N e = . Soreq

N

e The status of the SARAF
phase | linac

s

Leo Weissman

Soreq Nuclear Research Center
Yavne, Israel

e
EXES
(=
FRE
&

ool RuPAC 2012, September 2012

Bal L [Ht{Ta|wRelos| i [Pt |AulHglTi

L [LalcelPr Eu Dy|HolEr



Outline

Introduction SARAF Phase |
SARAF components performance/problems

ECR ion source + LEBT

RFQ
Prototype Superconducting Module (PSM)

Beam operations

Summary



= ~,Soreq r —
\%

SARAF - Soreq Applied Research
Accelerator Facility

To enlarge the experimental nuclear science
infrastructure and promote research in Israel

To develop and produce radioisotopes
primarily for bio-medical applications

To modernize the source of neutrons at
Soreq and extend neutron based research
and applications

To create the field of modern accelerator
technology in Israel




— SARAF vision in 2006

Th |
Phase | - 2006 Phase Il - 2010 rad;;n:plr‘:?
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L (m): 5 9 12 31 LINAC 2006

Phase | linac (excluding auxiliaries) was expected to be delivered as a
turn-key by the industrial company, Research Instruments, former ACCEL.

Small local group will participate in the Phase | commissioning and will
receive adequate training from the industrial partner

Phase Il built will be lunched after successful commissioning of Phase (
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— SARAF today

: Phase | - 2012 MEBT “ Beam line - 2012 » targets

Beam dumps

Phase | operational, but not all specifications have been reached

Almost complete decoupling from the former industrial partners.
Commissioning and operation by local team. Local team and its
expertise has grown considerably

Experiments at the temporary beam line

Phase Il is under intense discussion



|
E i

__...qﬂ "
Il B F ] =N - . .II = .
- e 1 ] i
iy B ﬂ' B s AT
| {L 1, ) i ey P
el R S il o
v el Y R et et bt [ i |
Ny T | g '
y :‘...-._..-__I ._.-r. ¥ ] . J -
el ACTEL o !
i ¢ | | |
3 | I 4 i gk :
" £
i £y el
. -,

...
Ewlol

RAF Phase =




wstations
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ECRIS 1 -y . ER
8 mA p/d . o ik
20 keV/u | |.
DC/pulsed |
- . I‘ N Al
| I D .
16
#?4‘;
choprer

chopper beam blocker

new beam 8
blocker/collimator




= ~.Soreq

Radio Frequency Quadruple injector

4 rods structure traps and transport Acceleration and bunching is performed
the low-energy beam by sophisticated modulation of the rods
built by NTG

RFQ works, but .... 9



Stable operation of deuterons only at low DC(<10%) 10
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—: Insight into beam loss
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Prototype Super conducting Module (PSM)

T’ ‘ *  Houses 6 x 176 MHz HWR (Half

Wave Resonator) and 3 SC 6T
* Accelerates protons and deuterons
from 1.5 MeV/u to 4 and 5 MeV
* Very compact design in longitudinal
! direction
- » Cavity vacuum and insulation
s | vacuum separated

-4 i Routinely works with

> new 4 kW amplifiers
[I. Fishman et al.

% \ %E LINAC!2]

M. Pekeler, LINAC 2006
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HWR — parameters

Frequency 176 MHz
Geom. f 0.09

L...=BA 0.15m

E... 5.5 MV/m

V.. 840 kV
Q,@E.,.. >4.7x108

Q. ~1.3x106
Loaded BW ~130 Hz

Cryo load <10 W @E,, .,

The main goal of the Prototype cryomodule is demonstration of
acceleration of high current (> 1mA) CW proton(deuteron)
beams to variable energy up to 4(5.5) MeV 13




—___HWR Microphonics measurements .

HWRs are extremely sensitive to LHe pressure fluctuations (60 Hz/mbar)

Detuning signal is dominated by the Helium pressure drift

Detuning sometimes exceeds +/-200 Hz (~ +/-2 BW)

100 He Pressure signal
H 12':'3 T T T
80 Frequency Detuning
60 m, B 120256 -
— 40 " —
= ” S om
2 20F o
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g o i © 1201 5
5 1| 5
g 201 s
g b L
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oo “L"M”l‘ 45 sec R 1 12005 -
801 | 4
-100 ; : : ‘ : : : : : L 0 a0 a0 n 20 B0
100 110 120 130 140 150 160 170 180 190 200 :
Time[Sec] Time[sec]

* Performed in collaboration with
J.Delayen and K. Davis (JLab) 14



- Deterioration of piezo ranges -
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RF couplers

500K

| Pt L
S}w?m ——

‘L‘

\ —————— —, ‘-

1011 mbar

Copper strip to 4 0K

thermal shield
for cooling

16



Coupler warming up during operation (set for 3.9 MeV)
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Warming couplers is the main limiting factor for the acceleration field values . 17
The warming effect differs for different couplers
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Significant increase of the hydrogen pressure after starting the ion source: hydrogen diffuses all way
through the accelerator till the cryo module entrance

Opening the PSM valve slightly reduces hydrogen pressure: the cryomodule efficiently pumps hydrogen

We have to improve hydrogen pumping in EIS/LEBT area 18
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— Hydrbgen built up in cryomodule

: m ﬂ ﬂ m ﬂ _@ _g B/23/2012 6:11:20 PM - 6/23/2012 6:47:44 PM [Jerusalem Standard Time)
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The build up of hydrogen on the
cryogenic surfaces at the :en:tperatl_lre
entrance to the module. potiom pipes

cavity
vacuum

7.94953— 115856— 136623— 0375e007- 435

During full or partial warm up
intense hydrogen sublimation
takes place at the temperatures i
higher than 20 K.

temperature
cavities

clts p_ai[No
ban ot p_ai [Nol
shield in chs053_tmp_ai
shield out cltz061_tmp_ai

Such massive sublimation and
consequent absorption may result
in redistribution of hydrogen

over more sensitive cryosurfaces
of cavities which would lead to
deterioration in cavity performance.
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—

FE1582— 953453— 1.20964— 0- [5

[l [] | 1 | | 1
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We plan to improve hydrogen pumping capacity in the region of
EIS (powerful ark pump) and MEBT (new chamber&getter pump)

19
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Summary on Phase | status .

1. EIS/LEBT: preforms OK
Improve hydrogen pumping capacity
Bring chopper to routing operation
Beam optics study

.

2. RFQ : major alignment problems were solved in 2010
Return to conditioning campaign to achieve CW for deuterons
If not successful consider major modification or even replacement

3. MEBT: introduction of beam scrapper improved beam operation

Improve hydrogen pumping capacity

4. PSM: introduction new 4 kW RF amplifiers and new HV

piezo tuners improved performance
Understanding and improving the RF coupler performance
Improving the couplers cooling

Stiffening cavities 20



—____=C"""Beam optics study B

: targets
MEBT Beam line |

Beam dumps

Tune of the accelerator and the beam line is done with pulsed beam.

Different diagnostics instrumentation used for tuning require different pulsed
beams parameters (duty cycle and beam intensity).

Furthermore when CW beam is operated its intensity varies within a factor ~100.
The questions asked by the accelerator users:

How well does tune performed with pulsed beam work for CW beam?

How robust is a tune for the whole range of beam intensity (0.01-1 mA)?

How sensitive is a tune for variation of optics parameters in the front-end?

21



—___=Phasing of the cavities -

" Two methods are used for

3.75

a7
s . ; .
< 3,65 & . 2
N [ i .
< 6] ® 0 °
2
o
I.ﬁ 3.55 - #RBS carbon peak
4 RBS gold peak
35 ETOF
3,45 T T r
130 150 170 190 210

HWRE phase

For RS we had thick carbon backing which
allowed for measurement of two scattering peaks.

The main sources of systematic errors are error in
energy calibration of the Si detector and
uncertainties in the target thickness.

- within ~ 20 keV.

phasing:

1.Non-destructive TOF that requires high

beam intensity ~ 1 mA
2.Destructive, Rutherford scattering (RS),

which requires low intensity ~ a few pA

Two orders difference in the beam intensity;
the results of TOF and RS are consistent

™ Carbon p% | gold peak
-

RS spectrum

400 B00 a00 1000 1200 1400

1] 200
“otalSum: 2298 Curgar 714
itart Time: 12:18:43 Courits: BE



. Varying beam intensity by LEBT parameters i

Use of a quartz viewer allows for fast study of influence of the front end
parameters on the beam optics just before the target.

Opening of the LEBT aperture is shown.

T

5 mm 10 mm 20 mm
Changing current on the 1st LEBT solenoid.

64 A 62 A

60 A "~ 58A
Varying the LEBT aperture and the LEBT 1st solenoid is used to vary the beam

intensity within a factor 100. In the first order the beam position on target does
not change with varying these parameters.

23



- Experience with the Tungsten Beam dump

The beam dump 50 micron Tungsten sheet fused to a water cooled cooper plate.
Up to 10 MeV, no activation low neutron radiation is expected.

ing effects
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Example of radioisotopes production

103 Pd production via '%Rh(d,2n)!%*Pd reaction

deuteron beam

o
e
P

nYmian nonnt YN
metal coolant

1. Silverman et al., NIM B261, 747-750 (2007)

25
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— = _ Prototype capsule test

25 micron stainless steel foil Ido Silverman et al

cooled by liquid 1 mm metal NaK ,

base cooled by water

Maximum ever applied power ~ 1 kW

Stable operation ~ 400 W 26



Vacuum protection

——target 1,0E-02

0.3
—pre-target
=——aact 1,0E-03 -
——secd + 0,25
——d-plate
—_—AT

=—fransition
—current

Current (mA)

- + 0,05
1,0E-09
1,0E-10 . . T - - 0
200 025 950 a75 1000 1025 1050

Arb. time (s) 27
The accelerator vacuum protection worked well during the tests
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Protons on Li target
"Li(p,n)’Be

000~ 7 -
Ethreshhold=1‘88 MeV I
250+ = E?;;céw beam —
- i * be;_]m _
Application of protons at LE" 200 — Maxwellian fit KT =27 keV |
~1.92 MeV produce spectrum = I
similar to a Maxwelian E 150 .
distribution at ~ kT=30 keV -
o N
> 100
This distribution mimics - I
stellar neutron spectrum, S0 N
and can be used for =

! | | | " B I
astrophysics research, as well as, 0{] 20 40 60 80 100 120 140 160
for Boron Neutron Capture Therapy measured neutron energy (keV)
(BNCT)

M. Paul et al
28
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Jet: 18 mm x 1.5 mm. LiqUid Li tal‘get (LILIT)

Lithium velocity: 20 m/s.
Wall assisted lithium jet

Lithium
containment
tank,
heat
exchanger
and Be-T cold
trap

A. Arenshtam, D. Kijel et al 29



Counts

Counts
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50

gamma-rays

background
Neutronssignal

pulser

0 200 400 600 800 1000 1200 1400 1600
Energy (channels)

High-energy gamma-ray
from Y?F(p,ory) reaction

200 300 400 500 600 700 800

Energy (channels)

First tests: Solid Lithium Target

1 Ty e LA N W

A. Kreisler

G. Feinberg PhD thesis 30
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n spectrum of d-Li with 40 MeV

Primary Target .
® (-deg
= 10-deg

Deuterons Beam 1 5 -de

4-10" n/sec/mA — 10lle_ zo-deg il
O [N 30-deg
<En> =15 MeV = 45-deg
- 60-deg
7 90-deg
Fast Neutrons 10 110-deg |-
_ >
’ 11M 18 40 MeV, 250 mA 2
h B 1B SR ‘ Lithium Converter e . _ :i;__
< ] i
EEEEE = =
f ' - 40 MeV, 5 mA = E
plfa/ ~ Graphite g
~cnnverter £ 107
O
40 MeV , 5 mA
Lithium Converter
Oth ibl : 10° —
ther possible converters: 0 10 20 30 40

Beryllium, Water, Heavy water
3 M. Hagiwara et al. Fus. Sci. Tech., 48 (2005) Neutron Energy [MeV]
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First experience with accelerated deuterons

Water flow ‘

10° n/sec
|sotropic distribution
Fast neutrons up to 20 MeV
4.7 MeV \ 4 Fast
10 pA .': neutrons
d beam 1,0E+04
150 um
LIF layer 1,0E+03 Raw neutron spectrum
S 1,0E+02
=]
o
1,0E+01
T. Hirsh PhD. Thesis "B ./
1,0E+00 |y
0 2 4 6 8 10 12 14 16 18 20

E(MeV) 32



Summary

There are still many problems at Phase | of
SARAF.The local team works hard to solve

them.

Beam operation in 2011-12 showed that SARAF
even at Phase | has potential to become an user

facility with broad scope of the applications

Conceptual design of Phase Il is done

33
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Phase Il,ANL conceptual design (2012)
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= The ion source and LEBT are in the original position
= New (RFQ) MEBT and superconducting linac

= 176 MHz $=0.09 and 3=0.16 Half Wave Resonators
= Total superconducting linac = 19.47 m

= 7 low-B HWR operating at 1 MV and 21 high- HWR operating at 2 MV
— Beam dynamics study at [B. Mustapha et al. IPAC12, J. Rodnizki et al. LINAC12]

= Total (static and dynamic) power dissipation ~ 350 W @4K
P. Ostroumov et al. LINAC12 34
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People involved in accelerator &experiments
(including students, consulters and partially affiliated personal ) :

D. Berkovits, A. Arenshtam, Y. Ben-Aliz, Y. Buzaglo,
O. Dudovich,Y. Eisen, I. Eliyahu, G. Finberg, I. Fishman,
I. Gavish, I. Gertz, A. Grin, S. Halfon, D. Har-Even, Y. Haruvi,
D. Hirshman, T. Hirsh, T. Horovits, B. Keizer, A. Kreisel,
D. Kijel, G. Lempert, Y. Luner, A. Perry, E. Reinfeld, J.Rodnizki,
G. Shimel, A. Shor, I. Silverman, E. Zemach, L. Weissman.

Phase I commissioning,

accelerator operation,

maintenance of the accelerator, ~ 20 persons
maintenance beam line,

maintenance the infrastructure,

users support,

preparation to Phase 11 35
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uality of electricity

13

2011 E
M
7 5
o3
4 o
Funds .f(.)r upgrade of | I - I " mEnm I ;
the facility UPS. BN e e T 4 3 2 4
New UPS operational o [ 12

Lie

Power breaks

in early 2013 2012 ‘ j 1o

E Months 37
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Some slides
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- Beam operation of Phase 1. Temporary beam line.

Very strong demand for the beam time

Some research can be done only at Phase I energies
during the time window before the Phase II installation.

4-jaws

TTPBIHS wire profiles collimators

targets

steers

diagnostic
Cross Tungsten BD

39
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Big Bang Li production problem

time {seconds)
L D 102 10° 10?
" protons | o :
10-2 neutrons He4
] it il
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3
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3L q®
) neutren ——
& window
i 168 = ws‘
7
ol H? s
ol T
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m-lz l 1 1 - M + 1 | |
3 x 109 1% 10° 3 X 108 108

temp erature {(kelvins}

Measure destruction rate of 'Be
via the "Be(n,a)a reaction
M. Gai et al

Li/H

baryon density Q. h?®
10-2 o
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Boron Neutron Capture Therapy

~ 109 1B

In CeﬁtOmS

1. Selectively deliver 1°B to the tumor cells.
2. lrradiate the target region with neutrons.

3. The short range of the °B(n,a)’Li reaction product, 5-8 um in
tissue, restrict the dose to the boron loaded area.

Locher G. L., Biological effects and therapeutic possibilities of neutrons, Am. J. Roentgenol, 36, 1-13, 1936.
43



Boron Neutron Capture Therapy

Sh. Halfon PhD. Thesis

44
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MEBT/PSM valve
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L
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| 3

Leak rate through the valve is ~ 3 10-¢ | mbar/s when RFQ is vented
As the consequence RFQ has to be pumped while the PSM is cold

45



—____ = Replacement of vacuum flanges

Vacuum _—

R

—
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RN
a

) pipe
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N \\%&M&\ﬁ&g&&m \\\\ \m\ \

Water
\ DA ‘\Q‘ \\\\Q
\ /11 MMM

Vacuum Flange
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Co

Water Seal
Cooling Water osp ze oling Water
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. y .
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Sore
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He processing

\

g? B HWR1
% 10 A m HWR2
: AHWR3
£ 7 HWR4
g ) ¥ !,/,l, :HWRS
Helium processing : . o HIRs

Z
0.1 | I ‘/ Q//
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y
/)‘

0.01

Epeak (MV/n:)\
up to 43 MV/im 10% DC " nominal peak field
After

1000

¥
100 A
= B HWR1
% 10 y B HWR2
= AHWR3
£ AHWR4
<
= 14 ® HWR5
c V- S 4 ll’,
& ,/k 7/ ® HWR6
0.1
yi s
0.01 n
15 20 25 30 35
A. Perry et al, SRF2009
Epeak (MV/m)



- 4 KW RF power supplies

1. Fishman, Tuesday discussion
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Accelerator tunes

Type 1 Type 2
Cavity Acceleration Phase Energy Cavity | Acceleration Phase Energy
voltage (kV) (deg) (MeV) voltage (kV) (deg) (MeV)
HWR1 —213 90 536 | HWR-H 212 95 —+—15
< HWR 2 0 0 1.536 | < HWR 2 552 30 1.86
HWR 3 646 =10 2.003 HWR 3 646 -25 2.36
HWR 4 493 -15 2.416 HWR 4 493 -10 2.81
HWR 5 697 -35 2.971 HWR 5 552 -10 3.31
HWR 6 544 -10 3.501 HWR 6 544 -20 3.82
HWR6
HWR6
4 HVRS l 4 HWRS5 £
35 HVWRA l 4 35 HVIM é
E 3 HWRSl @ E 3 HVIR?’D
g 2,5 - Ry HWR2 l . gz,s HWR1HWR2 4
w 2 l l L 4 w2 l o
159 * o 1,50 O

50 100

150

Distance PSM (cm)

200

250

-
=]

50 100

Distance PSM (cm)

from Arik Kreisel 49

150

200

250



Entries 900
Mean x 0.6269
Meany 0.02192
RMS x 2.962
RMS y 1.518

Emittance 3.7 MeV

Entries 441
Mean x -0.07888
Meany  -2.504
RMS x 2.324
RMSy  0.6593
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Ize, current and emittance

using the LEBT aperture
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Beam
Dynamics

_——=(:Soreq
Jadmmal phase space

| Z:ZZZ Qﬁgﬂ) = HWRL1 entrance: First cavity is used
o as a buncher.
% Protons 0.2 mA
= HWRL exit: Forward protons are  component 5o page  Eerey
o now less energetic.
o HWR 1 229 90 1.52
7 HWR 2 459 30 1.81
/' .. HWR2 entrerance: Only 5 cm HWR 3 459 30 214
== drift from HWR1. Forward .
== protons are still less energetic. HWR 4 79292 20 2.76
= HWR 5 833 -20  3.52
HWR 6 425 -10  3.93
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HWR2 exit: In order to accelerate
without increasing AE, it is necessary to

work at a positive phase in HWR2.
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Projectile in target power density
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chopper

Acceleration of chopped beam ™=
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The next steps:
Integration of the chopper into machine safety

Beam studies
Routing use



Coupler warming up, dependence on beam current
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Warming rate changes while operating intense current (especially coupler #3)
Understanding of the coupler warming and improvement in their performance
is in progress
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During beam operation the collimator cuts the tails of the beam (~few %) which improves
the stability of the cavity operation). The scrapped protons diffuse from collimator
surface which leads to increase of the hydrogen partial pressure during beam operation.
It is likely that the most of that hydrogen molecules end up on the cryo surfaces at the
entrance of the module.

We have to improve pumping speed in MEBT area 58
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