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Plan of the talk:

1. Whatis an Accelerator Driven sub-critical reactor System (ADS)

Why is ADS so important to us?

2
3. Accelerator Configuration
4

Developmental studies of high intensity proton linac (20 MeV LEHIPA)




»Coal: 230 yrs

»0il: 45 yrs
»Gas:  65yrs

»Nuclear Power appears to be an inevitable option
as future energy source; but disposal of nuclear

waste is an important issue of concern in
[ “ [ [




Annual yield of Plutonium & Minor Actinides and
(some) fission products in spent fuel from 1 GWe LWR

plant operation.

Isotope Mass (kg/yr) T+ (year) Fission Products
238p, 4 87.7
239p, 166 24110 898r — 2%Y.... Short-lived
240p, 76.7 6550 137Cs .. T ~ 30 years
24py 25.4 14.4 %Tc Truly Long-lived,
242py 15.5 3.5x 10° 135Cs| Tv ~10%-10°
ZTNp 14.5 2.14x10° 129 years
20 Am 16.6 432.6
283Am 3 737

Others are %Zr,
244Cm 0.6 18.1 197Pd
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FIG. A-3. The ranges of levelized cosis associated with new construction as estimated in
seven recent studies for electricity generating techmnologies in different countries (PV:
photovoliaic).




Australia

India
Norway
USA
Canada

S. Africa
Brazil

300,000
290,000
170,000
160,000
100,000

35,000
16,000



» Transmute the high level

long-lived radioactive waste
» Can use efficiently Thorium

ICSOUrcCces



SCHEMATIC OF ACCELERATOR-DRIVEN SYSTEM

Praton Beam

Beam channe| —
Aeccelerator .
Heat
Exchanger Exchanger
Spallation reaction of high-enrgy proton with lead nucleus
Spallation regeion s l l

window Liquid Lead

Thorium breeding into fissile uranium.

f Fuel
a5 . ;
= 232 vicy p 23 P 233 Tl
$o 1 ‘ Th+n — — » “PPa U (fissile isotope)
£3 Neutron beta heta
w e / "1? capture dECG?", decay,
- 5 /\/\ ﬁglfr?'fg' 27 days
Sub-Critical Reactor el e A, halfife,

Uranium (bulk) 238 breeding into fissile plutonium.

Spalation Breeding o
[ Th— 5L

Fissian B+ P 29 - zagNp - Py (fissile isotope)
{(***U— Fissian Fragments] Nautron i beta
capture decay, decay,
23 min. 2.3 days
half-life. halffe.

Accelerator-Driven Sub-critical reactor can be used for:

¢ Generating nuclear power with Thorium as fuel,
¢ Transmutation of nuclear waste discharged from nuclear reactor of U-Pu fuel cycle.




Gtarget =20-40 (40%) 240 MW
T ) P (1-HP
arge 600 MW Converter -

Géln N = 40 — 50% 180 MW
fP (25)%
£f=12-25%

60 MW
Accelerator




Most cost effective way to produce neutrons

» By Spallation
process with GeV
energy protons
striking on high Z
target.

 Number of neutrons
per proton per Watt
of beam power
reaches a plateau

just above 1 GeV.
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a00 1000 1500

neutrons/praton



])thermal (MW) = E ¢

Proton Energy : 1 GeV
v, = 25 neutrons/proton
v = 2.5 neutrons/fission

Pelectricalz 500 MW (1500 MW (th))
K=0.95

(MeV)I(A)

ssion

S

v 1-k
Pthermal (MW) I (mA)
1000 29.2
1500 43.9
2000 58.5




KOREA

ITALY

CHINA

BELGIUM

FRANCE

GERMANY

RUSSIA

Under its HYPER (Hybrid Power Extraction Reactor) programme.

Under its TRASCO (TRAnsmutazion SCOrie) Programme and, Industrial
project undertaken by ANSALDO for EC.

Proposed as CIAE+IHEP project but under an un-named ADS programme
of Sino-Italian collaboration.

Under MYRRHA project as extension of ADONIS (Accelerator-Driven
Operated New Irradiation System) programme for radioisotope production.

Its CNRS/IN2P3 institutes are spearheading waste incineration R&D with
spinoff of its TRISPAL activities for accelerator to ADS.

Activities under FZK in the yet un-named programme.

Undertaken several study projects in [TEP/ISTC against the EC/US




Power Proton Accelerator.

The main requirements from this accelerator are:-

™ High Reliability

™ High Beam Power

™ CW Operating Mode

™ High Conversion Efficiency

=» Minimum Beam Loss

= Easy Maintenance & Serviceabilit




*Low Energy (upto 20 MeV)
*Medium Energy (20 MeV to 100 MeV)
*High Energy (> 100 MeV )

The accelerating structures used at different energies are:-
*Low Energy — RFQ, DTL/CCDTL /SDTL

*Medium Energy - CCDTL /SDTL
*High Energy — CCL, Superconducting structures




High current injector 20 MeV, 30 mA

Proton IS
50 keV

RFQ
3 MeV

DTL

20 MeV

Main design issue:

Super-
conducting

100 Me¥ SC

Linac

Proton beam from
high power
accelerator
' Spallation
target; liquid
Pb, Pb+Bi; W
(solid) et
Fuel
il A Brecding
..... {1 232 233
,,,,,,,,,, Th U
i B ! U —» #Pu
il (T
i - i
1 i
o
D Spallation
reaction Zone

Fission



Ion Source

Beam
Diagnostic

ECR Ion source RFQ 4 Vane type 20 MeV, 30 mA

RFQ

\,

DTL

Beam Stop

50 keV, 35mA. 3MeV, 30 mA

Alvarez type DTL




> 2.45 GHz

> 50 keV

» 50 mA

» 0.02 m cm-mrad

1st GROUND INSULATOR HIGH VOLTAGE
ELECTRODE CERAMIC INSULATOR
[

PLASMA (e 0
ELECTRODE "\ e

“w
CERAMIC WINDOW—

SOLENOIDS i 2nd GROUND
ELECTRODE
PULLER ELECTRODE ~ SUPRESSOR
ELECTRODE

Schematic of the ECR Ion Source




Beam
Diagnostic

Ion Source RFQ S-V DTL Beam Stop

2.45 GHz 352.21 MHz, 352.21 MHz,
ECR Ion source 4-Vane type RFQ 20 MeV, 30 mA
50 keV, 35mA. 3-MeV, 30 mA Alvarez type DTL




Electron

Trap

Plasma
Chamber

Vacuum Vacuum
Isolation valve Isolation valve
Vacuum Vacuum
P
—————— o e —— e — Pt — — P>
850 mm 300 mm 900 mm 300 mm 150 mm

Error Analysis of Solenoids

Beam Energy = 50 keV
Beam current = 30 mA

80

1840 1860 1880 2020 2040 2060 2080 2100
Solenoidl strength Solenoid2 Strength

Tolerance on solenoid strength = + 30 Gauss

2120



< Beam transport in the LEBT 1s mostly determined by space charge
forces

Space charge compensation can restrict increase in beam size and
emittance growth significantly.

How it is done?

» Introduce a residual gas in the
background. -

.residual gas atoms

» The beam 1onizes the residual gas.



Effect of Non-Linear space charge on beam dynamics in LEBT

*Any kind of non-uniformity
in the density will give rise to
non-linear space charge.

*Non-linearity of the space
charge field reflects in
emittance increase as well as
1n waist diameter.

KV Distribution
Waterbag Distribution
Parabelic Distribution




Beam Energy = 50 keV Max. beam size in the LEBT =13 cm

Beam current = 30 mA Total length = 1.85 m.
RMS Norm. Emittance = 0.027t cm mrad

Effect of Space Charge Compensation on beam dynamics

Transmission
Degree of Space Charge I, Max. Beam Emit at end of
Compensation (%) (mfzg) size (cm) LEBT (cm mrad) throug?)/tl)le RFQ
0 30 13.0 0.02081 97.1
90 3.0 7.0 0.02003 96.0

95 6.8

98 6.4




If the emittance of the input
beam to the RFQ 1s more
than the designed value the
transmission drops
drastically.

Transmission (%)

Beam emittance Vs Transmission

100
95
90
85
80
75
70

0.0025 0.0075 0.0125 0.0175 0.0225

ilp Norm Rms Emittance (cm-mrad)







Ion Source

2.45 GHz
ECR Ion source
50 keV, 35mA.

352.21 MHz,
4-Vane type RFQ
3-MeV, 30 mA

Beam
Diagnostic

352.21 MHz,
20 MeV, 30 mA
Alvarez type DTL

Beam Stop




Particles experience
alternate gradient
electric focusing
which 1s stronger
than magnetic
focusing for low
velocity particles.

a: minimum distance from axis
m=a: maximum distance from axis
m: modulation factor
PA ¢ modulation period

Figure 2: A RELAX3D model of the exit region showing
three regular cells, a transition cell and a short unmodulated
end section.
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A A

XX X/

A

Cross Section at end Side Top

Magnetic Field lines in Quadrupole mode at end
Boundary conditions
Ep =0 B =0
The RFQ resonator has to be closed at both ends.The longitudinal
magnetic field lines cannot be perpendicular to the end plate It must




N For smaller length the number of modes in a given frequency range is less.
N Field tilt effects can become important for structures with a length of few
wavelengths.

The RFQ is 4 m long. For better stability it will be made in
smaller sections which will be resonantly coupled.

Plate
Thickness

Coupling Plate e/ 4 The coupling plates separate the
segments and prevent the

magnetic field lines from

Undercut Duter Radins continuing from one segment to




Frequency

352.21 MHz

Energy 50 keV/ 3 MeV
Input current 30 mA

Vane voltage 80 kV

Avg. Aperture R, 3.63-4.53 mm
Length 4 m

Total RF power 500 kW
Transmission 98 %




Tuners

+64 tuners --- 16 per quadrant,
symmetrically placed in each quadrant

+ Static tuners.

+ Cooling required.

+Tuning Range : 468.5 kHz/mm (all)

acuum ports
+24 vacuum ports

+Frequency detuning :
745.86 kHz (all)




Frequency (MH2z)

395

380 -

365 -

350

335 -

RFQ Length =4 m

-~ -
—

:.f_

0

1 Mode Number 2 3

o * = ®,’ + (nmc/L)*

775 A
725 A
675
625
575 A
525

requency (MHz)

I 475 -
425 -

375 A

Length = 90cm
= Quadrupole mode
------ Dipole mode

- "

““Length = 400cm

-
- -

1 2 3 4 5 6

Mode Number

1500 -

1450 ‘—/r/“_74

B

-/

Superior mode
Fundamental mode
inferior mode

Gap mode

Frequency (MHz)

15 2
Gap Width (mm)




Temperature
distribution
at inlet and outlet

22°C to 38°C

ane tip deflection
0.03 micron

mot i, 1

23°C to 44°C

b 410 40.046
Ml B 430

[Vane tip deflectio
2.4 micron

TN 1 004
10: 1026

23376 40807 58438 75969
14610 32141 43672 67203 84734

Detunlng ~+25 kH

Detunmg ~ -26

>
_..‘Bﬁ..._.é.'e.‘df.:k‘

“»*Coolant temperatures
are 16°C in vane channels
and 20°C in wall channels

ssFrequency sensitivity with

vane water temperature 1is

—46 kHz/°C

ssFrequency sensitivity with




Beam
Diagnostic
o

Ion Source RFQ

2.45 GHz 352.21 MHz, 352.21 MHz,
ECR Ion source 4-Vane type RFQ 20 MeV, 30 mA
50 keV, 35mA. 3-MeV, 30 mA Alvarez type DTL




IS

RFQ

DTL

Yield (Neutrons/sec)

4.10E+15 4
3.60E+15 -
3.10E+15 -
2.60E+15 -
2.10E+15 ~
1.60E+15
1.10E+15 -

6.00E+14 -

1.00E+14

Proton Current = 30 mA

10 15
Proton Energy (MeV)

-

Proton Beam
20 MeV, 30 m

_—

Moderator




beam of protons in order to test
the quality of the beam during
commissioning.

Beam will be under full power

and continuous
»20 MeV, 30 mA Beam
» Total power 600 kW



Parameters Value ]
5
Frequency 350 MHz b
0 41
Injection energy 50 keV ; . .
Final energy 400 keV :
RFQ length 1.05 m .
RF Power dissipated 68 kKW o ‘ ‘ ‘ ‘ ‘
-10 40 90 140 190 240
Beam current 1 mA Cell number

Norm. RMS emittance 0.015 © cm-mrad Variation of RFQ parameters along the length.

Vane voltage 44 kV
Transmission efficiency | 96 % 95 -
Peak surface field 32.9 MV/m < ®
= 75
Average radius 1.873 cm § 65
Maximum Modulation 1.287 5 55-
S 45-
35 -
25

0 0.01 0.02 0.03 0.04

RMS Norm. Emittance (cm-mrad)



(yr-oes/u) pleIA UoANBpN

Bombarding Energy {MeV)




Loop Diameter: 10 mm
Loop Depth: 12 mm (max)

QUARTER WAVE

MOVABLE SHORTED STUBﬁ\\\i: _
I
I

6-1/8” 10 1-5/8"
TAPERED TRANSITION

=%

91 112.28 160

75 |

LAYOUT OF 50 kW RF COUPLER ASSEMBLY

RF POWER
FROM AMPLIFIER

Adjustable A/4
shoted stub in
coaxial

Coaxial

RF
window

6 1/8” to
1 5/8” coax
transition

RF Power from
tetrode




RF Simulation Model of Iris

Coupler
Length of iriz (cm) External
8315 30710.0
10.15 SE44.0
10.72 4052.5
10.77 38951
12.15 1861.0

14.15

802.3

15.15

4127

Coupling coefficient ()

WR2300 to Iris transition using
double ridge waveguide

Tapered transition with variable
and constant ridge width has
been studied.

Thermo -Structural analysis and
design in progress

y = B.B3ATAS-0g" =18 e
¥ = 0.90437E-01

12
Lemgth of Iris [cm)
Fig &. B ws length of the iris.
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Beam
Diagnostic

Ion Source RFQ S-V DTL Beam Stop

2.45 GHz 352.21 MHz, 352.210 MHz,
ECR Ion source 4-Vane type RFQ 20 MeV, 30 mA
50 keV, 35mA. 3-MeV, 30 mA Alvarez type DTL




Medium Energy Beam Transport Line

»The transverse matching is achieved by using 4 quadrupoles.
»RF buncher is used for longitudinal matching.

_ EEMMATHLI- & 0000 I=  30.0md _ BEEMATWRLE= 15 000
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Beam
Diagnostic

2.45 GHz 350 MHz, 350 MHz,
ECR Ion source 4-Vane type RFQ 20 MeV, 30 mA
50 keV, 35mA. 3-MeV, 30 mA Alvarez type DTL



“+The DTL tank is a resonant cavity excited in the TM,);, mode.
s It consists of drift tubes connected to tank by stems separated by gaps.
**Quadrupoles are mounted in drift tubes for focusing.

E.(t)

WAWAWAN|
EvaAVRVAY
L




Post Couplers placed every
third DT in the first tank

Tuners

acuum port

Drift tube diameter (cm) | 12
Bore radius (cm) 1.1
Face Angle (deg) 0

Corner radius (cm) 1.5
Inner corner rad. (cm) 0.5
Outer corner rad. (cm) | 0.5

» 5 rectangular slots per vacuum port

» Slots orientation along the direction

of surface current

» Port Conductance: 1400 I/s

> No. of vacuum ports in first tank: 2




ZT2 (Mohm/m)

: —e— DTL
10 ° o~ CCDTL
5 1 1 1 1
0 10 20 30 50 60
Energy (MeV)
Parameter DTL CCDTL
Energy Range (MeV) 3-40 40-100.2
Frequency (MHz) 352.21 | 704.42
Current (mA) 29.3 29.3
Quadrupole Gradient (T/m) 43 62.4-19.5
Eff. Length of Quad. (cm) 4.72 8.0
No. of Quadrupoles 155 186




TH-RFQ

Low and Medium - B Structures in H-Mode Operation 4-vane RFQ
H110 H210 9\l 6
Rl f £ 100 MHz 100 - 400 MHz Falal
o B <003 B <0.12
® ‘ @
H11() A
> 2
e .a.-_,.-"'l | :_ ¢ LI-I r-‘v1 I'r:{:'
: :rlf: ‘..'-\..-\..1-“-. “-w_._ s f.:‘:j.'.
i \ 7 £ 300 MHz 150 - 800 MHz
B <03 B<05
IH-Strucrure . ‘CH -S‘rr'uc’rur'e,\
++ ++
/""'\
£ i ’
@0
B - £ Interdigital H-Mode (IH) ++ E Crossbar H-Mode (CH)




S
i

r.t. IH-DTL r.t. CH-DTL W <150 MoV
LLAREHL Y lASsloa ol 150-700 MHz
30-250 MHz 150-700 MHz

copper plated steel bulk niobium




type resonators) section from 3 MeV to 15 MeV .

Solenoid in individual
cryostat




180

140

80

ZTT, (MOhm/m)

RT TSR vs DTL, SDTL

160 -

\ {JETTSR

120

100 ~

4

v

SDTL (J-
PARC)

60 -

For 3-15 MeV losses in copper:
DTL - 1.06 MW
*RT SR - 0.4 MW

Diameter of resonator
DTL, SDTL — 70 cm
*RT SR — 40 cm

RT SR expected to be cheaper

DTL (J-PARC)
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Quadrupole Triplet Channel :

y-z plane / mm

~ |H-DTL




at PAC 2003 SRF 2003
1.E+10

—e—atd42K
—e— at 2K
- - 25 watts RF input

The cavity can operate cw at
radients up to 12 MV/m

llllllllll



B =0.62

Transit Time factor

[¢] 200 400 600 800 1000 1200 1400

Energy (MeV) Superconducting cavity (IPN Orsay) — 5 cells, 700 MHz, [=0,65

In order to efficiently design a linac it is
necessary to divide it in sections, each using a
different cavity geometry in an energy range.

— Be=0.47
Zj 3 cell
Be=0.62
& 5 cell S

400 600 1000 1200
Energy (MeV)



Diameter D (cm

Dome B (cm) 2 3 5.5
Dome A/B 1.5 1.5 1
Wall Angle o (deg) 5 5 7
Iris a/b 1.2 0.5
Bore Radius (cm) 4 4 4

Fro/2

D/2

L/2

Beam axis




Parameter Be=0.47 Bs=10.62 Bs=10.80
Energy Range (MeV) 98.6-198.3 198.3-498.3 498.3-1008.3
Frequency (MHz) 704.42 704.42 704.42
Current (mA) 29.3 29.3 29.3
Trans. Focusing lattice Doublet Doublet Doublet
Lattice Period (cm) 300.1 608.0 810.7
Quadrupole gradient (T/m) 5.8-5.37 4.5 4.4

Eff. Length of Quad (cm) 35 40 45

Synch. Phase (degrees) -30 -23.44 -23.44
Cavities/cryomodule 2 3 4

No. of Cryomodules 35 40 51
Aperture Radius (cm) 4.0 4.0 4.0

Total length ( 762 m) 105.04 243.2 413.46




Beta geometrical

0.080.18

Number of accelerating gaps

E o MV/m

TBD

E _,MV/m

acc’

23337

Cavity effective length, cm

15332

Number of resonators

21

42

Synchronous phase, deg

-40 (first 6),
-40®-30 ramp

-309-20
ramp

Input energy, MeV

3.0

110

Output energy, MeV

15.6

402




Global Accelerator Parameters for 500 GaV cms.

Parameter Value Units
Center-of-mass energy 5010 GeV
Peak luminasity 2 103 cm—=g~}
Availability 75 Yo
Repetition rate 5 Hz
Duty cyele 05 | %
Main Linacs

Average accelerating gradient in cavities 31.5 MV/m

Length of each Main Linac 11 km

Beam pulse length 1 ms

Average beam current in pulse 9.0 mA
Damping Rings

Beam energy 5 GeV

Circumference .7 km
Length of Beam Delivery section (2 beams) 4.5 km
Total site length 21 km
Total site power consumption 230 MW
Total mstalled power ~~300 MW




Energy Range (MeV) 100.2-197.2 197.2-421.3 421.3-1016.5
Frequency (MHz) 704.42 704.42 704.42
Current (mA) 29.3 29.3 29.3

Trans. Focusing lattice Doublet Doublet Doublet
Lattice Period (cm) 304.27 607.90 810.47
Quadrupole gradient (T/m) 5.80-4.31 4.50-4.99 4.40

Eff. Length of Quad (cm) 35 40 45

Synch. Phase (degrees) -30 -35.24 -34.37
Cavities/cryomodule 2 3 4

No. of Cryomodules 12 15 23

Aperture Radius (cm) 4.0 4.0 4.0

Total length (306 m) 34.76 88.15 183.33
Norm. Trans. Emitt. 0.023-0.030 0.030-0.033 0.033-0.037




Emittance ( Pi * cm mrad)
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Accelerating Gradient in SC Linac

SMV/m 15 MV/m

DTL : 4 MW 50 MeV 3.0MW 40 MeV

CCDTL : 5 MW 100 MeV 6.4 MW 100 MeV

SC Linac :27 MW 1 GeV 269 MW 1 GeV

Total RF Power: 38§ MW 38 MW

Ion source : 2.0 m 20 m

LEBT : 1.8 m 1.8 m

RFQ : 4.0 m 4.0 m

MEBT : 15 m 1.5 m

DTL - 28.0 m 23.0 m (40 MeV)
m 70.0 m

CCDTL : 75.0
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100-1000 MeV part will be superconducting
In Phase I, 20 MeV, 30 mA Linac is being built

Development of prototypes of different sub-systems is in
progress

Although work in progress but not covered in detail are RF
power, Control systems, Diagnostics, Radiation safety, monitors,
Cooling systems, Material development, Cryogenics, Vacuum

systems, Shielding, Target and Reactor design
We have made some progress but still miles to go...........




v'Vacuum Physics and Instrumentation Division (VPID)
v’ Accelerator & Pulse Power Division (APPD)
v'Reactor Safety Division (RSD)

v'Centre for Design and Manufacture (CDM)
v'Research Reactor Design & Projects Division (RRDPD)
v'Technical Services Division (TSD)

v’ Architecture & Civil Engineering Division (A&CED)
v'Laser and Neutron Physics Section (LNPS)

v'Control Instrumentation Division (CnID)

v'Radiation Safety & Systems Division (RSSD)
v'Electronics Division (ED)

v'Reactor Control Division (RCnD)

v'Reactor Projects Division (RPD)
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