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Schematic View of the Decelerato&1 e,;';' -
K -

Precision trap

Operation frequency |108.408 MHz
Max. duty cycle 0.5%
IH-deceleration gain 4 MeV/u - 0.5 MeV/u (10.5 MV) exper'imem‘al setups @
RFQ-deceleration gain (0.5 MeV/u - 6 keV/u (1.5 MV) _ : -ﬂ
Max. Alq 3 (includes 238U92+) 5 keV*q Sty |

c []]

=, H
HCT from Double-drift-buncher IH-structure RFQ Coolertrap

ESR A/'/ \ Rebuncher / Debuncher l

— O5MeV/u — 6keV/u |

4 MeV/u
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1
108 and 216 MHz Double Drift A/4 Bund{’?—

DDB 4-gap-Buncher | 2-gap-Buncher
in 108.4 MHz 216.8 MHz
V, 250 kv 65 kV

Q, 13,700 6,700

Z.i 120 MV/m 36.2 MV/m
P 1.52 kW 1.33 kW

L. Dahl, Workshop HITRAP-ESR-2010

, Eisenach 28.06.2010
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M4 Waveguide with Capacitive Loa@“@ '
short circuit
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Longitudinal Beam Matching
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4 MeV/u
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calculated particle distribution at entrance |H-structure
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Beam Diagnostics Devices

matrix of 15x15 holes
diameter 100um
spacing 1.6mm

drift length 150mm
10-bit cooled CCD

o¢ 0.3mrad

MIRROR

SCREEN

PEPPERPOT

PNEUMATIC

LASER & OPTICS

> DRIVE

phosphorous scree)

o i
D
{‘ I'f-i';

U

Scintillation screens
based on YAG single
crystals

Capacitive phase
probes

Wire grids
Faraday cups

Diamond detector for
energy and position

Emittance meter

MCP/Dipole magnet
for energy detetction

A R e e R
Aypsuaquy yods
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Commissioning of DDB with Ne'1%* Beam
August 2007

g |
File Edit Vert HorzfAcq Trig Display Cursor Meas Mask Math App  MyScope Utilities Help mmn
95% emittance
~8 mm mrad

-

e

pepper pot emittance meter

Ne'®*. not cooled in ESR S|gn;T of dlamond detector

4 MeV/u o 108 MHZz RF signal of bun

\fh\/ﬂ\f I,\]\/A Ay r;—ﬂ
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Commissioning of DDB with Ne'%* Beam

August 2007

R e LT Bunched beam, signals of
capacitive phase probes in

front of IH-structure

Cup signal in front of IH-structure 1
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Interdigital H-Mode Drift Tube Linac Hi1o f, 108,4 MHz

5]
IH- 108 MHz Drift Tube Deceleratv‘j

Q, 25.750

Zs | 285MQ/m
E.q 4 MV/m
Lo 2,64 m

Magnetic P 174 KW

Lens
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Principle of Interdigital H-type structq{é# -r.;
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distribution of the gap voltage

L _ _ without magnetix flux inducers
|H-structure with drift tube structure and magnetic flux inducers (red) and with flux inducer with

electrical field lines optimized undercuts (blue)

TR\

U A
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magnetic field lines magnetic flux inducer

NY

axial position
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Commissioning of the IH-tank with 197Aq65** e m

+ IH commissioning:
deceleration from 4 MeV/u
t0 0.5 MeV/u

+ Energy signal on single
crystal diamond detector:

Magnetic deflection set to 4 MeV/u
File Versal Timetsse Trgger il Cusers Neass vl e Holp Zoon 'ﬁ

psae NEn Al
|

11 1

|

[
] | |

J!M«-‘WM Wt w»mmwm wwaa
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iMeV/u Pl Mailizil tise Tigge Oispley Cotvors Mewsiré Msh dnilvsi ins Help

Diamond
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Wik
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beam energy profile
on diamond detector

——4MeViu = 0.5MeVu

]
c
o 12%
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Retuning of the IH- Gap Voltage Distri{r‘#ny'»ﬁ;
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Bead Pull RF-Measurements
at the IH-structure

1 Active ChiTrace 2 nse 3 Stimulus 4 Mirfanalysis S Instr Skake
PER =21 Log Mag 5.000dES Ref -50.00dE PIEA 521 Fhase 100.0m°/ Ref 157.5°

-25.00 153.0
=1 10§.7970600 MHz -40.91% 4B

1 Active ChiTrace 2 nse 3 Stimulus 4 Merfanalysis 5 Instr Skate

=1 499,55 ms 1E7.47 *
EW: 108.4400000 kHz
cent:  105.7361480 MHz
Tow: 103.7419290 MHz
high: 105.5502650 MH=z
O: 1003.32
Tazs: =40.915 dB

beam direction

1 Center 108796122 MHz IFEW 2 kHz Span 1 MHz S| Center 107 049298 MHz IFEW 10 Hz

Span 0 Hz S
Meas | Stop | ExtRef|S

Hold | Stop | ExtRef | 4

Resonance profile with
center frequency at 108.44
MHz

Electric field (E2)
distribution

G
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Energy Spectrum of 36Kr33* (March 20 *ﬂjg? ;',‘-..
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Rebuncher and
RFQ-Tank with Integrated Debuncltb

@m

RFQ
it 108.4 MHz
o 4 mm
length 1.9m
cells 143
ya 120 kV/m
AV 75 kV

spiral type rebuncher

| 4r0d RFQ

— @ ——
HITRAP L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010



Electric and Magnetic Fields of an Rﬁ

X Electrode
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Reduction of Energy Spread ' 3 .'-,@;‘;r_.t..}

\40d
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First Beam through the RFQ-TanI% 'tuf, '
(3°Kr33*, March 2010) %

CCD camera
electric deflector

RFQ electric Einzellenses l

I A |
LI It ]

debungher

two simultaneous spots
for different settings
of RFQ phase and
amplitude

no visible change due to
different settings of
electrostatic elements

—_—p POSitive aperture test

— .@
HITRAP L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010
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Space Charge Forces Negllglbleif
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Extracted from Kapchinsky theory
for periodic channels:

phase advance:

< .
o
L

Phase advance
Space charge parameter
{

s

©

T T P DU D D O I
00 100 200 300 400 500 600 700 800 900

o= %(m —h)
2 (om)

acceptance:
High Current Injector HITRAP

Vk _ ko('/l +h? _h) U4+ U92+

2.2 keV/u 6 keV/u
25 mA 25 nA
beam radius: B =0.00217 B = 0.0036
> Vp = 0.5 mm*mrad Vp =0.2 mm*mrad
R=R, \/ h-++/1+h (norm) (norm)
h=0.22 h=0.002
- IS
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Status and Forthcoming Tasks ' ‘!q

Status:
« Beams of different ion species were decelerated from 4 MeV/u to 500 keV/u
« Beam quality and intensity meet the expectations of the TDR.

* Nevertheless, potential for improvements is given (longitudinally +
transversally)

To do:

« Beam experiments for definition of the working points (phase and amplitude)
of RFQ, rebuncher, debuncher :

needs additional installation of a Wienfilter behind IH-tank and energy
analysis by a MCP/dipole device behind the RFQ

* Increase of the diameter of the diaphragma in front of the DDB to enable
Improved transverse beam optics and hence particle transmission

» Finally, developing of a scalable data compilation comprising all values of 26
magnetic, 12 rf set up parameters, and the electrostatic lenses

— (Q) GBS
HITRAP L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010
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Beam Parameters Along the Deceleratog

HITRAPY

g > *-—
I| i) 7.7y .
| H- Re- RFQ+de—
DDB structure buncher buncher
E entrance [MeV/u] 4 4 0.5 0.5
E exit [MeV/u] 4 05 0.5 0.006
B exit 0.093 0.033 0.033 0.0036
(yy) normalized (entrance) 0.2 0.21 03 0.34
[mm mrad]
phase spread [°] entrance e 20 75 45
(accepted)
energy spread [%] entrance 0.01 3.5 5 5
o ) MRS 205 (220 0.21 03 0.34 0.36
[mm mrad]
phase spread [°] exit 20 70 300
energy spread [%] exit 35 6 5 8
Expected transmission [%] 98 70 95 85
==L

[
'fid;ﬂ'\
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Kapchinsky Theory for Periodic Chan .'eig& r,;

Assuming low beam current and smooth approximation, a local normalized acceptance
V, for each RFQ cell can be calculated from the Floquet functions, which are the
solution of the Mathieu-Hill equation for the particle motion.

2 1
szvf% Vf :?

where p is a module of the Floquet function, a - aperture (radius) of the cell, A - wave length of the
operating frequency; v, can be treated as a minimum of the phase advance o-on the focusing period.

In presence of the beam current, a tune depression of o and v, can be calculated using Coulomb parameter 4,
which combines parameters of the beam and accelerating channel:

. BA .
h=]-
oo Vp

J - beam brilliance, I - beam current, ¥, - normalized beam emittance, B - ratio of the peak current to the pulse
current, 1,=3.13-10"-4/Z - characteristic current, 4, Z - mass and charge numbers, o, - phase advance for "zero"
current, - relative velocity of particle.

— AQ o - | ga—
HITRAPT L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010




RFQ Input and Output Emittances

RFQ Decelerator, F=108.408 MHZ, U=77.5KV
NCELL=127 , NPOINT=2479 , NTOTAL=2500, Iin=0 mA
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'First Beam through the RFQ-T

i

J i _" —— - —-'-- .-
(- y 1+ —(/——

BB1: 8.5V & 0°
digital all RF off BB2: 6.1V & 150°

camera

100 200 300 400 500 600 OO B0 SO0 1000 00 GBI 70

BB1 & BB2 BB1, BB2 & IH
nee IH: 7,1V & 150° RFQ: 6,0V & 90°

FC

low energy, low intensity
MCP-based imaging detector

[ )
==
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Phase Probes b <

L) LeCroy SDA0S10 - sdaos10.acc. pei. de - Remote Deskiop

green trace - Fite Vertical Timebase Trigger Display Cursors Measuré Math  Analysiz  Utilities Halp
BB2 signal | | | |

blue trace —
BB1 signal

yellow trace —
DP4

red trace — DP3

+
Measure F1.ai@vic3,C4)

, 1,00 Vidi 500 mvidy | 1,00 Vid
0 my offsat 0V offsel Omvomsel | OriVoffest
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IH RF- problems
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blue trace — IH
phase error
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yellow trace —
IH RF envelope

red trace —
RFQ RF
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Production of Highly-charged lons | YL !__I'ﬁl; N

NILAC 11.4 MeV/u
U U28+ [ U73+
U4+
5 keV*q 6 keV/u 33
- Q
experiments cooler decelerator =
with particles K= Penning |KG—] S
at rest trap ¥
91+
U i
stripper
Hitrap operation frequency 108.408 MHz U91 +
Max. duty cycle 0.5%
Mass over charge ratio <3
Pulse length of the ESR 1.2 ps
Number of extracted particles 6*105 / pulse
IH-Deceleration gain 4 MeV/u - 0.5 MeV/u
(10.5 MV effective voltage) f
electron cooling and

RFQ-Deceleration gain 0.5 MeV/u - 6 keV/u decelera’rion to 4 M@V/U

L. Dahl, Workshop HITRAP-ESR-
201? Eis n%ch 2%.06.2 10 RS
HITRAP L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010




Iji Ilq
HITRAP — ReBuncher & RFQ uh g2

ig..

e deceleration from 0.5 MeV/u
to 6 keV/u

Installed, first beam through

= -

4 MeV/u _ 6 keV/u
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HITRAP decelerator cavities

> Beam dynamics calculations
have been carried out

> Cavity desigh with MWS
of RFQ an de-buncher has
been performed

> RFQ-tank is already

manufactured

> De-buncher cavity is being
>N built at TAP Frankfurt

- >Bo’rh cavities are fed by an \

A L existing 180 kW amplifier \ \\\ \
Matching triplet lens  \ N\ \  \

f*

for IH-structure

- Double-drift-buncher IH-structure LERT

A" S A A
{-IM L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010
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Radio Frequency Quadrupol (RFQ)

% 4 mm
z 120 kOm
Length 19m
cells 143
V.d 70 kV

> Rod design completed

is completed
> tank is delivered

» beam dynamics calculations of de-buncher

L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010
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DDB 4-gap-BuncFer I 2-g£Buncher g —I H" _ RFQ
i 108.4 MHz 216.8 MHz | f, 108.4 MHz f, 108.4 MHz
V, 250 kV 65 kV Q, 25,750 g 4 mm
Qo 13,700 6,700 Zs 285.084 MV/m length 19m
Zoss 120 MV/m 36.2 MV/m E,. 13 Alg* MV/m | | cells 143
P 1.52 kW 1.33 kW length 264 m Z s 120 kV/m

P 174 KW Viod 75 kV

V. od 75 kV

gaps 25

I=5=1L
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ESR - Rebunching at 4 MeV/u"wﬁ g

Current on Farady cup (a. u.)
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1beam from ESR

:1 IJ; ;';_v, -
HITRAP - Linear Decelerator W% R 25

Instrumentation for beam diagnostics

Beam that will be available to users: . Scintillation screens based on YAG
single crystals
type Alg<3 (U92+ .. . Ce.lpamtllve phase probes
Wire grids
ions/pulse 105 »  Faraday cups
- Diamond detector for energy and
it
energy keV/q ... meV/q position
energy spread = 0.3 meV ¢

P I—
beam to experiments

Double Drift Cooler Penning
Buncher IH RFQ Trap
j | __ a T _15' { I-rf] W e '-: Im‘!} ’
0.4 MeV/u [6kevViu 1|1 1
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e deceleration from 0.5 MeV/u
to 6 keV/u

Installed

4 MeV/u
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gsiBeamYiew_LT

BeamView 0.15 BeamView - HITRAP CAM MCP ‘ ‘ Help / Wishes ‘ Exit

| 28. Mrz 10 12:32:34 ‘ Screenshot H Expert mode ‘
| Frame count: 10

Horizontal projection Vertical projection
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B Scale image to fit screen

Basic | False-color | Projections

[ Info
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i Msg 3235: Camera is started, sending uncompressed images
28,02 2010 10108108 484 Msg 32361 Modified image sending set to) True
28,03 2010 10:0:08 6671 Msg 3237: Compressed image sending set to: False
28,02 2010 1060809, 109: Msg 323%: Projections have been enabled
28,02 2010 10:08:09 531; Msg 323%: Histagram sending set to False

+ Msg 3240: Continuous acquisition started I

| -

1 Msg 32411 Grid overlay has been enabled
: Msg 3242: Startup finished, waiting for trigoer

‘ Save lag ko File ‘ | Clear log |

Ci/Program FilesfESI Darmstadt/gsiBeamyiew, _CurrentSequence/HITRAP CAM MCP_ver_2010,03,28_12,32.25,453 _ImglD_9.bxt successfully writken,

L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010



Remember 2009

beam profile separation of 0.5 and 4 MeV/u beam on diamond

Profile auf dem Diamantan

ratio between
decelerated and
non-decelerated ions

— | \ 1:7.22

N _
/ A b VoL 12% of ions @ 500keV/u

\pg
4

Pasition des Dillrﬁﬂl'hl'l Imm

(seen 1-dimensional)
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Energy Measurement by MCP in 201@ ?

II'

intensity (a.u.)
n

-26

14

position (mm)
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HITRAP w?

@
UNILAC —_— —— & —_—
= FRS
7]
ESR
- . ¢ Cooler Linear
AL AL Penning Trap Decelerator
« g-factor of the bound electron * high-precision mass measurements
» hyperfine spectroscopy with laser « HCI - surface interactions
light « hollow atom spectroscopy

e collision studies HCI — atoms

— S
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ESR — From 400 to 4 MeV/u gﬁ’? EE

ESR cycle during ' signal:
recent experiment " |

time (s)

5..20 injection, stoch. cooling

3..10 deceleration 400 — 30 MeV/u
2..6 e” cooling, rebunching |
2.5  deceleration 30 — 4 MeV/u
2..5 e cooling, ejection

3 reset magnets

v

40 s

A

» stochastic cooling at injection energy implemented
 electron current for final cooling at 4 MeV/u increased

— AQ o - | ga—
HITRAPT L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010




HITRARglE

LEBT
(two differential
pumping stages)

Vertical
beam line

(< 10-10
_m,lgg,y;.)_

Cooler Penning

trap
-13
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The HITRAP cooler trap maanet = "

-

» SC magnet, B=6T
> Inner structure kept on 4 K

— o o) | -

L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010




bl

(e ]

Y| h‘EhhlﬁHHiﬁHﬂLﬁ : hhhhhhph,

1" iriuuihi | iiiﬁ‘ll- u

20}
S 15/
S, T
S 10
H
L |
8_ 5H4---
0 100 200 300 400
z [mm]
Questions
* space charge and frequency
shifts
- cooling times .
S —supvivalprobability — 0000 ERESI——

L. Dahl, Workshop HITRAP-ESR-2010, Eisenach 28.06.2010



cooling of Center of Mass!
“invisible" internal modes

.---H----

T

power dissipation [rel. units]

22 -
20f
18@
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14 L
12[
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02

ool v v v v
S50 5 10 15 20 25 30 35 40 45 50 55

Cooling of the axial motion
of an ion cloud (30 12C5*)*

CoM
/
_— internal motion

time [s]

*= H. Hdffner et al., Eur. Phys. ]. D 22, 163 (2003)

— [Q)
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HITRAP - LEBT & Cooler TrapL,i?

4 MeV/u

[ I RN (R R SN SN S S
0 50 W00 150 200 250 300 350 400 480

length (mrm)

I
L2
|

il

« catch the ions in flight

 cool them with combined
electron and resistive
cooling to ~ 4 Kelvin

0.5 MeV/u _ 6 keV/u | |




Beam dynamics: DDB to the RFQ

DDB buncher  IHmatching QTR TH QTR
/400 \ 300 192 =
/ N H
4 ) . O
IH tank ®
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——_— — " - -1'|'
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1100 6100 2640 18
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> Beam dynamics calculations

have been carried out
> Cavity design with MWS
has been done

>Both cavities, 4 gap 108 MHz

& and 2 gap 216 MHz are delivered

>2 kW Solid state rf-amplifiers
are already delivered

VAR IR

HITRAP buncher cavities

X

4

or IH-structure

/

1 Double-drift-buncher IH-structure LEBT

& S A A
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Harmonic buncher
XTi ﬂa ? J %
phase acceptance +5°
f =108.408 MHz
4- -9ap A4 Buncher I |1H tanki
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[}] e N
= Bunching efficiency
& < 37%

©
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f =108.408MHz
4-gap A/4 Buncher

| M
Double Drift buncher (DDB) | i 1190

5 R
i i

f =216.816 MHz
2-gap 1/4 Buncher

I / ' |
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e tanki

200
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150
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o
2 50
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HITRAP decelerator cavities ._.J ? I l

*Beam dynamics calculatlons
have been carried out
« Cavity design with MWS
has been done
« Existing re-buncher cavity
has been modified in
Frankfurt University
* |IH-structure is in manufacturing
» 2 KW solid state amplifier
already delivered for Rebuncher
» 180 kW-amplifier from GSI
equipment is ready for IH-structure

ARV

for IH-structd

1 Double-drift-buncher IH-structure LEBT

& S A A
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Commissioning beamtime —
August 2007

X-Projection
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Eeanwidth % [rm]

X-Linie Profile
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Z00M IN: Right Mouseclick

Z20M DUT: CTRL+SHIFT+Right

A

YAG fluorescence target: beam is focused!

Diamond detector: beam is bunched!

File Edit Vert HorzfAcq Trig Display Cursor Meas Mask Math App MyScope Utilities

I 200mV Q
A 500mv Q

HITRAP
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The HITRAP LINAC

Re-injection channel

IH-structure

e

» from ESR

Double drift buncher (DDB)

3 Lﬂﬁr‘ %;Lu

4 MeV/u — 0.5 MeV/u — 6 keV/u

Q{@{/////////////////////////////////////{_/{__/]/(/A
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Linear accelerator |
£ y &

© ®
ol I

Wideroe-Prinzip
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Remember 2009

beam profile separation of 0.5 and 4 MeV/u beam on diamond

Profile auf dem Diamantan

ratio between
decelerated and
non-decelerated ions

— | \ 1:7.22

N _
/ A b VoL 12% of ions @ 500keV/u

\pg
4

Pasition des Dillrﬁﬂl'hl'l Imm

(seen 1-dimensional)
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Commissioning of the IH-tank with .... iﬁ ' I'»gs
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sensitive on entrance energy
(here the case of 3.99 Mev/u)

Counts

400

1000

1600 2200 2800 3400 4000 4600
Energy [keV/u]

Setup for beam measurement of beam properties

fluorescence
screen

i

=

pepper pot
emittance meter

__..ﬁ'

diamond detectors

M Wastar fme bl
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TH-structure

Re-Buncher
(matching
section)
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H-mode (type) structures

TH-RFQ

Low and Medium - B Structures in H-Mode Operation

. f < 300 MHz
B <03

H110 H10 9\l 6
R f < 100 MHz 100 - 400 MHz A
Fl B <003 B <012 | —o—__
Q p N1V
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H 11(0) ' !
D
T
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150 - 800 MHz
B<05

IH-Struktur

CH-Struktur
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