy Commission. b .
Hila¢ 1s 0.140, so that this accelerator cannot be _



Teble I. Heavy Ion Beam Requirements

Nuclear Chemistry

Mass number 1 through 238
Energy range 3 - T.5 MeV/nucleon
Energy resolution 0.5%

Intensity lOll particle/sec

heaviest ion.
Duty factor 1.5
Biology and Mediclne
1 through 20

50 =~ 400 MeV/nucleon

Mass number

Energy range

Energy resolution 0.5%
Intensity" lO12 particle/sec M=1
' 10t ' M=k
1010 M=6-20
Duty féctor None

PRESENT HILAC

The existing Hilec is shown-in plen as Fig. l.
It consists of a 500 kV Cockeroft-Walton Injector,
a 4.5 m grig-focused Alvarez linac, an ion strip-
ping station, and & 27 m magnetic quadrupole~
focused Alvarez linac. The prestripper linac was
designed to operate with & meximum electric gradi-
ent of 1.6 MV/m and, at this gradient, sccepts
particles with & charge-to-mass ratio (¢) of 0.15
(e.g., neon-20 +3) at an injection energy of
0.076 MeV/n. The particles are sccelerated to
1 MeV/n in this cavity, then passed through a strip-
per (either foil or gas) which increases their
charge-to-mass ratio to a minimum of 0,30. With
& meximum electric gradient which varies linearly
from 1.45 MV/m at the entrance to 1.9 MV/n at the
exlt, the poststripper linec will accelerate these
particles to a maximum of 10.1 MeV/n.

The grid-focused prestripper linac opersates
with a synchronous phase angle of about 12 degrees
and, with bunching, accepts about 0.3 of the
particles. The fraction of the particles that
eppears in a single charge state after stripping,
varies from 0.3 for the lighter ions to 0.2 for
ergon-40. The poststripper linac transmits all
of this beam. In addition to these losses, the
duty factor of the accelerator is limited to 0.2
for the heaviest ions and to 0.8 for the lightest.
The product of transmission and duty factor thus
varies from about 3 x 10~2 to 2.5 x 10~% from the
lightest to heaviest particles. Beams of practi-.
cally all elements up to argon-4O have bgen accel-
erated, with intensities wvarying from 10 /sec for
metellic elements to greater than 1013/sec for the
lighter geseous elements.

The poststripper cavity cen be made to acceler-
ate partiel energy beams by reducing the linear
increase in the electric gradient along the cavity.
The synchronous phase angle is thus reduced to zero
at some point; particles are accelerated to this

point and drift the remaining length without energy

gein. Particles drop out of phase in three or

four adjacent gaps so that the beam exits the ac-

celerator with three or four discrete energles.

By precise tuning of the electric gradients, the [}
injection phasing, and the quadrupole lenses, up

to 30% of the injected beam can be made to exit

the accelerator with a single energy which can

range from 0.25 to 0.75 of the design full energy. .
The energy distribution of the partial energy

beams varies from about 70O to 110 keV/n FWHM, as

compared to 50 keV/n for the full energy beam, and

its RF structure 1ls attenuated.

The proposed improvements to this accelerator,
end the proposed synchrotron are described below:

ION SOURCE AND INJECTOR

The Hilec ion source 1s & PIG discharge
operating in & magnetic field of about 4500 gauss
which also serves as a charge-state anslyzer.

The beam is extracted, transverse to the magnetic
field, with 18 kV from & 0.125 cm x 2.0 cm long
slit. The source can be operated either with &
cold cathode with electrons produced by secondary
emlssion, or with a plasma-heated, thermally-
emitting cathode. The cold cathode operates with
a high arc voltage and is used to enhance the pro-
duction of the higher charge states, whereas the
hot cathode is used to produce intense beams of
low cherge s{gte ions. Single charge beams in
excess of 10~7 particles/second have been produced
with this source, for the light ions (to mess 20)
with €>0.15 and for the heavier (to mass 130) ions
with €>0,05.

A varistion of the cold cathode source has
been developed in which & support gas 1s used to
sputter metals from the surface of the anode into
the plesma. The source produces moderate
(lolg/second beams of metal ions in the lower
charge states with ¢ = 0.05.

Although only preliminary work hes been cer-
ried out with the ultraheavy ions, investigations
with mercury-zoo indicate that acceptable beams
greater than 10 u/second of +9's (e = 0.045) can
be produced with the cold cathode source. Compar-
able bdams of uranium-238 +10's (e = 0.042) are
expected using UFg, and since this charge-to-mass
retio 1s consistent with the metallic ion beam
producéd with the sputter-ion source, we hawve
chosen this value as the minimum to be accepted in
the proposed accelerator.

The accelerator is to operate in two modes,
producing beams of the ultraheavy ions for nuclear
chemistry research and serving as an injJector for
the biomedical synchrotron. Since the ion source
injector is the least reliable component in the
system, multiple injectors should be provided.

We have recently built for the Hilac, but not yet ‘
instelled, & high current, 750 kV Cockeroft- %
Walton injector and i1t is desirable that this unit

be used for the improved system. The lighter ions

(to neon-20) to be used by the biomedical research

groups can be produced in quentity with €>0.15.

The use of the 750 kV unit as an injector for these

ions specifies the injJection energy of the linac

section, Ty = 0.1125keV/nucleon. This injection

A\
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energy in turn specifies the injector voltage re-
quired for the ultrsheavy lons, Ti/emin = 2.7 MV.

When the ions are extracted from the Hilec
source with a constant 18 kV and accelerated to
0.076 keV/n (the Hilec injection energy) approxi-
mately 90% of all beams with 0.1<e<0.25, appear
within a phase area of 5 cm-mr. in both planes.

No increase in this wvalue is anticipated for the.
heavier, low charge-to-mass ions. The acceptance
requirements of the new prestripper linac, at the
higher injection energy, 1s thus sbout Ux cm-mr in
both planes.

The 2.7 MV injector will be similar to that
proposed\ for the Omnitron,™ for which preliminary
design exist. It consists of a shunt fed 100 ke
Cockeroft-Walton generator utilizing silicon dlodes
and operating in s 250 PSI N-CO2 atmosphere.

ALVAREZ. CAVITIES

The linear accelerator system is to operate
similarly to the existing Hilac with an inter-
mediete energy stripping stetion, The requirement
that the existing RF emplifiers and the 27 meter
cavity be used, restricts the frequency of the pro-
posed system to 70 £ 7 MHz, and the position of
the long cavity within the existing building re-
stricts the length of the prestripper cavity to
about 11 meters. Additional length also will be
required for the poststripper cavity to accelerate
the low cherge state fons to the required energy,
80 that the exlsting experimental area must be
moved. The designs details of the quadrupole,
drift tubes, and hanger system for all cavitiles
will closely follow those developed for the Hilsc.

‘The prestripper cavity will operate at 1 BA
and utilize msgnetic quadrupole focusing in the
NNSS configuration throughout. With the entrance
magnetic gradients at 14.5 kG/cm and the electric
gredient varying from 1.7 MV/m at the entrance to
2.1 MV/m at the exit, the system will accept Tr cm~
mr and accelerate ions with € = 0.042 from
0.1125 MeV/nucleon to 0.750 MeV/nucleon. The mag-
netic gradients is that achieved in dec magnets
presently under test, and the electric gradient is
consistent with operating experience on the ex-
isting Hilac prestripper cavity.

2

The poststripper linac system must be designed
to operate with injection energy of 0.720 MeV/n and
to accept particles with & charge-to-mass ratio
corresponding to the mean charge after stripping
of the highest Z element to be accelerated. At
750 MeV/nucleon and using & foil stripper, it is
estimated thet the mean stripped charge state of
uranium-238 1s +36, corresponding to € = 0,15. The
poststripper linac system has been designed to op-
erate with this minimum charge-to-mass ratio,

This charge-to-mass ratio is advantageous in
that it allows the acceleration of the light ions
(to neon-20) without the use of a stripper and the
attendant beam loss. For the ions to be injected
into the synchrotron, therefore, the only major
beam loss will be the longitudinal phase acceptance
of the prestripper cavity. In addition, all ions
up to 130 (iodine) can be stripped with gas, with
no limitation on beam intensity. The ions which

must be stripped with a foil will be limited in
intensity not only by ion source output but also
by foil lifetime.

The presently used technique described abowve
for the produection of wvariable energy from the
poststripper cavity requires time consuming pre-
cision tuning, and results in a relatively poor
quality beam with & significant loss in Intensity.
For the improved system, four individually ex~
cited cavities will be provided to allow for
veriable energy in the range 3 to 7.5 MeV/nucleon.
Investigation indicates that by adjlustment of the
injection phase and the KRF amplitude a continu-
ously variable energy gain from zero to the de-
signed gain can be obtained with these cavities,
without serious degradation of the beam quality.
To cover the entire required energy range from
3 MeV/nucleon, successive cavities will be ex-
clted, with the final excited cavity acting as a
vernier. We are also Iinvestigating a short
cavity at the high energy end of the accelerator,
consisting of two or three gaps oOperating at as
high an electric gradlent as posslble, to be used
as 8 buncher or to provide further vernier
control. A plen view of the improved sccelerastor

ig shown in Fig. 2. R. F. SYSTEM

The .two existing FF cavities are excited by
six RCA .type 6949 beam power triodes, one driven
amplifier on the prestripper cavity, with one
driven and five tuned-plate-tuned grid amplifiers
on the poststripper. The amplifiers are powered
by a single 25 kV, 7 MW power supply and are
plate modulated to produce RF amplitude regulation
to within 0.1%.

A fast motor driven tuning loop in the pre-
stripper cavity adjusts its resonant frequency
to track the . pogtstripper cavity, which is allowed
to vary (with temperature). Phasing between the
two cavitles is held to within sbout 2 degrees
by a 10 MHz band width electronic regulator oper-
ating on the driven amplifiers of both cavities.

Each of the amplifiers 1s capable of deliv-
ering 750 kW peak, 250 kW average, at 70 MHz. The
system is designed to operate with & duty factor
varying from about 80% to & minimum of 20% at the
peek electric gradient (minimum charge-to-mass
ratio).

Since this system operates satisfactorily,
it will be used on the new accelerator with mini-
mum modification. A new 2.5 mW plate power supply
will be required to power the prestripper cavity,
which requires grossly different plate voltages
than the poststripper cavities for some ions.
The new asccelerator will require eleven amplifiers,
three on the prestripper, four on the long section
of the poststripper and one each for the four in-
cremental energy cavities. The small cavities
will be designed to operate with about 500 kW
peak RF power, so that the tubes which deterior-
ated with age can be rotated into these positions.

SYNCHROTRON GUIDE RING

A preliminary layout of the 26 meter dlameter
synchrotron ring is shown as Fig. 3. It consists




of 48 magnets, in 4 superperiods each consisting
of 12 magnets arranged in & modified FOFOD con-
figuration. The arrangement provides one 2
meter and five one meter strailght sections in
each superperiod. The long straight sections
will be used for injection, extraction and the RF
resonator. The shorter sections will contain
trim magnets and beam monitoring equipment.

The magnet design will be that developed for
the Omnitron with the magnet profile adjusted to
3.20/meter and the apertures to 1l.l) cm and
2.3 cm for the F magnets and 8.% x 3.3 em for
the D magnets. The magnets will operate with &
22.5 Hz blased sinewave between 1.20 and 10 kg.
Figure b4 shows a prototype of this masgnet.

ACCELERATING SYSTEM

Figure 5 shows the prototype Omnitron accel-
erating resonator system.3 The unit operates
with a meximum gap voltage of 50 kV and a fre-
quency swing from 7.5 to 33 MHz. For the bio-
medical synchrotron, the cycling rate, the gulde
ring radius and the total energy gain, hawve been
adjusted so that this single resonator is capable
of providing the required gain/turn.

Particles are injected with a velocity of
0,128 ¢ and accelerated to & maximum of 0.72 ¢
corresponding to orbit frequencies of 0.37 and
2.13 MHz, a Prequency range of 5.6:1. The EF
system will operate on the 12th harmonie from
5.6 to 32.2 requiring an additional low frequency
resonator covering the range 5.6 to 7.5 MHz.

"INJECTION AND EXTRACTION

The injJection system will consist of a con-
ventional electrostatic inflector. Adequate
magnet aperture has beer provided to maske
possible multiturn injection up to & meximum of
10 turns.

Extraction will be accomplished with a fast
ferrite magnet system similar to that designed
for the Ommitron. In this system the beam is de-
flected approximately 5 mr by pulsed megnets in
one stralght section, past & 1.6 kG de thin
septum magnet In the next straight section.

To reduce the rise time requirement of the
fest megnet, it 1s planned to bunch the high
energy beam at a subharmonic using the low fre-
quency resonator system. Using this scheme, a
magnet with a rise time of 0.1 usec and a dur-
ation of 1 psec will extract all of the beam at
energles ranging from 50 to 400 MeV/nucleon.

Slow extraction from the synchrotron is not
plenned.

VACUUM SYSTEM

At present it is planned to accelerate only
fully stripped ions at injection energies of
Te5 MeV/nucleon. The cherge exchange problem is
therefore limited to recombination only, and for
the ions to Z = 15, cross gections for this
process are less than 10'l em? and decreasing
with velocity. ILosses are, therefore, expected
only during the early part-of the acceleration
cycle.

The vacuum chamber will consist of ceramic
tubing within the magnets and steinless steel
elsewhere. The system will be completely heliarec
welded usﬁng the techniques developed for the
Omnitron. The system will be protected ageinst
categtrophic failure in the Hilac or the experi-
mental areas by fast-acting wvalves and acoustical
baffles. .

Twelve ion pumps will be provided with pro-
vigion made for an additional twelve. With an
initial outgassing at 100°C the system is_expected
to operate at mean pressures of about 107% torr.
At this pressure it 1s estimated that less than
10% of the ions with Z up to 10 will be lost due
to recombination.

ks

PLANT FACILITTES

The improvements to the Hilac will require an
addition to the existing building to accommodate
the injJector system which must be moved to provide
space for the expanded prestripper cavity. The
experimental cave system will be moved to allow
for extension of the poststripper cavity, and
enlarged to accommodate an expanded resesrch pro-
gram, :

Figure 2 shows one of the seversl possible
plans for synchrotron ring and the Biomedical
Experimental Area. The ringenclosure conslsts
of a 8-ft dlameter tunnel bored into a steep hill
ad Jacent to the existing bullding. The beam is
brought out into a highbay experimental area,
which must be added.

Adequate input power and cooling utilities
are avallable for the improvemerits to the Hilac}
only minor rerouting within the building will be
required. For the synchrotron an sdditional .

3 MW power and 2.5 MW of cooling will be required.

PERFORMANCE

Iosses in the Hilac system will be limited
to longltudinal phase acceptance and to stripper
loss, the latter varying from & factor of four
for asrgon-40 to 10 for the hesviest elements. For
the ilons requiring the highest electric gradients
in elther of the two cavities, the duty factor
will be 1limited to 30%.

Beam intensities will be decreased by these
losges and limited either by the ion source out-
put or by the stripper foil, which must be used
for elements heavlier than M = 130. For reasonsble
foil 1ife, incident intinsities must be limited
to approximately 5 x lO.2 per second.

Ion source output of the required charge-to-
maess ratlo, as noted above, varies from about a
6 x 1015/second for the lighter gaseous elements
to 1012 for the heevier low VEpOr pressure
elements. Limited experience with the sputter
lon source indicates the Bossibility of producing i
curreEBB varying from 1014 for the light elements
to 10—~ for the moderately heavy elements.

Peak intensities of sbout 6 x 1015/second
of all ions up to mass 20 are expected. At
least fifty percent of the ions injected into the
synchrotron should be captured and accelerated,
resulting in average intensities of esbout 5 x 1011



4,

)

from this machine. Acceleration of argon-40 will
require minimum pressure in the synchrotron and
decreased intensities 4re expected due to charge
exchange.

)"‘.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
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,
apparatus, method, or process disclosed in this report may not in-
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.

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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