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Purpose of the CSR

main research field:molecular ion physics

goal: all molecular ions to have in the sawd, J=0 quantum state
« after production

in the ion source

after some T<10K
second T=300 K guantum state of all stored
storage time j=5 Mmolecules after 10-1000s
R storage timev=0,J=0
} ) J=4
J=3
vibration quantum state J=2
i _ J=1
rotational quanturatate v=0 v=0, J=0

Boltzmann distribution of the
rotational quantum states

to get all molecular ions in the same molecular quantum stae {=0) the molecular ions
have to be stored di<10 K

— a newCryogenicStorageRing (CSR) at MPIK Heidelberg
In opposite to other storage rings it ised@ctrostatic storage ring



Overview of the CSR

injection

experimenta
section
electrostatic
| lon optics
' RF/ injection
and diagnostiq™§

fully cryogenic |
(10 K) beam ling’ g

| | experimental section
rj section

,;,A electron cooler

4 '-; phase space coolif :‘, ’

circumference: =35m

beam energy: (20-300)-q keV
temperature:  10-300 K
residual gas densities:

(at T< 10 K): <20 molecules/ck

with electron cooling
m/q range: 1-160
(at E/Q=300 kV)
lowest rigidity: p*, H at E/Q= 20 kV
Bp=0.02 Tm



Electrostatic beam optics Elements

4-fold symmetric storage ring
all CSR corner sections identical

8 pairs ofquadrupoles(x10 kV, 0 =100mm)
8 6°- electrostatic deflector (£30 kV, g=120mrmr
8 39°-electrostatic deflector (£30 kV, g=60mm’
8 vertical electrostatic deflectors

39° deflector

6° deflector

39O cyllndrlcal deflector

-"——- T=',.




High voltage Isolators of 39 deflector electrodes

old design new design




Prevent of flashover

experimental isolation vacuum
vacuum modification of the high

voltage feed through

Grooves to avoid flashover

ceramic isolator of
the quadrupoles —




Electrostatic Quadrupole of the CSR

guadrupole
electrode

Inher vacuum
chamber

\"-., \ \‘l\l
N

\ \
\ .
\
\
i

usable quadrupole aperture

, i 0.005 —
’A' :

R e "- \E. 0.004
N/ i
> B 0.003 |
0.002}

0.001 |

g9(xss_,0)/g(0,s,_,0)—1

—-0.001!

Relative deviation of the field gradient in
the CSR focusing quadrupole. The

_ longitudinal coordinate lies in the middle
quadrupole hyperbolic of a quadrupole unit.

electrode profile ;=200 mm
maximum electrode voltagé,,,=+10kV 7




Lattice of the CSR

CSR corner g geflector electrostatic

guadrupole
doublet

™ Dissociative Recombination

39° deflector
AB*+e - (AB)*

39° deflector

electrostatic 6° deflector A

6° deflector
quadrupoles ]

electrostatic cone of neutral fragments

quadrupole \ \
doublet v I lg:lzcm .....................................
} a=+5cm T _\ETTE\_I\/ g=6cm
center of ECOOL £ /‘ 4

39° deflector g



Lattice calculation with MADS

MADS provides the opportunity to define Example of MADS calculation
transport matrixes by the user. Q%MHHWW
To get thebx6 transport matrixes for the Ly T Aer 77y PR R

electrostatic elements the equation of motion
was investigated analytical by solving the
differential equation:  electrical field in

dp(r(t)) _ «~ the electrostatic

T at =Q E(Q(t)) elements

with Mathematica

Cylinder deflector matrix in MADS: | | | | | |
RE:=SQRT (2.} /RHO 0 5 10 15 204 25 30 35

—
N
1

—_
o
1

o
1

Betatron function (m)

DISP:=2./RHO Longitudinal position s (m)

DEFLECIOR SEC @ MRIRIX, L=LD, RMI(1,1)=COS(RE=LD), & small horizontal beam size in the deflectors
BM(1,2)=(5IN(RE~LD))/RE, &

RM(1,6)=(1-COS (RK*LD) ) *DISE/RE/RE/BETE, &

Ri(2,1)=-SIN(RR~LD) *RK, R4(2,2)=cos(xx~1D), ¢  HQrizontal and vertical betatron functions

RM (2, 6) =SIN (RE*LD) *DISE/RE/BETA, &

P 3, andf, calculated by the MAD8-code-for
transrt tlme ﬁii:i;::ilféig,;;i;E?ffgigﬁiiiujﬂra, & the Standard Settlngs Of the GgB(:GQy 2 59
effectsmn, f. .. (e, &= (vp_sm amezn) /a -prseenzsesmmxs. COUPIING Of the horizontal and vertlcaTmotlon
ey Coupling effects were been investigated
SeFLECTOR: 1ine (2,104 (BEFLECTOR, S£,a)) experimentally and by simulatiqtater in the talk)

9



[ function and envelopes (standard mode)
COSY infinity calculation

horizontal beam envelope MADS calculation
‘ H ‘ ‘ horizontal and vertical 3 function
|
!l||| !il\.\\ll .||H\. ” CSRO70505 | 0OSI0S 09.45.52
1] u u N R
Enll
= _ .
8. 1
6. 1
vertical beam envelope .
2. 1

0.0 5 10. 15. 20. 25 30. 35 40
s [m]

0.0

i H| .
” envelopes calculation for

i
I £,=100 mm-mrad €,=100 mm-mrad

2 2

. =20 . - 2®)

B By
quadrup0|e Settings:Q1: k=5.581/M = 4.19 kV (E/Q=3OO kV)

Q,: k=-7.04 1/ = -5.28 kV (E/Q=300 kV) 10

<




Dispersion (standard mode)

COSY Iinfinity calculation
closed orbit xfor AE/E=0.01

MADS8 calculation

CSR 07.05.05

Win32 version 8.51/15 09/05/05 09.45.52
D. I ' I . I I

" 2.50
C S 225

[11] [17] (111 (1] — 2.00-
o,

Q 1.75 A
1.50 ~

1.25 -

1.00 +

0.75 A

0.50 -

0.25 A

0.0

5cm
E
E
E
[
E
E
[
E

0.0 5 10. 15, 20. 25 30. 35 4o

_ P
X.=D¢ £ = Dg max=1.04 m X.=Dy %

p,max
p,max

quadrupole settings: Qi k=5.58 1/m = 4.19 kV (E/Q=300 kV)

Q,: k=-7.04 1/ - -5.28 kV (E/Q=300 kV)
11



Determination of misalignment effects with COSY Ininity

Misalignment of the 30deflector

=4 10 horizontal deflector rotation around the y-axes
horizontal closed orbit

=
rotation | A /\ )l

axes N 5
Moo | i

3P deflector rotationa = 1°

maximum closed orbit distortion should be less themm
= alignment errora < +0.03 12



Alignment precision

\ Calculated for a maximum closed orbit shift of 1 nmm

|
element degree of freedom nominal value ~ measurements*
6°-Deflektor Rot. horiz. < 0,15° 0.095° 4= 0.058°
6°-Deflektor Rot. vert. < 0,15° 0.022° £ 0,001°
6°-Deflektor Transl. horiz. | < 1,0mm | 0,40 mm =+ 0,05 mm

39°-Deflektor

Rot. horiz.

0,000° 4 0,004°

39°-Deflektor

Rot. vert,.

0,016° 4 0,004°

39°-Deflektor

Transl. horiz.

0,20 mm =+ 0,03 mm

Quadrupoldublett

Rot. horiz.

0,000° 4 0,010°

Quadrupoldublett

Roft. vert.

0,040° 4+ 0,016°

Quadrupoldublett

Transl. horiz.

0,30 mm = 0,05 mm

Quadrupoldublett

Transl. vert.

0,16 mm = 0,05 mm

process from room temperatures belowl0 K

*Alignment change measurements of the ion optical elements duricgdahdown

13



Tracking through real electrostatic fields with G4beamline

horizontal phase space coordinates
of a single particle at observation
point obtained for several turns

G4beamline screen output

6° deflector

N\, p

\ guadupoles |
=39 deflector ' \
-0.5

0.5

x' [mrad]

A ~= Y ” B 2
-5 0 5 10
X [mm]

start coordinate
Xx=10 mm

calculated beam orbits

each element is described by theStart and observation |
field table obtained witfOSCA  Point of thephase space coordinates




Calculatlon of the field maps with TOSCA

example: 39 deflector
absolute value of electric field in the
plane of the central orbit

electrode cage

of 39 deflector

electrodes

" 1000

small mesh size

/500

region max mesh size

vacuum chamber 4 mm

electrode cage 5 mm

‘o
1000

electrodes 4 mm

around central orbit 2 mm 15



Determine of the deflection angle of the® 8@flector

Length of the electrodes changed in @v8iterations until a total deflection angle
of 3¥ in tracking calculations with a protons were realized.

deflection angle

v_ ) Vi — X coordinate of the velocity
arctam —

VZ

v,—z coordinate of the velocity
deflection angle was calculated
fromv,,v, determined with G4beamline
In a single ion tracking calculation

a=

50 g . —
ion injection & -20 0=39.0015
axis © ;
-30
440 L - ) - ) ) ) ) . i . ) l_. _' ? .. ._. -. ._ .“. -. ._ ._.._'._._. _' ._ '_'
0 500 1000 1500 2000 2500
z [mm]

16



z (mm)

Nominal and actual orbit calculated with g4beamline

800

proton orbit with reference momentum,

tracked through the S@eflector

/

600/

S~
=)
(=]

200

0
—-800

400

field free section
orbit: straight line

380

end 39 degree
deflector

center 39 degree

deflector \

-600 —400 =200 0

X (mm)

end 39

‘. deflector

.‘ /
k
\

nominal orbit (central orbit): circle with r=1000 mm

tracked reference particle is exactly on the nominal (cento#) or

17



first turn detector
/ orbit shift (first turn)
guadrupoles Ax=0.69 mmAy=0 mm !

. start tracking
« =6 deflector calculations

3P deflector X,y=0 mm
— x'=y’=0 mrad

calculated proton orbit
with reference momentum
start coordinates:

X,y=0 mm x =y =0 mrad




Determination of the closed orbit shift

horizontal phase space coordinates
of a single particle at observation
point with reference momentum

6° deflector
\ CSR |
0.5 S

/

o
guadupoles 0.0 4

ks@ deflector ‘
-0.5

G4beamline screen output

x' [mrad]

-5 0 ] 10
X [mm]

start coordinate
Xx=10 mm

calculated beam orbits
_ Ax=0.405 mm
start and observation  Ax'=-0.047 mrad

point x=10 mm




Twiss parameter at the center of a straight section

horizontal vertical
0.5
g 0.0 .
-1
-0.5
| 2
-5 0 5 10 -3 -2 -1 0 1 2 3
X [mm] y [mm]
a=—0.01856 a=—0.0217
B=12.41m B=1.40 m
y=0.08061 y=0.7143
€=6.13 mm-mrad

€=7.15 mm-mrad
guadrupole setting for 300 keV protons:

familyl: U=4.015 kV
family2: U=-5.030 kV
20



B (m)

Calculated3 functions with MADS

CHH I

CSR with IPM
14 Win32 version 8.51/15 04/05/13 15.35.52
12. ] 1 = = [~
10. - '
8. -
6. -
- l \
4. - |} 1| u |
2 ' \ L / \
v / < \ :
e . W W
0.0 5. 10. 15 20. 25  30. 35 40
_ s(m)
8:/ poc = 0. MADS8 G4beamline (G4bl)

Table name = TWISS &(:1244 m &(:1241 m
R=1.47m [(=140m -



Dispersion comparison between G4bl and MADS

0.010
0.005
£ 0.000

<
—0.005

—-0.010

closed orbit -0.004 -0.002 0.000 0.002  0.004

change Ap/Pe— relative momentum change

= dispersion [>2.1 m (G4beamline)
MADS: D,=2.06 m center straight section

22



XENV [mm]

Horizontal envelope in the CSR

Comparison TOSCA and MADS

S

CSR 04.04.06 (2.8 m)

15 f MADS8

0 5 10 15 20 25 30 35

s [m]

| Opera 3D calculations

1 start coordinate:
| lying on ellipse with

£,~8 mm-mrad

1 1on: 20 keV proton
-15 |+ ion orbits calculated with TOSCA/OPERA3D -

23



Vertical envelope in the CSR
Comparison TOSCA and MADS

S

CSR 04.04.06 (2.8 m) |

Opera 3D calculations

start coordinate:
lying on ellipse with
£,=68.1 mm-mrad

| B~=1.3m

ay:O

ijon: 20 keV proton

00 | \/ \ | _ : 1 . !
lon orbits calculated with TOSCA/OPERA3D
_30 ! ! L I 1 ] I

0 5 10 15 20 25 30 35 40

s [m] 24



Comparison of MADS8, g4beamline and Tosca simulatian

TABLE I. Betatron functions (8. 8,) and dispersion (D) in the center
of the CSR straight sections, together with betatron tunes Q.,Q, of the
CSR. Results from matrix calculations (MADS8%?) are compared to those
from all-ring tracking calculations using TOSCA?? and G4beamline.?? The
tracking calculations also yield the approximate ring acceptances A . A .
which are given for zero-emittance ion beams.

Parameter MADS TOSCA G4dbeamline Unil

i 2 12.44 12.1 12.41 m
By 1.47 1.3 [.4 m
' 2.06 2] 2.1 m
0. 2.59 2.60 2.60

Qy 2.59 2.61 2.62

A, 120 120 mm mrad
Ay 180 170 mm mrad

A, —horizontal acceptance fey -~ 0  (without consideration of magnetic field

A~ vertical acceptance fay — O of the earth) .



Influence of the magnetic field of the earth

Horizontal phase space at the center of the igjeciraight section
calculated foprotons and x.,,=-15 mm

1.0

without earth magnetic field
E=300 keV

O'OZ\J Ax= 0.172 mmdx/=-0.04 mrad

0.5

x' [mrad]

-1.0

with earth magnetic field
E= 300 keV
AX~4.69 mmdax/=-0.025 mrad

[mrad]

= =05 2

with earth magnetic field
E= 100 keV
AX~7.11 mmAx/=-0.019 mrad

P e .
-30 =20 -10 0 10 20 30
X [mm]

26



Influence of the magnetic field of the earth Il

Horizontal phase space at the center of the igjeciraight section
Calculated for proton and x~-15 mm

with earth magnetic field
E= 50 keV
Ax~ 11.55 mmax/= -0.158 mrad

— W

x' [mrad]

s 3%
-1 * . -

=2

=3

L} .
-30 -20 -10 0 10 20 30 40
X [mm]

with earth magnetic field

!
beam lost ! and proton energy of E= 20 keV

for small proton energies (E<300 keV) proton motin are not linear
at the CSR.

Effect of the magnetic field of the earth is mordess negligible
if the proton energf,> 0.5 MeV

27



Minimum Energy where earth magnet field is neglecable

transverse magnetic field
J-b — of the earth
B.ds

a

ion deflection in magnetic field of the eaﬁthB—p beam rigidity

P «— jon momentum

Bp = .
Q<«— ion charge

Magnetic field of the earth is negligible Bp >Bp,,,

—=lon energy E where magnetic field of the earth is negligible:
2

E>Ep%

E,-minimum proton energy where earth magnetic fieldagligible at the CSR:
E,= 0.5 MeV(determined with G4beamline tracking calculations)

A-lon mass
g- ion charge in units of e

For example®®Ar* with E=50 keVis well above the limit and chosen for the
first CSRbeam times carried out in the y@&X14

28



Cryostat of the CSR

' isolation

Isolation vacuum o
¢ vacuum chamber

ca. 166 mbar

|-m
[

1
| |
W .
N ;
"
. |
N y
\ .
1
i
N -
Y
1 10

- ——

—

29



The support of the optical elements

concrete block

experimental vacuum chambe

thermal anchor at 10

stainless steel meande
thermal anchor at 40

thermal anchor at 80

GFK tube

beginning of isolation vacuun

Quter vacuum chamber

80 K thermal shields
40 K thermal shields

Experimental vacuum chamber

Experimental vacuum

Deflector

Bellows
40K

thermal
anchor

NI

Isolation
vacuum

Thermal
isolator

\Bel\ow

Caoncrete support

Titanium
supports

30



Pumping at cryogenic temperatures

cold unit r

In < 10-K-operation:
cryo adsorption at 10-K-walls,
2-K cryo condensation pumps

CSR corner
Inher vacuum chambe

1.8-K-LHe 5-K-He (g)

31



Pumping in the 300 K operatlon

In 300-K-operation: NEC pump
250°C bake-out,

lon-getter pumps,

NEG pump (strips),

bake-able charcoalyo-pumps

32



High Voltage platforms

+ 40 keV platform with
positive and negative
lon sources

CSR main injector:
lon sources on a high J
voltage plat form o300 kV >

WA\

i



lon sources

+ 40 keVplatform with
positive and negative
lon sources

CSR main
injector: £300 kV.

34



Transferline between 1on source and CSR

diagnosis,

cup, quartz,slits
differential pumpigy
chopper section
steerel valve

diagnosis,
wire and cup

separation
dipole_magne

diagnosis beam viewer,

wire o SR
electrostatic electrostatic
quadrupole quadrupole  Y@V€  quadrupole

douplett triplett triplett.for
+steerer matching

+steerer
1]

35



Matching

matched horizontal phase space matched vertical phase space
at center injection straight section at center injection straight section

10

/_Closed orbit ~_

in transverse 3
phase spacg
=)

horizontal >
~acceptance -

Ax(sy -0 0
_3(%20 -10 0 10 20 30 vertical /-15 “10/ =5 0 5 10 15
xmm acceptance y(mm)

horizontal phase space of injector beam '€, - 0)

e,=15 mm-mrad vertical phase space of injector beam

€,=15 mm-mrad
matching condition:  Q,; =0, sr

a,, =a
injector—__, " YR CSR TWISS parameter
beam By =Byxcsr at the center of straight section
B, =P for injection
Vi y,CSR

remark: no dispersion matching is done 36



Mismatching

horizontal phase space direct after injection phase space of the injected particle starts
at center of injection straight section to rotate with double betatron frequency

“closed orbit™,
-In transverse:2
phase space;

—

0

x' (mrad

-1

%

CSR horizonta|
-30 -20 -10 O 10 20 30 acceptance e”pseso 9y 10 0 10 20 30

x(mm)

phase space injector beam A, (e, - 0) X .
¢ =15 mm- mrad envelop oscillation of injected
X

lon beam

3

due to non linearity's
horizontal phase space;
blow up g0

“closed orbit”
In transverse
phase space
£,=50 mm-mrad

-30 -20 -10 0 10 20 30
X(mm)

37



Single Turn injection

injector
beam

= e o
".l",-s'-f'_ -l';'p:.'.'_‘. -
P )

6° deflector
fast voltage switching

& v

Ty-revolution time
T;-injector beam pulse length

‘ T = L (example)
(1) 2
<« injector pulse
o L
- / voltage @ deflector
A o t
I(t) I
T,
t >

circulating current

38



Space charge limit of a stored Iobeam
A 21

. . . _ 2
| | incoherent tune shift: N=—"— B[P’ ¥’ &,, {-AQ)
maximum possible emittance  pessimistic q I /' T
l _ 2 ? _ AC(EX :‘Ey) ~Ax(8y - O)/Z 20 emittance AQ- maximum
€0 = 5 Ac(gx =& ) — . .
3) 1 AL (g =) <A, - 0) possible tune shift
acceptancewith:
working diagram (S=1) calculated for g=1, B=1 amtiQ=-0.1
>0 maximum possible particle number N
&, determined by _
2.9 {00 CSR acceptachgc =100mm [ mrad

Oy

I
2.8 working point 10° :
: z E €,; =10mm[mrad
2.7 10° :
/ | €,; =1mmimrad
|
|

L 107 !
| 20 30 50 70 100 150200 300
E (keV)
>3 2.6 27 28 29 30 remark: N~A-B°~E (y=1) particle number N
O valid for all single charged ionrs

~ tune shift 39



First Cryogenic operation

CSR closed In

02/ 15-ﬁﬂd-c-|

down' Sta'r?s-

= ~differéntial pUBPIR

| ..;. ?: ] :-}.
.\TL._I::. Segtlo\n

“1‘ } s
rd i

40



temperature of exp. vac. chambers (K)

300

' 250

200

150

100

50

0

Cool down of the CSR

Cool down 03/15 -

A\

AT =60 K

O\

N
A\ |
N

‘\:: N
N\

lon beams were injected and stored
during the whole cool down process

4 K

)

0 2 4 6 8 10
time (days)

12 14 16 18

20

41



Beam profiler for first turn diagnosis

viewport scheme
l.' | ¥2 kV light
+5 kV
MCP + — T P phosphor
phosphor screen . ' el Soreen
~ plate

electrons » |On beam screeing- \\ ‘
ion beam

grld = = B _— electrode _\\\grid
\/ . 5 kv\ S
~ rotational aluminium

converter

\@ & drive plate
electrode ‘}%\‘\N _ /
\. p— :
\\_O

42



Diagnostics for ionbeam injection

Injected | _ _
ion beam matching quadrupole triplet

beam profiler

beam image

profiler
destructive
measurement

43



The diagnosis section

position pickup B, horizontal and vertical
current pick-up

Schottky pick-up

= =
I

position pick-up A
horizontal and vegti

ion bes “ R

44



The current and Schottky pick-up

current pick-up g current
used to determine the absolute [} g B pick-up
injected ion number e 4 N tube
Schottky pick-up L=35cm
used to measure revolution ©=10 cm
Schottky
pick-up

45



Current pick -up

-used to measure tladsolute numberof the injected ion number (pulsed beam)

-sensitivity1C° singly charged ions measured current signal of

_an“°Ar* ions (E= 60 keV)

! R
1 | i Ty .
u(t) = XUL|(t) o “ | '_':l T N=610 measurement
V'O M b
X, signal g 02 ‘ i AL*M _ _
amplification = o /’ | simulation
— L- pick-up length 17/ T
v-velocity o “ L A
tube: ¢=10 cm, L=3.5 cm ° €aPaclty /I N é“ﬁ fihidl]
.. . t (ms)
integration over one pulse injected ion pulse stored ion pulse
T,- revolution time
1% 1 CvFU(t 0 . .
N=—/|I(t)dt= 3 j X( )dt pulse length\t is set up with an chopper
e & =5 A located in the transfer line to ISR

46



~Schottky noise spectrum

Schottky _ |
pick-up Time development of the Schottky noise

spectrum 60 keV CO, ions)

40 1 T 11 l|  pp— 11’ T
_ _ I — 120s
f=hfy=20-6 | =
35 b= ! | | ! ! 520s| _
’ | ‘ 720s
. 920s|

[
o
)

[
A
1

slip factor
A/ f standard mode

power spectrum (arb. units)

- { | “I. | -
i 4 ! _“. | I | e | |
L ‘ s ‘l“." | | ,,A.“ s ! T
sl [ L At R
s . . | - | . -
— 1 — . . . 2 L . 1 M 1 M 1 2 1 " " 1 " 1 M
=1-—=0."7 (non relativistic 1772 1774 1776 1718 1780 1782 1784 1786 1788 1790

2
yth approac h) frequency (kHz)
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Lifetime Measurements of a stored Cp beam
with Schottky noise analysis

o 10°

=

@)

o

<

s

e

(&)

N 10t ' ' ' ' '
due to nOise on 4] 200 400 200 800 1000 1200
the electrodes . time after injection (s) Ap/p=1.510°
increasing O 71| E— R R S S = S l
of Ap/p < 200} Ap/p=1 I3 e iii R R i_ . _i_ }

S 180l T . % w8y g ii é iii ;

Af/f ; 160 l s @ ......- ..... ..-. L & @ # i § i
_ Z160) | ® %% e e e® % 7%
d Ap/p 8140"‘""!!:".”””'”'l .......... e e e
1 Q. _0 200 400 200 800 1000 1200
zl_y—z =07 time after injection (s)
th

observation frequenc f = hif}, = 20-f,
48



Lifetime Measurement of stored Ag ions (E=60 ke\}

rate (1/s)

-
1=
i

-

-
o
]

-
o

-

—
9

electron detachmemkg, - Ag,+ €

\ stored ion beam
_I_I_ZT. detector

HeNe laser 633nm < 1mW neutral ion beam

neutral rate on the detector

= S B B | e

= ., T =2082.53+-19.29 s =

z laser on (offset 0.05 Hz, fit time 2500-2

= lase 3
| g i 1 1ud

O: 2500(;

3250 s)

measured life time:
1=2082s
corrected for laser depletion:
1=2500 s

49



Measurement of the residual gas density

simulation of the neutralization procesgh g4beamline
~ simulation results

fraction of ions; hitting the detector

quadrupoles 3P deflector
/
. \ 6° deflector 0.5 0.126
+€ « ) 9.1 0.119
N 23.0 0.118
electron from the ~ Neutral atoms - _
residual gas detector————— " ™ average valuqf =0.121
o- cross section for neutralization
tl singly charged 50-60 keV ions (for H,):
1 smg Yy g 5 j
R(t) =n; (1 L — Ar:6=5310"em? 0:6=3.410""cm’
¢ nvio v- velocity

n- residual rest gas density
R(t)- detector rate
N(t)- number of stored particles

measurement:

40Ar * (E=60 keV)andN=2[10:

R<10 1/s= n< 20 H, molecules/cni !!!
= vacuum life time: 1,> 10’ s=280 h = lifetime is not residual gas dependent !!!



BeamPosition M onitor (BPM)

U,
diagonal sli

CSR has 6 horizontal and tube divided in
6 vertical position pick ups (BPM)  tWo parts
injection

'v!/-l B3 g Y yT .f-‘ :
L e

beam | U, - influenced
U, signal

‘monitor(B I\/I)f |

“ l \ _|,|:gq_,';‘_
\ o - 5‘;-
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Dispersion in the straight section

pick-up measurements

closed orbit changevia
variation of all potentials bU/U

] 1 2.19
-6
§ 2 2.23
= 4
) 3 2.15
AU/ U
0
—0.002 0.000 0.002 0.004 0.006 4 2.17
AU/U
average value 2 2o
[_)X =217m 6 2.09

g4beamline simulation

tracking of particles with different
momenta and plotting the closed
orbit positionx as a function ofAp/p

0.005

0.000

X (m)

—0.005

—-0.010
-0.004 -0.002 0.000 0.002 0.004

Ap/p

D .=2.14 m
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Application of pickup measurements

determination of the horizontal and vertical tune

one pick-up amplification _
_. f,- revolution frequency
FET f, - betatron side band
fx = fO(n T qx)
Y beam: 40Art E=60 keV n- integer number
excitation of the betatron oscillation by off axis d,- non integer part of the tune
injection of the beam effective quadrupole length
spectrum of a pick-up signal The effectiye quadrupolg length
induced on a horizontal plate are determine by matching the
. . S | measured tunes with the calculated
1000} . 2t 3y tunes.
A f | result:
- 10+ fx fx X I | d . h . I —
> l l _ calculated withTOSCA: | +=0.211 m
—

0.010 quadrupole family 2/+~0.209 m
0.001

1 l 1 | measurement:
0.100 WM&M quadrupole family 1t 4=0.208 m

f (kH
Lt 53



Determination of horizontal 3, and vertical (3, functions

1
AQ, :E[IBX () [AK (5)ds MAD calculation of horizontal and
3 nUAQ, 1 vertical (3 function (standard mode)
“ 2K AU L,

horizontal tune as a function of S 10
voltage of quadrupole family 2 S 9
8.
2.90 7.
6. 4
2.85 5.
S 4
2.80 3]
2.75 2.
] A

0.0

S
)
n
~
]
~
n
o
=%
to
n
o
]
o
n

2.70
—1000 -990 -980 -970 -960 -950 -94( .
U (V) s (m)

Q,- horizontal tune

U, -voltage of quadrupole family 2 ® measured verticay, function

® Mmeasured verticalg, function

24



Comparison of measured and calculated (3 function fo
working point I

® measured verticaly function
e Mmeasured verticalSy function
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The slip factorn and momentum compactiona,

slip factorn in the non relativistic approacki- 1)

different to magnetic storage ring Y, 9amma transition parametery~,c

! 0 ,-momentum compactioral ; =
_ATT 1-Pg = 1_i f- revolution frequency Ap/p
B Ap/p - P Vo p- momentum

. . C- circumference
Y;r @s a function as a horizontal tuQg
3.0 a = | Stability diagram of CSR

P

95 C
s 1%\
2.0 d %\
=1 S0 We
[ RS R A S R a ~
self bunching o !
0 modesn<0 A2 a
(_).Oj - ‘
— ) ~10 J "
Q ~10 -5 0 5 10
k 1/n?
isochronous modewith n=0 1(Qy) ( )
unfortunately Q,=6 k,(Q,) andk1(Q,) are the quadrupole
strong resonance ! strength of quadrupole family 1 and

guadrupole family 2
56



Measurement of the sllp factorr] at the CSR

1.0

Island ﬂ

e Island C
3 - ; B :1&1’1[1 D i

MAD8 simUIation

0.0

| | | self bunching
simulation modesn<0
Island A i
Island B \ .~
Island C | | ff é |
Island D e é Y I
Island E | 5‘

—193 2

—{.5}

—1.0p

oy o

3.0 3.5 10 A5 5.0 55 6.0

on

Figure 3. The measured (markers with error bars) and simulated (gray
markers) phase slip factors for the cryogenic storage ring CSR as a function
of the measured and simulated horizontal tune (), respectively.

8th International Particle Accelerator Conference

published in _ _ ‘ 57
10P Conf. Series: Journal of Physics: Conf. Series 874 (2017) 012049




I (rel. units)

Self Bunching atn<0 observed at the TSR

pick-up voltage pick-up voltage
with beam, without rf U0=0, ECOOL on without beam, without rf, ECOOL on

0.08
0.06
0.04
0.02,
0.00
~0.02!

U (V)

t (us)

—
<

<
o

=
o)

<
=

—
o

—
o

synchrotron side band caused by
self bunching

t (us) /
dlsturbance

| = 2uA
0=4.5ns synchrotron
«———Gaussian Fit frequency
beam 12C8+
- E=50 MeV

—40 =20 0 20 40
t (ns)




intensity (dBm)

Pick-up signal meaured at f=1 MHz (h:2)A
as a function of time J

observation frequency f=1.0 MHZ ..

t=1 us

-10 Fcreation of bunches e |
: ! 0 2 4 6 8 10
-20 | II' 'II: g t (us) \
|| decay with time constant =6s  pick-up voltage
0 || |  (beam lifetimer=1400s) !
- I
| : ' spectrum analyzer
40 _ in zero span mode
| start self bunching
50 | t=0.150 s
0.0 0.5 1.0 1.5 2.0 2.5 3.0
t(s)

Injection at t=0 s and start electron cooling 59



CSR working point

working point for electron cooling to enable a lar@ incoherent tune shift

AN

3.0 . N . — .

> I region where
29 _ coupling effects
2.8 - where studied
2.7 1 experimentally
2.6 - "/
2.5
2.4 - - another working
23 point With was
29 investigated for

<] comparison
2.1 | reason
(working point II’

2.0 T I T I ! T I T T ! T I I T I T
20 2.1 22 23 24 25 26 27 28 29 QS.()
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Operation of the CSR close to the coupling resonaac
(ECOOL magnets off)
: 1.0

t } horizontally excited
Aq spllttlng IS | — e =0.64(8) - Ka/m2+ 4.8(5)

ar measure of the @ .~ |§ § vertically excited

g, = —0.85(2) - Ka/m=2—5.0(1) | |

_\qmﬂ{b | |

: el

¢ t horizontally excited
— g, = 148(8)- K;/m™2 — 7.2(4)

B ¢ 3} vertically excited 0.3
— g, =—041(10) - K;/m2+2.7(5) | |
e ' ' ' 0.2k i : . i
: h.d 5.2 5.3 5.4 2. 4 —66 —-65 —-64 —63 —6.2
Jrl'l (H’]_E_:I I{E (In—i}

Measured fractional tune valugsandq, as a function of the quadrupole strengths of
family 1 and2 close to the coupling resonance. In the left Rlet6.54 m? and in the

right plotk,=5.24 nv¥
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Explanation of the coupling effect

- | determination of the tune
+ borizontal ~°with ion tracking and FFT of x
Lol & vertical CSR tilt quadrupole
2.80 : 10, Win32 version 8.51/15 16/01/18 11.01.16
horizontal tuné T T o
o7 9. ~ d2 |q1
)
o 8 q=
. T - @tune value
> 2.70 E 6 T
: g s non integer part
: : £ ger par
S 265 Q,=3-q, .* © ;‘ of the tune
2.60 'H-‘l | 2.1
Ag = 0.03 1 +—K;=5215nm7
________ P A D _
. 0.0 T T T T T T T 1
2.55 {//I'J/ " 0.0 0.10 0.20 0.30 0.40 0.50 ?
* Q =3 .~ vertical tune * FFT of: x (m) ( 8192 points) ma;iﬁo.ﬁ?}fe%if?g
aE 1
ENE 590 5% 5.30 5.35 5.40 5.45

Ki(m?)

MADS8 simulation of the tune valu€g, andQ, as a function of the quadrupole strength
of family 1. In the simulation one of the quadrupole is rotatedbground the
longitudinal axis. { A

rotation angle not specified in the CSR degign
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CSR electron cooler — principle

principle of electron cooling: E. (eV) |ion

( | \f 163 | for 300 keV p
due to coulomb interacti
heat is transferred from the ~10 for most ions
lon beam to the electron 1 for M, = 160 u
beam

. . , electron cooling experiment at thel SR
Y ions with velocity v,

c F
: . C + —
electrons with velocity, SF CF atE=46eV,TSR data
QE. -
=
j ” i
_:::_> I/B g
products (?) ?
detector SE
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CSR electron cooler — photecathode

electrons

photo-electron

interaction
region

electro

collector

Shornikov et al., Phys. Rev. ST A, 042802 (2014)
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CSR electron cooler — magnetic guiding field

superimposed solenoid ions
and dipole field e
@ tOr0Id

electrons

_
_ i

superimposed solenoi~d1 m
and dipole fielql_/_/_i

——

photo-electron
| gun

: . y
Interaction jon peam do not pass toroid field !
solenoid « jon beam deflection itoroid
magnet cannot compensated completely
Impossible to store low energy ion bean
with low masses
* ion beam deflection isuperimposed
solenoid and dipole fieldcan corrected
electron collector completely with correction dipoles!
* very low interaction with the stored ion
beam

correction magnet
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lon deflection in one toroid magnet

usual electron cooler: ion beam has to pass an tadobeam

due to interaction with the transverse
magnetic fieldB, component the ion beam
IS deflected in the vertical direction:

horizontal

/ ion O(X )—— R, In(cosh)) deviation

N path

e /-
' _// T central orbit / .R max] e

er desi can be compensate can no'F compensated by
new cooler aesign by correction magnet correction magnets
superimposed solenoid 10NS
superimposed solenoic 1(}15 Bp-beam rigidity

and dipole field #

mm1d ions with low beam rigidity are kicked out

electrons the storage ring !

- to avoid the ion loss the ions should not interact
with a toroid field

= new electron cooler design

transverse magnetic field 8o not depend on the horizontal positicia



B,

i T i
- - _,//
o -

.
L F B
3 — A : k iy 4
L. |- A l |
= Sy . g

The CSR electronooler

i
= |
- .
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Magnets of the CSR electraooler

toroid magnet

steering copper colil pairs located
inside aluminum body for
toroidal drift compensation

iron shield

(RIAWN - =—— high temperature superconductor

== » = _l_:z— = R

-,45."“- b VB : i
e "W i cooling solenoid

High-temperature superconductor
attached onto cooled copper strips
distributes =60 Acurrents to the
magnets
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Longitudinal electron cooling of a bunched ion beam

pick-up signal as a function of time
rf system systenof the CSR beam:19F6+

lon energy: E =1.34 MeV
electron energykE, = 38.7 eV

(a)

0,16+ equilibrium profile
0,14+ 9s
0,12+ 8s .
Figure 3.28: The rf system as a {a) CAD-model and (b) photograph mounted in 'y g
its CSR vacuum chamber. The length of the slectrodes A and B are 340 mm and = TS )
736 mm, respectively, and the aperture diameter is 100 mm. C ﬂ."}‘
2 3
smpltndecontiol — o s ©
of sigmal I amplifier |~ amplifier = ﬂ na - i
I 0 ] If} = —
& EEE S IS e= S :
e = L L d § 5s ©
; i : C== s & 0
| | 7 GIUG - ‘_ﬂ/\\/—r\/A_/\nM 5
! PI controller ! — 0
i i 4 3
a a q ? 4s
| differantial !
el N 0,04 M
: rectifier | 38
Eu_‘et vahe : ~ | actual value A
0024 26
Figure 3.29: Schematic layout of the amplitude regulation system of the of system. ) M
] 1s
1 4 ; ! ! '

0,00

] ] -’-[hl | I | I ]
effective voltage: U =2U, sinf —¢ e A e 0l A8
o ) start electron cooling Time[ms] 69



First electron cooling results
of a bunched ion beam

beam width at space charge limit:

i/ 301+ 2|n(F:))|

w=C_C,
%/24T[2c480y2 h*p*U

beam:19F6+
lon energy: E =1.34 MeV
electron energyE, = 38.7 eV
lon current: | =300 nA
ion number: N = 10° particles
Solenoid field:100 Gauss
rf bunching frequency 2nd
(h=2) harmonic of revolution
frequency= 214 kHz
drifttube voltageU = 3.25 V
effective bunch voltagdJ 4=0.4 V

U=U_, = 2UdSin(T[2|d)

0

Equilibrium longitudinal beam profile

Weyp = 935 NS
Wiheo= 297.5 NS

parabola fit

10 sec after injection,
7 sec after cooling
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Principle of the longitudinal cooling time measurements

o _ rf only cooling
capacitive current pick up ue 1 u) 1 -
I(t) 1(t)
>
#llc(t) Capacity: C t
input resist
WO} )] s
A, 4
T —RF period A,
U(t)-pick-up voltage
A - spectrum ' . |
A,-second harmonic Tt ” — >
of the pick-up f M W T f
spectrum measurement:
RF frequency observation of\, as a function of time

with a spectrum analyzer in span 0 maogdle



Longitudinal cooling time of a bunched ion beam

beam:19F5+
lon energy: E =1.34 MeV
electron energyE, = 38.7 eV
lon current: |1 =300 nA
ion numberN = 10° particles
solenoid field:100 Gauss
rf bunching frequency = 2nd harmonic of revolution frequen@i4 kHz
pick-up signal spectrum measured at the second harmonic tfe rf frequency (f=428 kHz)

%‘ Teoo=1.55 S
=08y £ o081 | ,= 3.2 uA
© Tt | I - -
= 07-% | e le1= 14.4 A & | N, = 3.78 X 168 cm3
— 41 [ | — -3 o 05 €
5 i / w N..=1.7x10cm 2 — _
o 06 '\ 5! el . 2 Tcool =5s nez—nell4.5
> { i expansion o=10 S s : _
X 05l ,= 3o . - expansiono=10
Qo 7 ' ! o Ie .l
o < . ol N ")
° 1V 0 S N
MANE gul 1/

0,2 i @) I ' / I
% - Lo E o \\«'f . span 0 mode
< o Lo span 0 mode 2 | .
£ L 2 : :

B LA LS B TR B RS BT RN BEES A R . T i i i) 0'0'l'I'I'I'I'I'l'l'!'l'l'l'l‘l'l‘l

™ OOO 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 N 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

T Time [seconds] T Time [seconds]

ECOOL on ECOOL on 72



Merged beam experiment~

| = ‘j—s‘—-l aﬁ*_ _'iEl-— =
N P s w

ol =~

x o T e ] - e )
[y =, - < B = i SN
BT o/ maale - S - LT, O e

stored ions &l
lon source | !

up to E=d40 (60) keV

) =t

l!

G)
., Iinteraction region |
n .
eutral bea L \ P
- l//} i!

- =t
‘3“-— -_: ,.ﬂlﬁ
- ) —

\

detection regic

Sae3

photo-detachment

RQ Independent erc
§ Research Group| i

=4 Of H. Kreckel i P il

lon'source up to
E=q300 keV
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The reactionmicroscope
\\\\\ Division of

ax o m» . Pfeifer,
MPIK

spectrometer

reaction
microscope

injection __|
il

. electron detector

Jl stored
il ion bear

lon detector
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Thanks for your attention!

A. Becker
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Single turn injection
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pulsed injector

Single turn injection

6° deflector
fast voltage
switching

T, - revolution time

T, - injector beam pulse length
‘1>To_

=801 | injector beam pulse

»
P

AT

— ] — t

. voltage & deflector
T,-OT t

T,
‘ /

/ t

Y

circulating current
captured ions

/8



Fast switching of the 8 deflector voltage

33 kQ
500 MQ U
330 Q on

FUG 13.2 nF 200 MQ
off

o
=)

[
|
I
FUG high voltage 39 kQ I
|
I
I
I

power supply :
charging voltage / — | i
condenser  measurement Tsorf|

B0l | \/ ~ /=i T

Behlke switch !
probe
L 6% deflector

buffer electrode

signal for timing system .



Switching time of Behlke switch

electrode voltage as a function of time
|

5 | —23000
| 23200
—5000 |
| —23400
0000 400 ns | R
> T > —23600
=~ 15000 | = 23800
|
_ | —24000
20 OOO_- ) _9_0_ %_ N L\ B
—24200
—25000 !
~1 0 1 2 3 0 5 10 15
T t (us) t (us)

trigger pulse

—23 000
deflector voltage during injecti#n
—-23500 AU _ _ o _
R — =—0.01€¢ = closed orbit during injection !
< 24000
-
—24500 _
< Final voltage W=-24685 V
—25000

0 | 5 10 15 20 25
18 ms t (ms) 80

y
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Closed Orbit shift during injection injection

6° deflector change of the deflection angle byA:—a = —A—SJ =0.01¢
a

l ECOOL diagnosis straight section

TR

injecion closed orbit shift

0.0125 Wirlzj’Zlver'sior? 8.'51/{5 R 2?/]|0/]3{ ]_?.5@.24

qomo = — phase space
'S 0.0075 ] coordinate:
~ 0.0050 - x=10.6 mm
N | J
<] 0.0025 - x'=0.21 mrad

0.0 - .
-0.0025 -
-0.0050

-0.0075/~
-0.01

0.0 5 10. 15 20. 25 30. 35 40.
s (m)
theoretical injection orbit (injector beam),not realizable due to

aperture limitations in the transfer liag excitation of dipole
oscillations of stored ion beam
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Horizontal dynamical acceptance of the CSR

ECOOL OFF
Horizontal acceptance at the center of a straight section ”f ‘“
3 — P :
closed orbit bump x::{:iig |
o L at the ECOOL section 1 X=20 F
; during-injéction - .., 1 X=30 R
i ’ "ua 1 _:{1:'4:0
1 F ’ .. " . ~ ] i :
o . . ‘. . : starting point
b j £ . i ;g;;;s ’ g ; . L
= o0 f gooe 4/? . ] maximum beam Size in the
e t " SN - . 1 center of the straight section
'1 B * : - . * ) "-. '
| e L | | X |0 = 4CM
2 F oA :
f X { ions lost for x>4 cm
_3 l ] ] ] 1 [l ]

50 -40 -30 -20 -10

x [m

N .10' - '20' - '30' - '40 reason: good field region
m] of the quadrupole

dynamical acceptance at center of each straight section
A, =120mm-mrad 82



Current pickup

83



Pick-up signal of a bunched ion beam

current of the stored ion beam

| L
I(t) L(t) drift | (t) = 1(t—At)
—_— V\

tube
j—l_llc(t) Cap’acity: C

after the drift tube flight time inside the drift tube
node theorem:

LOJ [ug I@] T 1) = 1)+ (0 * 1)

o (1) = 1(t-At) +1 () +1(t)

ol . L

- - [(t—At) =1(t) ——At=1(t) — I(t)—

With bunch IUengtHb >> L (t=A0 =1(t) - (1) -1
with 1&(t) "R andl.(t) = CU(t) feitntial equation for drift tube voltage U(t)

U(t)

L . :
—1I(t) =CLU(t) +
Y

for R—oo drift tube voltage: U(t) :%%I(t) = U(t) O I(1)
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Calculated Pick-up signal

circulating beam current

i T circulating ion pulse
ooooro | IMAAAR e calculated for 107 mbar
gzzzzzz F““"r‘q‘?‘ intensity de_crease
000004, due to life-time
0.00002
Ij | LN

0.0000 Juu IRIRIRIRIRIpiRiniginl ] L L] U UL
/0000 0.0005 0.0010 0.0015 0.0020
t(s)

injection pick-up signal

L =cmm+ Y0
Vv R

U (V)

DC part

. disappeared

-0.05

0.000 0.001 0.002 0.003 0.004 0.005
t(s)

85



Comparison between calculated and measured pickgugl

calculated measured
L_j(t) = C.U(1) +_U“:' Schottky pick-up used as current pick-up
V
0200 |\ h
r P 02 ﬂ‘
0.15 N h
010 M"M\H o1 Hkhhh
> \ =
S 0.05 I =t
0.00 | — -
U] Yy
e 11 L LA ddd
0.0000 0.0005 0.0010 0.0015 0.0020 0.0005 0.0010 0.0015 0.0020

t(s) t(s)

calculated for C=400 pF
and R=1 M2
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Life time determination with current pick-up

-used to measure tladsolute numberof the injected ion number (pulsed current)
-sensitivity10° singly charged ions

pick-up signal at at107 mbar
i ‘ (room temperature) f&0 keV Art ions

h.._—— injected ion pulse

un ==L I
oYY Mhhh pulse reduction due to life time
23
— 0.0
. . 'I.
8.5% 107" | Y
8.x 1076 [ "“ﬂl"l
375107 1=3ms | 0.0005  0.0010  0.0015  0.0020
2 1.x107° ! t (s)
2 6.5%107
6.x107°" " measured lifetime at107 mbar
5.5%107°; « (room temperature operatiodarch 2014)
0.0 0.5 1.0 1.5

t (ms)
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Schottkypickup
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The Schottky pick up of the CSR

single ion interaction with

L(V) I (H)=L(t-At) _
— O the Schottky pick up
—~ tube flying time through
the pick up
resistor descrlblng l — — _ B
e Ej i \ Al =1 =1, 1= an: 3(t—nT)
_Lapacity of pick up
T / and cable to the coil (D=1 (t-At) = QZ O(t —nT +At)
Induct1v1ty "
esonant atthe observed '~ L |- pick up length
Fourier row Schottky band At = v v-ion velocity
(1) = Q( +Z cosf w, t)j T -revolution time of the ion

INOE Q( +Z cosEnw, At) [eosh w, t)+_|2_E$|n(—nw At) sin(n w, t)j

current into LC circuit Al () =1,() —1,,()  With @ =n,

Al (t) = Q% i ((1- cos@, At))cos,t) +sin(w, At)sin(w,t)) 89



Spectrum of the Schottky signal coming from a singl ion

L
L < >
\Y

At = - -
\ 1) 1(O=1,(t-A0)

Al (t) = QE > ((1-cos(, At))cos(,t) +sin(w, At)sin(w,t)) .
T n=1 resistor descnbmgﬂ ‘!r (= l Al _
the losses —t [

capacity of pick up
and cable to the coil

= spectrum ofAl, @, =N,

lnduct1v1ty

Al (w,) =$J (1-cos, ) +sin®(w,At) = ZIQJl cos(o, At) resonant at, f

f,=nf,
Al (w,) IS maximum atw,At=T, 37,

Aii((,on) isOat wAt=mIln A=t

! N

. = 2mnf.«—— revolution frequency of the ion
n 0

Integer number
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Spectrum of the Schottky signal coming from a singlion

1) I (O=I(t-At) _
’ ~ lon charge
— [ tube
resistor describingv= T ji\ l Al ()= 2\/§Q \/1_(:05(00 At)
the losses —\II—» : o \ ! _ _
U (@, \) ) Tr\\bapacny oF piigk up T revolution time
S _\_\iaﬂd cable to the coil Q value of the LC circuit
Inductivit
T resonant at f \
signal on LC circuit from a single ion U, (w,) = (SV& ZJEQ\/l—cos@nL)
\'

n

—> signal from a single ion proportion to the Q-val@e) of the LC circuit!
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Schottkysignal of the ion beam

Schottky signal from a single ion:U;(w,) = Q?Vé ZEQJl—COS@n %)

Schottky signal from a ion beamU(w ) = ZN: U, (w,)cose,)
i=1
N 2
Schotty Power: Py(w,)= (Z U. (w,) cos. )j statistical distributed
i=1

N 2
N
hence in the time average: (Z Cosq)i)j = E

i=1
we obtain for the Schottky power:

SN[ ¥21Q [ LN
R(M=0; 2—(QW Jl cos2rt )j :

mnC 0
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Improvement of noise signal ratio at resonant measurement

Ps NOise of preamplifier (resonant measurement)

P onresonarit N0IS€ Of pre amplifier (non resonant measurement)

pre amplifier: ULNA

Ppre amplifier noise Q,, value measurement

701 '
65 i 0.016+
1 0.014] measurement
TO.OIQ-
| = 0010t
0.008 _
0.006¢ flt
20+t ‘ | \
‘ 377000 378000 379000 380000\ 381000
377000 378000 379000 380000 381000 ey
f [Hz] o
Q, value :Q,=263 normal
. £ SNR Q _ 263 _ conducting
— |mprovement0 = - - coil
\/Pres/ Pnonres 65
. . 1 1
detection limit N ~ > =
SNR= 16
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Schottkypick —up of the CSR

(a) A :
- ._.BNC - Schottky pick-up

Figure 3.15: The SCHOTTKY pick-up electrode as a (a) CAD-model and (b) photo-
graph mounted in its CSR vacuum chamber. The electrode has a length of 350 mm

and aperture diameter of 100 mm.
(c)
Layout of the cryogenic
R ULNAeoutpnt— alectronic Qf the
Schottky pick-up

Schottky T [ L
= TN 4 x MA46H206
1 pFT I
! ! L 5
calibration relais control e Ued 94



Cryogenic amplifier box of the Schottky pickup
(b)

connection
to main amp.

relais
circuit board |

5K cooling
connection

clectrode
connection

resonator coil

CAD-model Photograph
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Detection Limit of Schottky pick-up

detection is possible:
Schottky power > amplifier noise in the Schottky band width:

|30(n) = 0?% > UﬁAfn U, =1nV/+/Hz «<—— noise of pre amplifier

. e Schottky spectrum
detection limit calculated fd€o, (E=60 keV) not clear visible
N=1C B g
1x10°  not resonant / I | | | '\,I_l'8' 1
5%107 measurements < . v .
QW:]' .....-"“. § %
Z %107 o =
5% 10° - O . 10.10 200 200 500 500 1000 1200 3
~ . C . Ap/p=1.910
N=2.8.10 \Ili !tlme after |nj?ctlon !(s) |
1X106 . = 220k R — freceesreseioness oo o §§§l
| 2 5 10 20 50 5 2001 Ap/ :1_1[10'3 B 'ifi' ' 'i';"; i 2
n ; 180 - p F: 9. 0 ¥ Tggv l"' ';.!l.iii! : iii iiiii § i
T cxd 1604 . L .li .!'...-.'. y l ...... L R o ol
. 8_ 140 e o3 e R e e o]
harmonic number of the .0 200 400 600 800 1000 1200
revolution frequency time after injection (s)
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Some thoughts about the pick-up length L

consider pick-up with capacity C
one single ion will produce a voltage during oasgage

in our simple model Q/C
_ | Qa(t—t,) t<t, U] i

(1) = {—QES(t —(t, +At)) t>t, \’ , s

J~tt0+t | (t') g’ / T T \ U(t) | | C ¢Ic(t)
C t

U(t) = o toHAt
induced charge distributiof(s) O/ms -RMS value of A(s)
L} > jon with 2 . — radius of the tube

1l /Charge Q Oms = yﬁ yC-SI’?JthI:VJI-SUCy

11
|
l| If L>>0s induced charge on the outside of the cylinder
|
]

L/2

Q= IA(S)Eis =U=Q/C ion velocity

L2 ~ Grms

Electrical field lines from a point charg¥oltage rise time:t,,. = y
CSR: a=5cm 6-0..=~ 20 cm better =35 cm- L/C,=0.01

rms
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ECOOL
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CSR electron cooler — Design

horizontally alignment

of the cooler electrons

photo-electron
gun

NV ele"a"'
R e € . collector.
@ P !" |“ .i‘
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Merging and interaction sections of the electron aaler

Figure 4.8: Mechanical design of the electron and ion beam merging section with
the (e) electron and (i) ion beam, (1) the last low-field guiding magnet, the toroid,
consisting of (2a) a solenoidal extension, (2b) the horizontal 90° bend, and (2¢) a
vertical 30° bending, (3) the longitudinal merging solenoid, (4) four vertical merging
coils, (5) the interaction solenoid, (6-7) two pairs of ion beam compensation coils,
(8) a charcoal cryopump, and (9) a NEG-pump.
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Electron and ion beam Interaction Section

Figure 4.9: Mechanical design of the electron and ion beam interaction section with
the (e) electron and (i) ion beam, the interaction solenoid, which is split in (1) two
47mm and (2) one 944 mm long parts, providing two 34 mm wide gaps for electrical
feedthroughs, (3) two wire scanners with (4) their rotational stages, and (5) two
crossed laser beam viewports, (6) the transverse steering coils, and (7-9) drift tube
consisting of different electrodes. 101



Acceptance Calculations with TOSCA
Envelope Calculation with TOSCA
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Determination of the dynamic acceptance

- =
| ECOOL ~
: :
\ /

the hole storage ring was
modeled with TOSCA

orbit calculation with real fields
for several hundreds turns

~ starting point

V_ VECTOR FIELDS

calculation were done
with and without ECOOL

'd \
f \ 6° deflector

3P deflector
\

- ECOOL

L ——

guadrupole

V- VECTOR FIELDS
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Horizontal Acceptance of the CSR (p 300 keV)

ECOOL OFF o
CSR Horizontal Phase Space Ellipse E;=300 keV - Sy
3 T | | | T T | | Xi: iﬁ_ﬁ
- X=10 —
2 _ #a® * % aa _ 1:20 H\
[ PECT 1 X=30 N
[ ’ Yas Xlz"j:ﬂ
Lr S T "',_ ) starting point
E - I'. r- fﬂ_h\\ * -
H ! i : L.
= o} i Y. . 1 Maximum Beam Size in the
T t N, SN . | center of the straight section
'1 B » : - . . * | ."-. -
| s | | X |0 = 4CM
2 b RS £ It :
| | ions lost for x>4 cm
_3 M PR B | MM PRI SRS S S R ST R R

50 -40 -30 -20 -10 0 10 20 30 4oreason: property of the

x [mm] quadrupole
MPI-K 06.04.06 15:43
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Horizontal acceptance and quadrupole gradient

Orbit calculations with real fields: ion lost for=4cm

gradient G(x) deviation in quadrupol®bservation point quadrupole

=)
Iél 0‘5 /
I [
~ ucfggzo Zﬁ}gi 8.51/15 09/05/05 09.45.52
D o03¢F — 4 A T , , : (
=~ O » : 3 B
—_ " —_— _] [+ ] m ]
O 02r¢ - : :
(-
LID 0.1 F S 8
< —
5’ 0} (ot
N
'0.1 ................................... [P
50 40 -30 20 10 0 10 20 30 40 50
horizontal coordinate x [mm] 0. . [10. 15 200 25 300 35 40
s [m]

X=4cm  horizontal R function
If X reaches 4 cm ions see a dramatically : :
) horizontal beam size
change of the quadrupole gradient . .
centre straight section

= tune change= ions lost due to resonances .
=~ beam size in quadrupole
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Acceptance of the CSR (p 300 keV)

Horizontal and vertical acceptance of the CSR

10

yi [mrad]
o

-10

-15

Ay

R

o

P S :&t\_."-‘

-.._. i 3 .

.. H T 1
Shee ., i L SRR 13 N

I

1

e

2

o

Lattice

-50 -40 -30 -20 5—10 0 10 20 30 40i 50

iy [mm]
Horizontal B function
Vertical 8 function
Dispersion
Acceptance horizontal
Acceptance vertical

X [mrad]

Horizontal Dispersion in the CSR straight section centre

2

Calculation done without ECOOL

Tosca

AP/P=0% ©
15 | AP /P=-1%
1 b Ooean @0 0 2%, 4 .
05 [ o 4
- E
05 |
1 f °“-"an oo -
el 0o oo
) : ; - ; :
30 20 -10 0 10 20 30
x [mm]
Linear Realistic
12.3 12.1 m
1.2 1.3 m
2.1 2.1 m
— @ mm - mrad
T @ mm - mrad
MADS calculationsT
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First design of the electron cooler

vertical ion deflection

first design of the electron cooler at CSR in the toroid fields

nnnnnnnnnnnnnnnnn

X- horizontal axis

(I)\\\ L 4?0&%
RO-X d)max \\\\
/ .
. Y \\ paih
R, A
compensation by ¥| 4&2="¥" /TX .
\ correction magnetsrr_/ cerral o1t
_ VE VECTOR FIELDS]
toroid
B, R R
vertical deflectlon5(X)-' ( )‘— > tan(—"
(Blp) R, R ax

result tracking calculationg0 keV protons can not stored & G,only
on axis ions stored at 10 G

= new electron cooler concept 107



New Concept for the CSR Electron Cooler/Target

Solenoid with magnetic

dipole field
Cooling |
solenoid Toroid

Magnetic| Correction
dipole COﬂS
field

lon beam

The deflection of low energy ioms the dipole magnetic field can be

corrected completely by correction cools. 108



lon motion of 20 keV proton with ECOOL

CSR Phase Space Ellipse r(P20k_000)

CSR Phase Space Ellipse r(P20k_001)
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Field Calculations with TOSCA
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Calculation of the 38deflector with Opera3D/Tosca

grounded

9/5/2005 151326
uuuuuuuuuuuuuuu v

e eleCtrOd e
T~ 1.500000E +004 -~

calculation done for
lons with E/Q=300 kV

0

: —
with grounded electrodes—// |

-100

- 1.500000E '

E

<
-~ Z design orbiths & | i :
¥ Vo /\ j
Q |
6=39 f ';
r :1m S ~a00 } e JJ
gap =6 cm o ot | without grounded electrodgs |
. Q | | 1
height =16 cm - 1
- -600 | ’
; 1

azimuthal coordinate 6 [deg] 111



Determination of the deflection angle of°3flector

deflection agle 64 [deg]

42 ——

41

40 |
39 |
38 |
37 |
36 |
35 |
34 L

without grounded electrodgs

©,/2 = arctan() " 40.96

Vy W|th grounded electrode

--------------------- 39. 96°

with grounded electrodes |
and trimming

Vy

ﬁ_
 / \
center

of deflector

3000 3200 3400 3600 3800 4000 4200 4400

time [a.u] 112



Radial electrical field fof the 39 CSR deflector

615 e

'c'aich'léti'o'n' —

610 |

605 |

600 |

T

595 |
central orbit

radial electric field E. [kV/m]

590 |
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980 985 990 995 1000 1005 1010 1015 1020

radial coordinate r [mm)] 113




Radial electrical field fof the & CSR deflector

312 e
310 |
308 |
306 b
304 [
302 |
300
298 |
296 |

294-""'“"**l--.l..,.,.‘.“.lik“\:
1960 1970 1980 1990 2000 2010 2020 2030 2040

radial coordinate r [mm]

o
ideal :

central orbit

radial electric field E. [kV/m]
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All kinds of subjects
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Quadrupole strength in MADS

electrostatic quadrupole

— U Q Leff
mad = 2
Ro Eo LMAD
guadrupole strength

in MADS 1
[K mad] = F

U- electrode voltage
E,-kinetic energy
Q-ion charge
R,-aperture radius

L .«-effective length—— determined with TOSCA and tune measurement

in first order transport matrix of an electrostatic quadrupokaeigransport matrix of an
magnetic quadrupole
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First turn diagnose

beam profile
-used to detect the beam on its first turn
-used to check the matching condition with
: matching quadrupole profiler 1 and2:
¥ triplet horizontal and vertical beam width at position
1_ ) 1 and2 should be equal.

R function of CSR

injected
ion beam

CSR with IPM
14 Wf'n32w::ersion 8.51/15 04/05/13 15.35.52
[ B B |
12. {1 g ) | =
0.1] B |
8. | : | 3:
6. | | : | I
PRILE % | |
« }
] |, U v b 1 I : \
2. N | 4 A
00 11 2
Yod s q00 15 200 25 300 35 40
‘< ; X s(m)
half circumference=
117
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x' [mrad]

U

x' [mrad]

| |
= oo o g e
(=] W =) ¥ o

First stored ion beam at the CSR
4O0Ar+ with E= 20...100 keV
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0.0

=05
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x [mm]

1.51
1.0
0.5
0.0
=0.5

-1.0

-15

-15 -10 -5 0 5 10 15 20

X [mm]

start coordinate: x=-15 mm

with earth magnetic field
E= 100 keV
Ax~1.22 mmax/= -0.0241 mrad

with earth magnetic field
E= 50 keV
AX~=1.47 mmAx/=-0.039 mrad

with earth magnetic field
E= 20 keV
AX~ 2.53 mm Ax/= -0.04 mrad
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Space charge limit of a cooled stored proton beam

incoherent tune shift: N = 2n [BB° Iy’ & [{-AQ)
r

P
TSR: N=5.3-10 E=23 MeV €=0.4 mm-mrad B=1= -AQ=0.065
1.x 10" .

1.x 107 | ]
| "~ assumption:

' N\ =const
Z 1.x10% | ECOCL

1.x10"

e >

1000(/ 100000. 1.x10° 1.x107 1.x10°

E [eV] IBS rate

due to large intra beam scattering raj&s,. ~ — N
£ is increased B (2" [Ap/plLg
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Tune as function of the quadrupole strength at wagrkoint Il

1.0 1.0

— .= 126(2) - Ki/m? —6.0(1) — g, =0.558(6) - Ka/m2 + 4.43(4)
— g, = —0.460(3) - K,/m~% + 2.89(3) — g, = —0.882(5) - K»/m~2 —5.28(3)

O 8 EE B0 5 50 565 T6.00 —6.55 —6.50 645 —6.40 —6.35 ~6.30
K (m™) K> (m™?)

Figure 5.19: Measured fractional tune values g, (blue) and g, (red) as functions of
the quadrupole strengths of family 1 (left column) with K5 = —6.44(9) m=2 and 2
(right column) with K; = 5.43(8) m=2 at the first working point. 120



Measurement of the momentum compaction fagfor

153.45
153.40} - ~ A o _______ : Af AU
1 1 1 | 1 i '/‘?/ : — = a p -
= 153.35 i Rasa S : f0 U
E /;/
>, 153.30 e
S 15305 A revolution
g o / b frequency electrode
R IR T S 5 O S I T R voltage
3 153150 s //I/  isseBonnalme sy
_ 1 /ﬂ i i 1 1 I i
153.10 ol ] R R
e S B g 5 ; ; 5 10

AU/U (10-3)

Figure 2. Schottky frequency measured at 10" harmonic of the
revolution frequency as a function of the variation of the voltages of

all CSR deflectors and quadrupoles expressed by AU/Uy.

published in

8th International Particle Accelerator Conference [OP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 874 (2017) 012049 doi: 10.1088/1742-6596/874/1/012049
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CSR as a mass spectrometer for charge moleca@ménts

detector located

on the central orb't}?l

A- atomic mass number
of fragments
A,-atomic mass number

triplet
setting
fixedto triplet bid
massh, scaled ‘Q,
with CSR|
T né
| .%. 6° defector off
laser
K\a h /

\

vacuun=10’ mbar
fragmentation processes

molecular

ion beam  Velocities of fragments
example: conserved: E
C,* cluster = €nergy of the fragments

all voltages

o = 1 = - ; {
T { -ugn"ﬂ?ig‘ =

scaling factor of o

-_

¥

of stored molecules
E,- energy of stored ion
beam with masa,

(=)
— —

charged fragment spectrum ofC-* cluster
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Laser tracker measurements to measure the positioof
the elements at warm and cold conditions

Abbildung 4.13: Targethalterung zur Vermessung von 39°- a) und 6°-Deflektoren b)
im warmen und kalten Zustand.
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