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SC DRIVER LINAC FOR A RARE ISOTOPE FACILITY

K. W. Shepard', J. R. Delayen’, C. M. Lyneis’, J. Nolen', P. Ostroumov', J. W. Staples’, J.
Brawley’, C. Hovater’, M. Kedzie', M. P. Kelly', J, Mammosser’, C. Piller’, M. Portillo'

Abstract

An ion limac formed of superconducting 1f cavities can
provide a multi-beam  driver sccelerator for the
production of nuclei far from stability, A multi-beam
driver supports o wide variety of production reactions
and methods. This paper outlines a concept for a 1.3
GV linac capable of delivering several hundred
kilowatts of uranium beam at an energy of 400 MeV
per nucleon. The Hnac would accelerate the full mass
range of ions, and provide higher velocities for the
lighter {ons, for example 730 MeV for protens. The
accelerator will consist of an ECR jon source imecting
a normally conducting RFQ) and four short 1H
structures, then feeding an array of more than 400
superconducting cavities of six different types, which
range in frequeémcy from 58 to 700 MHz. A novel
feature of the linoc is the acceleration of beams
containing more than one charge state through portions
of the linag, in order to maximize beam current for the
heavier 1ons.  Such operation 1s made feasible by the
lurge transverse and longitudinal acceptance provided
by the large aperture and high gradient which are
characteristic of superconducting rf cavities.

1 INTRODUCTION

For more than a decade there has been discussion and
study in the North American nuclear physics com-
munity concerning the possibility of an advanced
facility for generating intense beams of isotopes far
frotn stability [1]. Several years ago, & design concept
for such a facility, bosed on a multi-beam ion
aceelertor driver was put forward [2,3]. In late 1908,
the Nuclear Science Advisory Committee (NuSAC) for
the LS. Department of Energy and the National
Science Foundation recommended that construction of
a rare-isotope sccelerator (R1A) facility be given high
priority [4]. More recently, a subcommittee of NuSAC
has reviewed technical options for such a facility and
recommended that the dniver accelerator for such a
facility be capable of providing beams of all jons from
protons to uramium at energies of at least 400
MeV/nucleon. A further specification is that the driver
should be capable of providing 100 kW of beam power

1' Argonneg National Laboratory
* Jefferson National Accelerntor Facility
* Lawrence Herkeley National Laboratory

imitially, and be upgradeable to 400 kW for all 1ons [5].
This paper outlines a design for a heavy-1on linac cap-
able of meeting these specifications.

2 OVERVIEW OF THE LINAC

Fig. 1 shows & biock dingram of the proposed linac,
with uramium as the benchmark beam. Paramefers of
the vanous sections are detatled n Table | For the
first 10 MV of the linac normal-conducting
accelerating structures can be used, since they can
provide adequate performance and are somewhat more
cost-effective at the lowest wvelocities. For the
remaining 99% of the linag, however, superconducting
(SC) structures have numerous advantages in addition
to enabling cost-effective cw operation [6].

The independem phasing intrinsic to a SC cavity
array allows the velocity profile to be varled, and
enables higher emergies for the Hghter jons. The
present design for a 400 MeVinucleon uranium lnac
can also provide 730 MeV protons.

To obtain broad velocity acceptance, the nccelerating
cavities are necessarily short, allowing the linac to be
configured with ample transverse fooussing.  Also,
singe SC structures provide high accelerating gradients,
strong  longitudinal focussing can be obtained by

AN RN

Figure 1: Elements of the proposed finac
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Table I: Accelerating elements of the benchmark RI1A dnver linac

Section Element Tyvpe Beta = vic Frequency | Temp, | Numher of | Section Voltage
(MHz) iK) Elements {(MV)

Source ECHR tlons from H' o T 2 0,05
Injector RFQ D04 - 017 58.3 293 | 1.2
Injector IH cavity DIT- .05 583 293 4 9
Injector 2-gap cavity 05 - .09 583 4.5 24 21
Imjector J-gap cavity A9 - 16 116.6 4.5 57 Tl
14t Seripper Stripper {Lithivm film or carbon wheel)
Midsection J-gap cavity d6-3 175 4.5 T2 I
Midsection J-gap cavity -4 350 4.5 96 150
2nd Stripper Stripper fearbon wheel)
Endsection b-cell cavity A - 54 700 2z 60 261
Endsection |6-cell cavity 54 - 8 700 2 06 (]

operating in a phase-focussing mode, such as the
synchronous phase of -30 degrees assumed in this
work: In this way the SC linac can be configured 1o
provide very strong focussing, insuring that both
transverse and longitudinel acceptances are large. For
the case considered here, the longitudinal acceptance 15
~250 times larger and the transverse acceplance is
=100 times larger than the input beam emittance, which
15 determined by the 1on source and injector RFQ.

As 15 discussed below, such an immense margin for
emittance growth makes entirely feasible a novel
operating mode for the linac, in which the beam
contains multiple charge-states [7]. By simulaneously
accelerating several of the many charge states resulting
from stripping the beam, the efficiency of charge
stripping 5 greatly enhanced. since a much higher
portion of the stripped beam can be utilized.

Multi-charge-state operation provides not only a
substantial increase in the available beam current,
typically a factor of four, but also ¢nables the use of
multiple strippers, which reduce the size of the linac
required for 400 MeV/nucleon beams, An additional
benefit of accelerating multiple charge states is a
reduction in the amount of beam dumped during
charge-state sclection at the siripping points. which in
turn reduces shielding requirements.

Taking uranium as an example, between the first
stripper (12 MeV/n) and second stripper (85 MeV/n)
the beam has an average charge state g, = 75, In this
region we can sccelerate 5 charge states, which
encompass 80% of the incident beam. Afiter the second

sinpper, 9%% of the beam 15 in four charpe states
neighbounmg g0, sl of which can be accelerated to
the end of finac,

As discussed below, numencal simulations show
such operation to be strmghtforward, with the
consequent increase of longitudinal and transverse
emittunce  well within the linac acceptance. By
accelerating multiple-charge-state beams of the heavier
1ons, the linac described above would be capable of
producing iniense beams of viriually any stable ion.

3 SOURCE AND INJECTOR SECTIONS

3.1 ECR lon Source

The heavy-ion dnver for RIA begims with a high
performance Electron Cyclotron Resonance (ECR) ton
source. This type of source is well matched to the
driver’s requirements for a cw, high charge state 1on
source capable of jonizing a wide range of elements,
The heaviest beam needed for the RIA dnver s
uramium, which is also the most demanding in terms of
ion source performance. The RIA driver accelerator
should produce at least 6x10" pps of uranium at 400
MeVinucleon: The target performance for the source is
to produce U™ at an intensity of 4x10" for injection
into the RFQ. This is about a factor of 6 greater than
the current record inlensitics, which have been
achieved with the AECR-L at Berkeley [8).

To reach these higher curremt levels will require
R&D on a new high magnetic field high frequency




ECR ion source. A possible proiotype for this RIA
ECR is the VENUS ECR jon source currently under
construction at the Berkeley Laboratory. It has
superconducting  solenoid and  sexiupole coils 1o
enhance the plasma confinement and also sufficiently
high fields to support ECR operation at 2R GHz. The
coils are designed to generate a 4 T axial mirror field at
injection and 3T at extraction and a radial sextupole
field of 2.0 T at the plasma chamber wall.

3.2 Normally-conducting RFQ

A concept for an RFQ has been developed which can
operate cw and can accelerate charge states as low as a
U beam from 5.25 keVin to 150 keVin. A frequency
of 58.3 MHz matches the SC linac and insures
adequate transverse acceptance, 125 @ mmemrad
nommalised (full), to accommodate the emitlance
expected from the ECR {on source [9].

The RFQ imcorporates an intermal kick buncher and
drift, followed by a transition region prior to the
acceleration section. The transition region produces a
low longitudinal output (full ) emittance, 11 keV/in-nsec.
The low output emittance makes multiple-charge-state
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Figure 2: Six cavity types spanning the velocity
range DM <f=v/c <1

accelerntion further on in the linac straightforward.

The RFQ will be 4 meters long with an f power
requirement conservatively less than 60 kW, 1t will use
u modified 4-vane configuranon with field sbilisers
which move the unwanted dipole modes far above the
guadrupole mode frequency, reducing assembly
tolerances. At 58.3 MHz, 100% duty-factor operation
is practical, and the wall power loading is low.

3.3 Normally-conducting IH Section

For an ion energy mange from 150 keVin 1o abow 1.5
MeVin, imter-digital H-type (IH) structures may be the
most cost-effective method for cw operation. Excellent
performance in cw or high duty-cycle mode has been
proven al severnl lnboratones: Munich Techmical
Institute, GSI, KEK-Tanashi, and TRIUMF [10]. For
IH structures i this velocity range, the optimum
frequency 15 near 60 MHz a1 150 ke'V/n with a higher
frequency being desirable at the upper end of the mnge
to increase shunt impedance.

We propose a limnac section consisting of four |H
tanks with SC solenoids between the tanks. The first
two IH tanks would have a frequency 15 |75/3=58.33
MHz, and the last 2 IH tanks at 350/3=116.7 MHz, 10
match the following SC linac sections, The use of 5C
solenoids between the tanks for transverse focusing
would maximize the transverse and longitudinal
acceptance of this section. The RF power requirement
of less than 20 kW/m, is very modest.  Also, the
solenoids provide a very short transverse focussing
element, ‘'only BO mm long for a 10 T field. This
minimizes the phase-focussing required in the IH tanks,
and helps 1o maximize the acceptance of this section of
the hinac.

4 SUPERCONDUCTING SECTIONS

Currently operating SC rf accelerators fall mnto two
classes: velocity-of-light electron linacs, or heavy-ion
linacs limited to energies at or below 20 MeVinucleon,
Fortunately for the present  application, recemt
development work has demonstrated the feasibility of
extending the velocity range of SC rf structures 1o
cover the intermedinte velocity range required by the
RIA driver [11,12]). A possible set of SC accelerating
structures for a RIA driver are shown in Figure 2. The
principle parameters for these cavities are listed in
Table 2.

It should be noted that while existing machines and
recent  development work clearly  establish  the
feasibility of using such a set of cavities, impaortant
aspects of the RIA linac can be determined only
through prototyping.  This must include tests of
complete cryomadules to determine, for example, the
magnitude of vibrtion effects and the optimum
methods for tuning end phase control.  The long lead




Table 2: Parameters for six types of supcrr:undutin; accelerating structure

Optimum Beta [0.062 (.128 0.19 l0.38 ().488 [0.64
| Type 2 Gap 3 Gap 3 Gap 3 Gap 6 Cell 6 Cell
Freguency (MHz) 583 116.7 175 350 700 700
Active Length (cm) 20 a6 36 ki 63 82
Peak Electric Field - Ep/Es 4 42 4.2 3.8 3.2 2.5
Peak Magnetic Field - Bp/Ea 104) 150 150 110 77 |62
CGeometric Factor QRs 18 28 25 15 120 160
RF Energy (mJ @ | MV/m) 120 170 170 170 657 589
Accel. Gradient (MV/m) - 4 ] § L 10
Effective Vaoltage (MVicavity) 0.87 1.25 1.56 1.56 4,35 7.13
Operating Temp 4.5 4.5 4.5 4.5 2 2

time required, more than two years, makes this activity
u critical path in determining the construction schedule
for o RIA facility.

4.1 Low-f Accelerator Section

Existing low-f} SC drift-tube structures, which for the
most part have parameters similar 1o cavities that are
currently used in severnl SC ion  linacs, can be
employed for ion velogities up to 0.4 = 0.5 ¢ [13]. For
our benchmark RIA driver, four different types of drift-
tube structure suffice to cover the velocity mnge from
0.05 ¢ up to the second stripping point at 4 ¢ or 83
MeVinucleon, In sequence of velogity, as shown in
Figure 2 and Table 2, these cavities are:

I. A 58 MHz, single drifi-tube, coaxial guarter-
wave cavity with parameters similar to those
employed in several existing linacs. Recently-
built, well-maintained cavities achieve on-line
the 5 MV/m gradients we assume.

2. A 116 MHz, two drift tube split-ning cavity.
This class of cavity has somewhar higher surface
magnetic fields than the coaxial quarter-wave,
leading to a slightly lower projected gradient.,
but with two drift tubes provides more voltage
per cavity.

3. A 175 MHz, two drift-tube structure that 15 a
hybrid between a half-wave and split-ring
structure.  This will have a lower surface
magnetic field than a split-ring cavity at this
frequency. The frequency is, however,
somewhat higher than has been emplayed in
two-drift tube structures up o the present time
{150 MHz). In ordéer to establish the projected
accelerating gradient, 5 MV/m, an carly
prototype of this cavity type would be prudent.

4 A two-cell, 350 MHz spoke-loaded cavity.
Spoke-loaded niobium cavities are well-suited
to the velocity range from 0.3 1o 0.4 ¢ [13]. The
projected gradient has recently been obtained in
single-cell cavities of this class [14],

The low-P section of the RIA SC driver linae could
be compnsed of an wray of 248 these four differem
types of SC miobium cavities.  These would be
distributed m 31 ervostat modules, with each module
contatming § 5C cavities. Transverse focussing would
be provided by 10 T, 30 mm bore SC solenoids. The
basic linac cell or focussing period would be two
cavities followed by a solenoid. Such an array, with
the cavities operated at @ synchronous phase & = -30°,
would provide strong transverse and longitudinal
focussing,

Figure 3: Cryomodule for beta .65 elliptical 6-cell eavities
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Figure 4: RF power required for phase control in the
presence of microphonic frequency noise.

The frequency of all the cavities in the low-f} section
would be < 350 MHz, In this frequency range the 5C
surface resistance 15 sufficiently low to permit
economic operation at 4.5 kK.

4.2 High-8 Accelerator Section

For ion velocities from 0.5 ¢ up, the driver linac would
make use of the class of foreshortened elliptical-cell
cavities recently tested at JLAB, LANL, and most
notably at Saclay, which recently reported nccelerating
gradients above 20 MVim in a B = .64, 700 MHz
niobium cavity [15]. Note that nearly three-quarters of
the total driver voltage is supplied by similur cavities,

The high-B section would consist of 156 SC cavities
of two different types, distributed in 39 eryomodules.
Each cryomodule would contain 4 SC cavities, and
transverse focussing elements would be placed exterior
to the cryostats, in the form either of normal-
conducting quad triplets or SC solenoids. Both high-f}
elliptical-cell cavity types will operate at 700 MHz, and
thus require 2 K operation

Because of the relatively low current that will be
sccelerated, the rf power required 1o drive the cavities
will be dominated by the maximum amount of detuning
that will need 1o be accommodated by the of control
systern,  This includes both the avermge frequency
offset  amd the moximum  excursion due to
microphonics,  Figure 4 shows, as a function of
external Q, the rf power required to operate and
cotitral the b=0.65 cavity at o gradient of 10 MV/m and
sccelerating 400mA with o phase offset of 20°, with
detuning as a parameter, ranging from O to 50 Hz.

When the rf power requirement is dominated by
microphonics, it increases quadratically with gradient,
This makes operation at higher grodients less cost
effective, even though the cavities might be capable of
such high-gradient opermtion. For this reason, it may
be cost-efficient to Jimit the assumed operating gradient
to 10 MV/m.  Even at this gradient, achieving
economie performance will require particular attention
to the mechanical design of the cavity and the cryostal
to limit migrophonies to no more than a few He mms.

5 PERFORMANCE

5.1 Operation with multiple charge state
beams

Opertion of the linac with multiple charge state beams
15 made possible both by the large acceptance of the
e and also by the fact that beams of the heaviest
ions are at rather high charge states, so that the
fractional difference in charge between neighboring
charge states is small. If, for example, we tune the
linag for a uranium 75+ beam at a synchronous phase
of -30)°, then a uranium ion of charge state 76+ can be
uccelerated  simultaneously, with the same velocity
profile, at a phase of -31.3° This small phase shift
represents & time difference of only a few prcoseconds,
%0 that both charge states easily fit within the stable,
linear region of longitudinal phase space throughout the
linae,

Such operation has been simulated oumerically,
using full 3D particle tracking, to study the dynamics of

0.005 4
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Figure 5: Phase space of n five charge-stale uranium
beam at 85 MeV/u, just prior to the second stripper,
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Figure fi: Beam envelope (longitudingl) through the linac
for a multiple charge state uranium beam. The beam is

shown in red, the linac acceptance in blue.

multiple charge state beams through the proposed RIA
driver linie, Some of the results are shown in Figure §,
which details the longitudinal phase space of & uranium
beam resulting from accelerstion of § charge states
from the first stripper up to the point just prior to the
final stripper, at 85 MeVinuclean., The phase ellipse
for each charge state is clearly discernible, and all five
fit within a larger ellipse which represents an effective
emittance which is appreciably larger than for o single
charge state, but still well within the longitudinal
acceptance of the linac.

Figure 6 shows the longitudinal beam envelope for a
multiple charge state uranium beam through the entire
linae. The beam consists of 5 charge states from the
first to the second stripper, and 3 charge states from the
second stripper on.  The entire beam is ot all points
well within the longitudinal scceptance, indicating that
operation with multiple charge state beams will be
straightforward.

Table 3; Output beam

ies and power for vanous rons

5.2 Performance for various ions

Table 3 shows some parameters for beams of various
ions from the RIA driver linac. 'We assume the linde to
have sufficient RF power for a 400 kW beam, The
stripped charge states are chosen to miximize the
outpul beam current, and the linac is tuned to maximize
the energy for each beam. For ions of mass greater
than 90, current ECR source performance will not
provide sufficient current in o single chatge state for
400 kW output beam. For these jons we assume
multiple charge state beams from the first stripper on.

Even with the limit of presemt ECR performance,
several hundred kilowatts of beam would be available
for nearly all 1ons: sufficient power to simultaneously
feed severnl production targets. CW beams could be
provided to multiple targets by several mechanisms, In
the case of beams of several charge states, the different
charge states could be separnted magnetically. A more
general and versatile method would be to use one or
more rf beam separators at the linae output,

6 CONCLUSIONS

Curmrent  state-of-the-art superconducting cavities can
form a highly flexible superconducting linae capable of
producing 100 kW, 400 MeV/nucleon beams of any
stable isotope from hydrogen to uranium. Such a linac
could be the basis for o Rare-Isotope Accelerator (RIA)
facility that could provide unprecedented beams of a
large, diverse mnge of nuclei, A modest research and
development effort over the next two to three years
could significantly impact the cost and performance of
cavities and eryomodules Tor this machine.
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WBS 2.0
Civil



~MSU, Cost MSU
Description Sq. FL. Sq. Ft.| M
1 Site $11.7
| 2 |Support, Lab/Shop 60.000 $196,  $11.8
3 Driver b o N g
Tunnel 36,800 $326  $12.0
Klystron Building 31,7000  $203 $6.4
Linac BSY 12,400! §326| $4.0
4| Target Faciites 41500 8379 157
5 |ISOL Facllity T Il =
Fragment Seperator | 11,700,  $580)  $6.8|
High Bay | 63,400/ $237| $15.0|
|

6 |High Energy Facility | ? L
| Fragment Seperator | 8,500  $580] $4.9
High Bay | 54,0000  $242 $13.1
|7 |Cryogenic Building(s) | 9,100 §432 $3.9
| Totals 329,100 $105.4

[ [

| Contingency - 20% $126.5
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WBS 3.1
Front End



I
: 13K $k | K | 3
! 1 | | Total Total Total Total
| | Procurement  Labor Labor + Without
i) N Cost Cost  [Procurements Contingency
i ?EE_@Q Cost Estimate for RFQ for Rare Isotope Amumr Fll:lllf}f
|| 583 Mhz RFQ for Full Energy Linac -
2 RFQ Construction I 100,00
1] |Mechanical Systems | T e _—
| LRFQ Vane Subassemblies | 140.00,  640.00 7000 i
_ 3/Vacuum Chamber and Structural Enclosure | 100,00, 370.00 470.00 =
|| 4 Vacuum Pumping and Diagnostics | 26000/  S500 31500
5 Mechanical Subsystems 16000 12000 28000
5 Performance verification of mechanical subsystems = 000, 6000,  60.00
| 6/RF Subsystems - 145.00 0.00 145.00) :
i Mechanical Construction Subtotal i | 2050.00
__ 7|Mechanical Systems EDI______ | 205000 méﬂ.m'!'




WBS 3.2
Inj/Low Beta Linac



1" Component estimates for the Drift Tube section of the Driver Linac [

" 13211 Grymodule 41 (0021 & 0.03 b Fark Cavilios) , 1178
132111 Cavises i

— 13,213,138 Cryostan
(ETAKE) indarmal Cryogenics
[ETXRF] Mw
O 132715 Vacuum
132118 Cavity & Cryostal Assemily

1ARTE G 25 (0.0B2 b Cavitinn) e
tuw.t Cavillas

FEEES]

1392123 W
LA 2. Fﬂ.ﬂ‘lﬂm

132125 Vacuum Systemn |

— 132128 Cawity Froceuskg & Cryostal Assambly

Cryamodules
T [iazad m]i'ﬁﬁ.—tﬁ b Cavilina} T
132211 Caviies
22917 Cryostas I
132213 Ciyogenc
\ETTR] Magnets =

1322 1.5 Vaouum

132278 & Cryoutat Assembly i

13227 Cryomoduls #11-19 (0,150 b Cavities) B
132201 Covilies i

%
2
]
1
28283 ﬂﬁn g 5

|
é_
B

‘*'!'%g 2

b=

1 | 1ﬂwﬂm
Y=== =
| |

= Ehe =t |

= —% ‘m“'mﬁm -

i 132235 V n - :

! 1:3.22 3.6 Govity Procossing & Cryostal Assembly KL
 Ba Tranupor Sections I

1‘:&1 1314 Cryomoduls installaton & Chackout in Tunnel g 361
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WBS 3.3
High Beta Accel.
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WBS 3.4
RF (RIA Driver)



SIGNAL SOURCE

Frequency Generation | | § 438
Transmission
Miscellaneous Hardware

o R
i
=
=

i CTOTAL | $ 20180
RFQ (1 System) ==
High Level RF Power [ $ 18800
Low Level RF ' §  39.00
Miscellaneous Hardware = L $  89.00
s TOTAL $ 276.00
BUNCHER (2 Systems)
High Level RF Power C§  190.00
Low Level RF ' 84.00
Miscellaneous Hardware . . § 8000
TOTAL 8 354.00
SC LINAC INJECTION SECTION (79 System.
High Level RF Power $ 87912
Low Level RF ~$ 3,081.00
Miscellaneous Hardware $ 729.19
L TR =N TOTAL $ 4,689.31
SC LINAC MID SECTION (168 SYSTEMS)
High Level RF Power FEGNI W N $ 315003
Low Level RF SN % 4876
Miscellaneous Hardware . L !'$ 153841
i L= TOTAL § 9,364.84

SC LINAC FINAL SECTION (188 SYSTEMS) |
High Level RF Power | 13

Low Level R $ 4,084

 Miscellaneous Hardware o i 3,064

[ T I === TOTAL 8 24,261.40

Bt _ SYSTEMTOTAL | §.39,147.35
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WBS 3.5
Linac Control Inter.
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WBS 4.3
Target Systems
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Low Energy RIB System

* [sobar Separator Systems $2,000k
* Transport of unaccelerated RIBs $5,900k
* RFQ High-Voltage Platform $200k
* Buncher $ 100k
 RFQ Tanks (3) $ 1800k
* 8 Resonator Cryomodule (8)  $11,800k

« Rebuncher $500k
* Helium gas strippers $700k
* Diagnostics, Controls & Software $800k
* Beam Transport $1.311k
* Total (w/o cont.) $25,111K

G. Savard Argonne National Laboratory .



ATLAS equivalent RIB
LINAC System

* Design $3.8M
* Cryodistribution $2.5M
 RF and cavities $5.6M
e Cryostats $2.6M
* Control system $2.2M
 Beamlines $0.9M
* Rebunchers $0.4M

* Total (w/o cont.) $18.0M

G. Savard Argonne National Laboratory -
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WBS 4.6
Dectectors
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Gamma-Ray Detector

System

Ge detectors (40) $12000k
Processing electronics $3 160k
Data acquisition $2200k
LLN2 filling system $200k
Mechanical system/

Annealing stations $260k
Digital design 3.0 my
[nstallation/calibration 1.5 my

Total (w design, w/o cont.) $18.1M

G. Savard Argonne National Laboratory



Low-Energy Recoil

Separator

* Magnets (dipoles, quads) $350k
 Electric dipoles $250k
* Power supplies $240k
* Vacuum vessels $290k
* Mechanical supports $40k

* Vacuum equipment $270k
* Focal plane detectors $60k

* Controls/electronics $280k
» Shielding/interlocks $60k

* Engineering 3.0 my
* Design 3.6 my
* Installation 0.8 my
* Total (w design, w/o cont.) $1.93M

(i. Savard Argonne National Laboratory -



High-Energy Recoil

Separator

* Magnets (dipoles, quads) $500k
* Electric dipoles $330k
* Power supplies $260k
* Vacuum vessels $290k
* RF resonator $300k
* Mechanical supports $120k
* Vacuum equipment $380k
* Focal plane detectors $90k

* Controls/electronics $200k
* Shielding/interlocks $60k

* Engineering 3.0 my
* Design 3.6 my
* [Installation 0.8 my

* Total (w design, w/o cont.) $2.62M

G. Savard Argonne National Laboratory -



Gas-Filled Magnet

* Magnets $540k
* Power supplies $180k
* Vacuum/gas control $300k
* Support structure $50k

 Focal plane detectors $100k
* Target/control systems $50k

* Design 1.5 my
* Installation 0.5 my

* Total (w design, w/o cont.) $1.28M

(. Savard Argonne National Laboratory '



High-Resolution
Spectrograph

* Magnets (dipoles, quads) $1200k

* Power supplies $260k
* Carriage/Vacuum chamber $510k
* Vacuum equipment $190k
* detector/electronics $200k
* Engineering 3.0 my
* Design 2.5 my

* Field mapping/Installation 1.0 my

* Total (w design, w/o cont.) $2.48M

G. Savard Argonne National Laboratory -



< Silicon Particle Detector

Systems
* Detector costs $460k
* Readout chips costs $55k
* Hardware for assembly $530k
* Electronics/DAQ/cables $325k
* Mechanical assembly $50k
- * Development of readout chips 5.0 my

Associated Detectors

* Cslupgrade $250k
* Neutron detectors $170k
* Electronics $340k
* Total (w/o cont.) $2.18M

G. Savard Argonne National Laboratory -



G. Savard

Stopped Beam Area

Laser farm
Magneto-optical trap
lon-trap beam handler
Mass spectrometer
Dilution refrigerator
NMR equipment
Absorption spectrometer
EBIT trap
detectors/electronics
Spectroscopy systems
Mechanical systems

Installation

Total (w design,w/o cont.)

Argonne National Laboratory

$900k
$550k
$590k
$880k
$450k
$50k
$550k
$450k
$410k
$60k
$290k

3.0 my

$5.5M
(A



Gas Target

* Roots blowers $90k
e Vacuum pumps $95k
* Vacuum gauges $40k
* Control system $15k
* Mechanical systems $35k
* Recovery system $25k
* Design 0.5 my
* Installation 0.5 my

* Total (w design, w/o cont.) $361k

G. Savard Argonne National Laboratory E



ST 008S woij peeos i L 1§ o2y  B¥s 918 joex ‘0Aid ‘0eA 18D | 1
SLT ___ogsSwoipoleosgoros ~  fvwt Mg 00 | {anop 1) spenb !
SELT1 008s woi) pejeos §/°2$ L9  8L8 (2) sejodip Kl
- il 7 EPLS ydesSonoads ‘say ubIH. i - n
- W - . _,
siseg Buiseyoind | sinoHy S wan S (EloL uonduosag _ sam
SN
L = _ T s&s (4uss) 180 J0qe
|

e




Radioactive Target
System

* Radiochemical laboratory
$500k

* Total (w/o cont.) $500k

(. Savard Argonne National Laboratory -





