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Abstract

HISTRAP is a proposed synchrontron-cooling-
storage ring optimized to accelerate, decelerate,
znd store beams of highly charged very-heavy jons at
energies appropriate for advanced atomic physics
research. The ring is designed to allow studies of
electron-ion, photon-ion, ion-atom, and ion-ion
interactions. An electron cooling system will pro-
vide jon beams with small angular divergence and
energy spread for precision spectroscopic studies and
also is necessary to 21low the deceleration of heavy
ions to low energies. HISTRAP will be injected with
ions from either the existing Holifield Heavy lon
Research Facility 25-MV tandem accelerator or from a
dedicated ECR source and 250 keV/nucieon RFQ linac.
The ring will have a maximum bending power of 2.0 T-m
anc have a circumference of 46.8 m.

Introduction

The success of the antiproton beam cooling work
at the high-energy physics laboratories has creatly
increased interest in synchrotron-cooler-storage
rings for lower-energy atomic and nuclear physics
studies. This interest has resulted in the ring pro-
jects at Aarhus,l Stockholm,2 Heidelberg,?® Tokyo,“
and Darmstadt,S which are mostly for heavy-ion physics
research. Other ring projects at Indiana,® Uppsala,’
and Julich® exist for light-ion physics research.
HISTRAP, Heavy-Ion Storage Ring for Atomic Physics,
is a proposed 2.0-Tem synchrotron-storage-cooler ring
to be located at Oak Ridge Natjonal Laboratory (ORNL).
HISTRAP will be injected with ions from either the
existing Holifield Heavy lon Research Facility
(HHIRF) 25-MV tandem accelerator® or from a dedicated
electron cyclotron resonance {ECR) source and 250
keV/nucleon radio frequency gquadrupole (RFQ) linac.

The following desired capabilities for atomic
physics research controlled the ring design: the need
to accumulate, store, accelerate and decelerate
nighly charged very-heavy jons; the need for electron
beam cooling to provide beams with extreme angular
anc energy resolution for precision spectroscopic
studies; the need to study interactions between the
circulating ion beam and internal fixed targets; the
need to study interactions between extracted ion
beams and externzl fixed targets; the need to study
electron-ion interactions with circulating beams; the
need to study photon-ion interactions with circu-
lating beams; and the desire to store beams with
multiple charge states separated by up to = &%. This
charge state requirement is equivalent to a momentum
acceptance of = 4%,

The proposed HISTRAP facility shown in the lower
left of Fig. 1 fulfills these needs. The ring has &
circunierence of 46.8 m and is designed for beams
with magnetic rigidities beiween 0.1 and 2.0 T-m.

The lattice, shown in F.,q. 2, consists of four 90°
achromatic bends connected by dispersionless straight
sections. Each achromat consists of two 45° dipoles
separated by a guadrupole triplet. The magnet zper-
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tures were chosen for an injected-beam acceptance of
40n mmemrad in both the horizontal and vertical planes.
The four long straight sections are each 4-r long.
One straight section is required for the injection
septum and the rf acceleration/deceleration cavity.
Another strajght section contains the electron beam
cooling system. Eventually, another straight section
will contain apparatus for a future resonant slow-
extraction system to feed external beam lines. The
last straight section has been kept completely free
of accelerator hardware to allow space for apparatus
to do in-ring experiments with stored ions.

Lattice

A four-sided lattice was chosen because of space
constraints., Because it is desirable to have injec-
tion, acceleration, extraction, cooling, and most
internal experiments in dispersionless regions, all
four 90° bends were chosen as achromats Qiving only
dispersioniess straight sections. The resulting lat-
tice shown in Fig. 2 is four-fold symmetric and each
achromat has reflection symmetry about its center.
The achromats consist of two 45° dipoles separated by
FDF quadrupole triplets. This lattice appears te
minimize the number of quadrupoles, gives & small
vertical ¢ function in the dipoles, and gives a smal)
dispersion function in the quadrupoles. The disper-
sion function must be small if more than one charge
state is to circulate in the ring with reasonable
cuadrupole apertures. More complicated lattices seem
to give no overall advantage, The horizontal and
verticel ilunes of the ring were chosen to be near 7/3,
which avoids structure resonances and faciltitates '
extraction by slow excitation of a sextupole reso-
nance. In particular, v, = 2.3088 and v, = 2.2744
were used in the lattice calculations. The resulting
p functions and the dispersion function are shown in
Fig. 3. The lattice parameters are listed in Table 1.

A maximum dispersion function of 1.5 m occurs in
the F quadrupoles. This dispersion corresponds %o &
displacament of = 6 cm for cocirculating cha~ge states
separated by 2 4%. The maximum vertical # function
occurs in the dipoles and is 5.7 m. In the streight.
sections the horizontal and vertical f functions are
about 10 m and 5 m, respectively. About f ~ 10 m
gives an optimal cooling rate for ions with an energy
of 50 MeV/nucleon, an emittance of 40r mm-mrad, and
an electron thermal temperature of 0.1 eV.

As listed in Table 1, the natural chromaticity of
the lattice is given by ry = -6.1. In order to have
cocirculating charge states of the same species in the
storage mode, it may prove necessary to cancel this
chromaticity by using families of sextupole and higher
order correction magnets. Since all the quadrupoles
are in dispersive regions, this cancellation can be
achieved locally as shown in Fig. 2 by placing & sex-
tupole magnet next to each quadrupole magnet giving
four sextupole families.

Tandem Injection

The highest-charge-state beams for HISTRAP will
be obtzined with tandem *njection, Table 2 surmarizes
the expected propercies of tandem beams injectec into
HISTRAP, To calculate the number of injected ‘ons
per pulse o cycle in Table 2, Rypy, & source ‘nten-
sity of 200 wA Jor the tandem was assumec, About half
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Fig. 1. Plan View of the proposed HISTRAP facility as an addition to the HHIRF. The
storage ring in the lower left will be injected with fons from either the existing 25-MV
tandem accelerator or from a dedicated ECR source and RFQ preaccelerator.

Table 1. Parameters of the Synchrotron Lattice
Obtained from SYNCH Calculations

Magnetic rigidity Bo = 2.0 Tm
Circumference = 46,7577 m
Long straignt (4) fg = 4.0 m
Dipole (8) p = 1.6666 m
A = 45°
sp = 1.309 m
Quadrupole (12) 20 =05 m
of (8) Gp = 3.6977 T/m
Qp (4) Gp = -4.1769 T/m
Tune vy = 2.3088 vy = 2.2744
Chromaticity Fy = =6.1846 Fy = -1.5242
Beta function
Dipole ﬁx =11.4m ﬁy =5.7m
Ouadrupole ﬁx =122 m ﬁy =50m
Straight Ry = 10.5m Py = 4.9 m
Dispersion function
Dipole ;x =049 m
Quadrupole ng = 1.51 m
Straight ny =0m

of this intensity level has recently been demonstrated
with the tandem accelerator operating in a pulsed
mode suitable for HISTRAP injection.!® For these

tests an axjal geometry cesium plasma sputter nega-
tive ion source was used.!! In addition to the
charge fractions from the two stripper foils, a
transmission of 40% through the tandem was assumed,
and a 20% loss was allowed for rf capture. Since the
expected emittance of the beam from the tandem in a
pulsed mode is about 2w mmemrad and the acceptance of
the synchrotron is 40w mmemrad, it is beljeved that
at least eight turns can be injected allowing a 40%
filling of the synchrotron betatron phase space. The
space-charge 1imit per pulse, Ng., was calculated
using a bunching factor of 50% and Av = 0.08. The
Keil-Schnell limit per pulse, Nyg, was calculated
using AP/P values resulting from straggling in a
200-ug/em? carton stripping foil., The number of
injected jons corresponds to a time averaged current
of 0.3 pnA for light fons and 0.03 pnA for very heavy
ions, Figure 4 shows the maximum energy_ for these
fons in HISTRAP. Light fons with Q/A = 1/2 will be
accelerated to 48 MeV/nucleon, whereas the very-heavy
fons will be accelerated to about 7 MeV/nucleon,
Injection into HISTRAP from the tandem accelera=-
tor will require rotatfon of the ex{sting 90° energy-
analyzer magnet to the new transfer 1ine shown in
Fig. 1, The energy-analyzer magnet produces a doubla
waist at which image slits control the tandem voltage
and hence beam energy. The 23-m long transfer 11qe
is divided into three sections: a stripping section,
an achromatic section, and a matching section. The



Fig. 2. The synchrotron-cooler-storage ring con-
sists of four 4-m-long straight sections connected by
90° achromatic berds. Each achromat consists of two
45° dipoles separated by a quadrupole triplet.

foil at the double waist interfacing the stripping
and achromatic sections will strip the jons to the
charge states listed in Table 2. Slits in the center
of the achromat, dispersion = 1.5 m, will select the
desired charge-state for injection. The aperture at
the double waist interfacing the achromatic and
matching sections will separate the 109 Torr tandem
accelerator and transfer line vacuum frem the 10-12
Torr HISTRAP vacuum, Multiturn injection will be
a?hieved by using an orbit bump in the horizontal
plane.

Table 2. Properties of Beams from Tandem at Injection

Beam Charge E/A AP/P Nsinj N N
{(MeV/ (%) -lgfparticlzglpulse)ki-
nucleon)
12¢ 6 4.0 0.058 3.2 10° 1.3 1017 1.5 10°
169 8 4.0 0.058 1.3 10° 0.9 10'0 1,2 10°
izg 15 7.6 0.031 8.1 10f 1.0 1010 3.6 10°
“0ca 18 6.6 0.035 6.3 10F 7.7 10° 3.4 10°
SENT 24 5.3 0.042 4.6 107 5.1 10° 3.3 107
798r 27 3.9 0.053 4.0 10f 4.0 10° 4.1 10°
1271 36 2.8 0.070 3.3 10* 2.6 10° 4.6 107
150Nd 38 2.4 0.079 3.3 107 2.3 109 5.3 10°
1978y 40 i.9 0.098 2.9 10f 2.2 10° 7.8 10"

ECR-RFQ Injection

Since the HHIRF tandem accelerator is the primary
instrument for the heavy-ion nuclear physics program
at ORNL, its availability for HISTRAP injection will
be limited. Consequently, a dedicated injector con-
sisting of an ECR source and RFQ linac preaccelerator
is included in the HISTRAP proposal. This second
injector will produce 250 keV/nucleon beams with a
tower charge-state than can be obtained from the

tandem accelerator. In addition, the number of ions
per pulse which can be injected into HISTRAP with the
ECR~RFQ source will be smaller than that with the
tandem accalerator. The beam from the RFQ, as shown
in Fig. 1, will be merged into the tandem transfer
1ine before tue common matching section.

The multicharged jon source will be almost iden-
tical to the ORNL ECR ion source which has been in
operation since March 1984, reliably producing ion
beams of a wide range of atomic species and charge-
states.!? Tons from the ECR source will be charge-
state analyzed and transported to an RFQ linac. The
conceptual design for this RFQ was developed in collab-
oratijon with the Lawrence Berkeley Laboratory group,
which has successfully built two heavy-ion RFQ's.!?
Some parameters of this RFQ are listed in Table 3.

It will accelerate ions with Q/A between 0.50 and
0.17 from 5 keV/nucleon to 250 keV/nucleon over a
length of 2.4 m with a peak rf power input of 30 kW.
The strongly diverging exit beam from the RFQ will be
focused onto the entrance aperture of a debuncher
located 110 cm down beam. This debuncher will be
used to match the longitudinal emittance of the ion
beam to the loengitudinal acceptance of HISTRAP and is
sized to reduce the momentum spread from about 1.0%
to about 0.3%. The number of ijons the ring will hold
with injection with the RFQ jis substantially less
than listed in Table 2. The maximum acceleration
energies for these ions in HISTRAP are also shown in
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Fig. 3. Horizontal p, and vertical Ry betatron funce
tions and dispersion function ny for one-eighth of the
ring circumference. The ring has four-fold rotational
symmetry and each quadrant has reflectionesymmatry
about the center of the defocussing quadrupoles,
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_Table 3. Summary of RFQ Linac Parameters

Dasign ion
Frequency
Input energy
Qutput energy

1974,,+33

228 MAz
5 keV/nucleon
251 keV/nucleon

Vane length 236.6 cm
Average bore radius (rq) 1.42 mm
Maximum surface field 28 MV/m
Vane-vane voltage 29 kV
Peak rf power 30 kW
Cavity radius 13.7 cm

Fig. 4. Results for two cases are shown: a high-
current {(1-pA) low-charge-state case and a low-
current (1-nA) high-charge-state case.
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Fig. 4. Maximum jon enargy from HISTRAP as a func-
tion of mass number with injection from either the
tandem accelerator or injection from the ECR and RFQ
preaccelerator. For injection from the RFQ two cases
are shown: a high-charge-state low-current case (1
nA)} and a low-charge-state high-current case (1 pA).

Magnet System

The "C" type dipoles will allow merged jon-laser
beam experiments and easy access to the vacuum
chamber. A 7.0-cm dipole vertical gap 1s required:
4,5 cm for betatron motion and closed-orbit errors
and 2.5 cm for beam pipe, bakeout insulation, and
shims, THe maximum horizontal good field require-
ments of 12 cm occurs for slow extraction of a full
40w mmemrad beam. Because of the 12.7-cm sagitta,
the dipoles will be curved to $ollow the central tra-
jectory., For simplicity of construction, the magnet

250

ends and all laminations will be parallel, requiring
22.5° beam entrance and exit angles., Each of the
eight dipole cores will be 120-cm long, 89 cm high,
77 cm wide, and weigh about 7 tons. Each magnet will
be excited by 40 turns of 4.5 cm x 1.6 cm copper con-
ductor with a peak curent of 1760 A, At full excita-
tion each dipole will require 16 kW for the resistive
loss and contain 20 kJ of stored energy. The pro-
posed design and construction closely follow that
used for the BNL NSLS VUV dipoles.l®

The most stringent quadrupole aperture require-
ment occurs for the F lens with the ring operating in
the miltiple-charge-state storage mode. In this mode
it is assumed that three beams with aQ/0 = -4%, 0%,
+4% must be stored and that =sach beam has € = 13w
mmemrad with AP/P = *0,10%. Figure 5 shows the F
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Fig. 5. Aperture requirement in the F quadrupole.
The beam centered at +6.0 cm (AQ/Q = *4%) has ¢ = 13+
mmemrad with AP/P = 0.1%., This beam requires a good
field at 8.5 cm which in turn determines the bore of
18 cm and pole-tip width of 15 cm. For comparison &
central full beam of ¢ = 40 » mm*mrad with AP/P =
0.3% is also shown.

quadrupole aperture requirement for this case. The
+ 4% charge-state beam centered at x = +6.0 c¢m has

€ = 13r mm*mrad as required. The aperture required
for betatron oscillations, momentum spread, and
closed-orbit errors is shown. This beam requires a
good field radius of 8.5 cm, and a field derivative
accuracy of *0,05% out to this radius requires a
quadrupole with an 18-cm bore. Space for beam
pickups, beam pipe, and bakeout insulation is also
shown. For {llustration, a central beam with ¢ = 40
v muemrad with AP/P = 0.3% is shown. At the nominal
tunes, the quadrupoles require a gradient near 4,2 T/m
with an effective length of 50 cm, The quadrupoles
will have a cross sectional area of 80 ¢m x 80 cm,

a core length of 42 cm, and will weigh 1.8 tons,
Each pole will require a peak current of 165 A in 95
turns, Both the dipole and quadrupole magnets will
be constructed from from j,5-mm-thick laminated
magnet steel,

BETATRON OSCILLATIONS



The power supply requirements are dominated Ly
the power converter needed to excite the dipoles.
This power converter has been sized at 700 kVA, the
approximate level used to drive the BNL NSLS booster
dipoles. With the eight dipoles connected in series,
with the maximum resistive power, and with a 20%
safety margin, this 700-kVA supply can drive the
inductive load at a rate equivalent to a B of 1.7
T/s. This supply can thus ramp the dipoles from the
0.6-T injection level to the maximum 1.2-T level in
0.35 s. With the assumption of 0.1 s for injection
and rf capture and a 50% experimental duty factor,

a minimum total cycle time of 1.6 s is estimated.
The twelve quadrupoles have been divided into three
circuits with 56-kVA power supplies per circuit.

RF Acceleration/Deceleration System

The rf system will accelerate and decelerate ions
jnjected from either the tandem or the RFQ linac.

The rf cavity voltage required for acceleration, the
rf cavity voltage required to capture the beam energy
spread, and the rf frequency range all depend on the
injection mode, charge-to-mass ratio, kinetic energy
per nucleon, and stripping foil configuration. These
rf needs were analyzed in terms of the reference ions
listed in Table 2. Analysis showed that a peak rf
voltage of 2.5 kV/turn is more than adequate for all
applications. A frequency range of at least a factor
of ten is needed, particularly to decelerate the
heaviest ions. To use the same cavity for all appli-
cations, the harmonic number must be varied to match
the specific cate. lons injected from the tandem and
RFO will normally be accelerated with the first and
second harmonics, respectively, whereas deceleration
will require much higher harmonics.

A frequency range of a factor of ten requires the
use of MnZn ferrite which is noted for its wide per-
meability range. This ferrite selection restricts
the practical tuning range to a maximum frequency of
about 2.5 MHz. Cavity parameters which meet these
criteria are listed in Table 4. A cavity configuration

Table 4. rf Cavity Characteristics

Tuning range 0.2 to 2.5 MHz
Overall length 1.2 meters
Inner conductor Q0 0.3 meters
Outer conductor ID 0.5 meters
Beam tube ID 0.2 meters
Ferrite rings
Material MnZn
1D 0.3 meters
oD 0.5 meters
thickness 0.025 meters
number 32
Cooling for ferrite forced air
Cooling for copper water

Number of accelerating gaps

2
Peak rf voltage per gap 1250 volts

Total peak rf drive power 3600 watts
Ferrite permeability range 12 to 1800
Pea: ferrite bias current 3000 amperes
Peak bias supply voltage 16 volts

was selected which is very similar to the BNL AGS
design. This cavity is a full-wave coaxial resonator
with accelerating gaps at the one-quarter and three-
quarter wave points.l5 A cross-sectfonal view of the
cavity is shown in Fig. 6. The gap voltage requires
a ferrite power loss of less than 40 mW/cc allowing
air cooling. The ferrite rings will probably be TDK
type PE7B which was fabricated for BNL tests. A
total of 32 rings with a weight of 552 kg will be
needed. The cavity requires about 4 kW of power;
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Fig. 6. Cross section of the rf acceleration/
deceleration cavity, The frequency will be varied
from 0.2 to 2.5 MHz with 500 kg of biased ferrite.
A total voltage of 2.5 kV/turn is needed.

therefore, a 10 kW power amplifier will be used after
considering the uncertainties in cavity losses,
ferrite losses, load mismatch, and voltage require-
ments.

Vacuum System

The vacuum requirement to decelerate and store
highly charged very-heavy ion is severe. Heavy ions
passing through residual gas can either capture
electrons from gas molecules or lose electrons by
colliding with gas molecules. Fstimates of beam
lifetimes in HISTRAP from charge-changing collisions
were made using the electron capture cross sections
of Schlacter!® and electron loss cross sections of
Alonso and Gould.!7 The vacuum requirements resulting
from these calculations for a tandem-injected Au®®*
beam, one of the worst cases, is summarized in Fig. 7
which shows the survival fraction as a function of
HISTRAP chamber pressure for various operating modes
with Au“?™ jons beam in a residual gas of 90% H, and
10% No. The upper panels are for acceleration from
1.9 MeV/A to 7.9 MeV/A and for deceleration from 1.9
MeV/A to 0.10 MeV/A. The remaining panels are for
one-second coasts (one-second storage times) at 7.9,
1.9, 0.10 and 0.02 MeV/A. With a vacuum pressure of
1 x 10712 Torr, about 50% of a coasting 20 keV/A
Au*®* beam would be lost in one second. For acce-
leration and storage at high energies pressures in
the order of 5 x 10~!! Torr are acceptable.

The vacuum system will be designed to eventually
reach a base pressure of 10712 Torr., All major com-
ponents must be fabricated of electropolished 316 LN
stainless steel. A1l stainless components will be
vacuum baked at 950°C before assembly. The stajnless
must have a specific outgassing rate of less than
10-13 Torr s/s/cm?, A1l components will be designed
and tested to withstand a 300°C bakeout in situ for
24 hours. Each octant of the ring will be equipped
with an extractor ion gauge, a 60-7/s magnetic sputtere
fon pump and a titanium sublimator pump, Residual gas
analyzers will be made a permanent part of the vacuum
system, An experimental vacuum program will be carried
out before the final preparation method, chamber
materials, and other components are specified,

Electron Beam Cooling System

An electron beam cooling system will be used in
HISTRAP to reduce the energy spread and angular
divergence of fons used for high-resolution spectro-
scopic studies. In additfon, as a practical necessity,
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The system will consist of three major components
immersed in a solenoidal magnetic field: an electron
gun, a drift region, and collector. Two identical
4 2 toroidal magnets will deflect, by 48 degrees, the
5 ) S B electron beam in and out of the l-meter-long drift
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to produce the minimum possible angular divergences
: - . . d cooling times, the drift region requires a sole-
Fig. 7. The surviving fraction for tandem-injected anc . H . :

Au beams as a function gf vacuum system pressurg for n91da1 magnetic field 9"1f°rm to 50 ppm 1n'space_and
various HISTRAP operating modes. The residual gas time. _The electrons will be accelerated with a o0 KV
was assumed to be 90% H, and 10%N,. Ey and Ef are precision high-voltage supply. In the collector the
the initial and final kinetic energies per nucleon, e]gctroqs will be decelerated to less than.3 kev
respectively. which will greatly decrease the power requirements of
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Fig. 8. The electron bear cooling system showing the location of: 1. electron gun, 2. NEG pumps, 3. pick-up
station, 4. toroid, 5. central drift tube or interaction region, 6, solenoid, 7. toroid chamber, 8. collector
drift tube, 9. collector, 10. pump port, 11, valve, 12, correction dipole, and 13, pumping station,
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this stpply and also decrease the outgassing problems
associated with stopping the intense electron beam.
The electron beam cooling system operated with
unmatched electron and jon velocities will provide an
in-ring experimental device for electron-ion interac-
tion studies.

Future Extraction System

The HISTRAP proposal contains no apparatus to
extract beam for use in external beam lines.
Initially, only in-ring experiments with circulating
beams will be performed. However, to allow for
future expansion, it 1is necessary to insure that an
extraction system can be accommodated in the ring.
Four additional elements are required for a third
order resonant slow extraction system: one trim
quadrupole to provide fine control of the tune, one
extraction sextupole to establish a separatrix and
drive the resonance, one electrostatic septum to
separate extracted beam from circulating beam; and
one magnetic septum to remove the extracted beam from
the ring. A simple extraction system in which all
these elements are located in a single straight sec-
tion has been designed. A straight section will be
reserved for such a future system.

Beam Instrumentation and Controls

The main in-ring beam instrumentation will con-
sist of a horizontal and vertical electrostatic
pickup system and at least one beam current trans-
former. The electrostatic pickups will measure the
deviation of the bunched beam from the central orbit
and provide correction signals to various feedback
control devices. One pickup will be built in each

quadrupole. As shown in Fig. 5, two centimeters of
space has been reserved around the beam in the bore
of each quadrupole for these pickups. This space
largely exists because of the horizontal good-field
requirement to hold multiple-charge-state beams and
does not require an increased quadrupole aperture.

Cost and Schedule

As shown in Fig. 1, the ring will be housed in a
new 72' x 58' shielded room to the south of the HHIRF
tandem accelerator and to the east of the Atomic
Physics and Applications Annex presently under con-
struction. A major 16" water 1ine will be relocated
to allow construction of this building. Also as
shown in Fig. 1, the 46' x 60' Atomic Physics and
Applications Annex will be jdeal to house the tandem
transfer line and ECR-RFQ injection system. The pro-

posal contains a second floor addition to this annex
to house power supplies, a 2 MVA substation for
pulsed loads, and a 1 MVA substation for cw loads.

The escalated cost for this project totals $14.6M
spread over a five-year construction schedule. Of
the total, $1.6M (15%) is for engineering design and
inspection, $2.5M (20%) for contingency, and $10.5 M
for construction. About 31.7M of the construction
cost is for buildings and utilities and about $8.8 M
is for accelerator facilities. If funding started in
FY 1988, the facility would be ready for atomic phys-
ics experiments at the end of FY 1992,
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