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Proposed TSR@ISOLDE project

to store radioactive ions for nuclear physics experiments it was proposed to move
TSR located at MPI for nuclear physics to ISOLDE.




TSR @ HIE-ISOLDE

A

HIE-ISOLDE

tilted beam-line coming
from the HIE-ISOLDE machine.
possible TSR installation
above the CERN cable-tunnel.
(E. Siesling)

TSR@HIE-ISOLDE building



Time-line of the TSR@ISOLDE project

TSR@ISOLDE workshop at MPI-K Heidelberg
evaluated the future for TSR Oct 2010

ISOLDE and Neutron Time-of-Flight Committee endorsed Jan 2012

TSR technical design report 129 co-authors (47 institutions)
EPJ Special Topics 207 1-117 May 2012

Approved by CERN Research board, May 2012

“The installation of TSR, as an experiment to be included in the
HIE-ISOLDE programme, was approved by the Research Board.

v

The timescale will be defined once the study of its Integration N o
has been completed.” =

Presentation of the integration study to the CERN Research Board Nov 2013
Several TSR@ISOLDE workshops at CERN: 2012, 2014, 2015

Updated CERN integration study with report to the CERN directorate 2016

CERN director general: decision about the TSR@ISOLDE project is postponed until
2020/2021 (after second LHC upgrade ) August/September 2016

Without getting green light from CERN MPIK can not hold the TSR so long at MPIK 4




Design Criteria of the new storage ring

a) storage ring should be able to store ions up to 238U"?*and 10 MeV/u at the equilibrium
charge state obtainable with the HIE-ISOLDE stripper.
= maximum rigidity of the ring: Bp,,, ®1.5Tm

b.) daughter nuclides with large transfers momenta, produced in nuclear reactions, should
be focused at the detector positions
— ISR spectrometer should have focal points in the detector planes

¢.) extraction of an cold stored ion beam IR USH L]l (E]] focal point 1
for an external spectrometer gas target

_ _ / focal pomt I
d) storing of heavy daughter nuclei up

to a certain rigidity deviation (ABp/Bp) 459 dipol '
_ _ |po e

created in nuclear reactions should
be possible.

quadrupoles 450 dipole

e.) storing ring should be compact to fit
in the present HIE ISOLDE hall




_ayout of the new storage ring

with straight section length L=3.5 m and circumference C=42.4 m
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ECOOL Stacking

A combination of multi-turn injection and electron cooling stacking can be used
to fill the storage ring with particles

.. compression of phase space made
principle transverse phase space  available for the next pext multiturn
\ with electr'on cooling mu'lt1tum Injection . jinjection
X X X

filled transverse phase space phase space containing
with multiturn injection the electron cooled

1on beam

particle number N(t): Ni;-injected particle number per injection

dN@) _ N n,=1/T.- injection rate
d "M g T- total lifetime

equilibrium ion number No @ Ng=n tN;,



Space charge limit due to incoherent tune

maximum possible stored ion number:  N_= ﬁ@ B-B2-v% & (~AQ)
qa’ T,

—AQ - possible incoherent tune shift for B=1 at TSR: \-AQz0.065-O.1}

new storage ring (ISR) has similar

for an electron cooled ion beam:

4 0.44 5 ) ] )
OC[Q_Z N, is o an Lo p? possible incoherent tune shifts
KCooI B cool e
= scaling law
N Measured and calculated space charge limit
N, =const i of an electron cooled ion beam at the TSR
_ _ lon E (MeV) measured calculated
i—l_on energy in MeV p 21 5.4-10° 4.1-10°
-10N Mass
ion charge state o~ %0 9410 1310
d J 126+ 73 1.7-10° 1.7-10°
TSR experiments with 12C6+: 32g16+ 195 9.5.108 6.3-10°
~ . 9
constx=7-10 3BT+ 293 5.1.108 5.8.108




Space charge limit for some selected 1on beams

( 33 /ES )1/28

2

beam energy
(M eV/u)

Space charge limit of an electron cooled ion beam  N_=const

Be” 5.109
8K r36+ 10 36+ 3.108
BRYI9* 10 39+ 3.108
19664+ 10 64+ 2.108
22271+ 10 71+ 2.108
23872+ 10 72+ 2.108

green: equilibrium charge states after the HIE-ISOLDE stripper

Result: For the equilibrium charge state after the HIE-ISOLDE stripper at 10 MeV/u
the space charge limit is about: N~2-108

Remark: For some ion species the space charge limit may not be reached due to the limitation
of the injected ion number N,

inj



Injection and measuring scheme

TC ‘ measurements TC- Cyle time

— / \ = inverse repetion
ex rate n, of the multiturn

Injection
I /‘ T electron cooling time
multi turn injections Te,-measurement time

e

Stored ion number N(t)

N(t)

initial ion number
No “~ in the cycle time T,

multi turn injections

Luminosity
R(1) R(t)- reaction rate
L(t) = o- Cross section for a reaction

o) )
with the gas target
10



Luminosity dependency on target radius R
b

gas targetsize

zero emittance ion beam interacting with a gas target

ion beam with e=0 mm-mrad and Ap/p=0
gas target with radius R

—— target thickness W= j ’ n.-ds n-gas target density

R R,-reaction rate at t=0 s
= Luminosity] L, =—2=f,-N, j n,-ds| o-cross section
o f,-revolution frequency

No- number of ions

real ion beam interacting with the gas target with radius R

target thickness w depends on horizontal ion position X

“——— ions outside the gas target will not react

- ‘ modification of maximum possible luminosity:
L :1T1- L,

lon beam gas target interaction parameter: n<1



The 1on beam gas target interaction parameter n

n depends on:

a.) stored ion beam size, characterized by the
horizontal and vertical beam emittance ¢,,¢
ring TWISS parameter, dispersion D,
and ion beam momentum spread Ap/p

b.) target radius R

C.) possible horizontal ion beam displacement X,

yl

parameter: L

z—:x,eny.S rﬁm-mrad 0.6

c,/p=2-10

= =

D,=0m 0.4

Xg=0m

standard mode 0.2
0.0

| 2 3 4 5
R (mm)«——  target radius



Time averaged luminosity L

o ~ T.-cycle time
luminosity at t=0s t-electron cooling time
T, N,- number of initial ions
J‘(n, I—o\ eV dt t-total life time
. t.-target life time
L =l t,~life time in the ring vacuum
b
with  L,=f, N, J' n,-ds (luminosity of a an ion beam with £=0 mm-mrad
| and Ap/p=0)
1 1 1 1 o
and —=—+—+ «— total life time t

T T Ty TecooL
The ion beam gas target interaction parameter ) determined the gas target life time ,

1 G —Cross section for ion loss in the gas target
b f, - revolution frequency
n.c-foja n,ds

T, —



Time averaged luminosities

Parameter: beam 8Kr3¢* E=10 MeV/u target: H,_
cycletime T,=2s )
p=5-10"1* mbar vacuum life time with ECOOL :T,=100 s
t-=0.3 s start of the measurement after injection

NO - |n|t|a| 8 % 1019 ‘
number of ions
6 10 No=N~3-10°
N% L~6-1027 cm-2s'!
§4>< s
=
|: ><lO19
/ !
0 2x1013 4%1013 6x1013 8% 1013 1x10

L time averaged luminosity n, (atoms/cm”) «——— gas target thickness

_ T -t b where total lifetime ©>> T,
in case of 86Kr3s+: L =n- C?Efo ‘N, -ja n, -ds| here Ng-stored ion number
: N, —_' N.«— injected ion

T. ™ number



L for 238U72* and He-target

Parameter: beam 238U72* E=10 MeV/u target: He
cycletime T, =25

p=5-10-Y mbar vacuum life time with ECOOL :T=19 s

t-=0.3 s start of the measurement after injection
N, - initial number of ions

1.5%10'8] nj'1.5-1018cm2st -

T L=N

7
ch% 1.0x 1018

£
2
= 5.0x10"
~

///// ! 7
0 2x1084x1036x10%8x10'3 1x10"

L time averaged luminosity

n, (atoms/cm?) «———— gas target thickness

in case of 238U"2*:  total life-time << T,

here Ny=N;,; injected ion number !!!!



ISR Spectrometer

Example: proton pick-up reaction

spectrometer

- 86 1 36+ D—> 7 Rp* + v

elastic scattered
86Kr36+

!/ 87TRp37+

detector

plane \\'

l 459 dipole 10| i

L]
-~
. ‘

quadrupoles

y (mm)

459 dipole .

Inside

sector magnets with edge angles=0 _1o| &

20 30 40 50 60 70

|—] X (mm)

SR (11 g1 spectrometer dispersion
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Standard-Mode of the ISR ring
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Focal point Il of the ISR Spectrometer

separation of reaction residues

focal

238 72+
point I U™ +y

gas target .
237 U72 +n

238U72++d_>(238u72+)*+d' (238U72+)*_>{

quadrupole 45° dipole | 20|
: 2():
quadrupole .

459 dipole

l T

ejectile angle=40°

: :72+

y (mm)

-~ )

ISR | 12 14 16 18 20 22 24 26
Win32 version 8.51/15 29/1 I/IQE 16.50.57 X (mm)
/é\ 0008 | | | | K focal [ 1 | 1 |
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ISR Mode for focal-point 1 operation

. ISR(; dispersion ISR B functions

| 1 L1 L1 |
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Slow Extraction

horizontal emittance of slow extracted beam is determined by the extraction method
and momentum spread Ap/p

mono energetic beam

septum
foil —
s 3turn
? separation
> —
D) . 7~

b U

ion coordinates
during 7 turns
at the separatrix

septum
electrode

lons are extracted along a straight

line in the transverse phase space
= ¢,~0!

—

beam with momentum spread

extracted Sepal‘atrix Ofﬂn iOn erh Septum extl‘acted
ions Ap/p <0 for Q,>2.33.... foil — 'jons
\ X’

’ : \ - /$ S ,’/ ¢ AX
separatrix of a ion — | = > 1
with central momentum T

stored cold —t / 7{
1on beam 7
separatrix of an ion with /
Ap/p >0 for Q,<2.33.. / septum
electrode

( dispersion at the septum: D=0 m, D =0).

= divergence Ax’ of extracted beam

horizontal beam size AX is given by the three

turn separation at septum position
with Ax’>0 = ¢,>0



Measured emittance of the slow extracted beam

experiment done at the TSR

beam: 12C¢%* E=73.3 MeV

Measured emittances of the slow extracted beam :
number of injected ions: N=2.7-10° (1=0.15 pA)
horizontally: €, ;=0.25+0.05 mm-mrad

vertically &yo= 0.275+0.025 mm-mrad

stored ion beam: ¢, = 0.245+0.019 mm-mrad

2
. - el 6]
emittance definition: e =—=¢ .
momentum spread of slow extracted beam:
was not measured

cooled stored beam
N=4-107

€y o= 0.02 mm-mrad
&y o= 0.04 mm-mrad

measured for
12C6+ E=73.3 MeV
and n,=8-10° cm-3

-During the extraction process electron cooling is switched off resulting in a larger emittance

compare to a continues electron cooled ion beam



Modifying the slow extraction scheme

-electron cooling has to be permanent on to cool the vertical and longitudinal

degree of freedom during the extraction process
-horizontal electron cooling has to switched off , or can be used to heat the beam

for the slow extraction process
—=combination of slow extraction with dispersive electron cooling
In the dispersive electron cooling process horizontal cooling rate is transferred

in the longitudinal degree of freedom.

Dispersive electron cooling is realized by shifting the electron beam towards the ion beam
and applying a dispersion in the electron cooler

40 T

O

horizontal

vertical

\’,’ 1

0
-10 -5

5

Horizontal and vertical cooling rate
measured at the TSR with 73 MeV 12Ct*
/ 1 a,D,
i N @ -X
\\Tx,disp/,' Tyo Po

b

\a[’):ezne/@eomevo)
n,=8-10°cm~ <<n, ., =5.6-10"cm™

—> switching off horizontal electron cooling
or to use horizontal heating is possible by

X horizontal position of the ion beam to the increasing the electron density n,

center of the electron beam



Slow cold extraction mode

[ functions
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L.

Storing of daughter nuclei produced in nuclear reactions

~cannot separated with
the ISR spectrometer

proton pick-up reaction  AXd*+ p _)-’}/0\+1Y(q+1)+\\ oy

stripping: AX A+ gas > AX I+

~r—

and cannot separated at the detector plane !

By storing the daughter nuclei ~*1Y(@*1) and electron cooling the daughter nuclei can be
separated from the stripped ions AXa*1, innl tanl tanl LAnd
example: Hﬂﬂllll[mllllﬂﬂllﬂﬂﬂll

new ring

0.05 Win32 version 8.51/15 13/02/17 16.22.23
196 H 64+ 197 65+ ‘= V- ]
g Hp o> T +y = ] _
= 047 separation of 19Hg65* and 197T65+
0.03 -
0.02 1 gas target ECOOL
0.01 1 l 196 64+ l
0.0
1 197T|65+
197T[65+ -0.01 1
T1%* after ECOOL 007 .
196 Hg85+ and -g.gj 196 g5+
1977195+ direct after production '0'05 -

0.0 5 10. 15 20. 25 30. 35 40. 45. 50.

s(m)



Direct Detection of the produced daughter nuclel

196 64+ 197 65+
Hg™ +p — Tl +y A vertical kicker i1s used to kick the

%&%ﬂiﬂwﬂjﬂﬂlﬂ% stored 1on beam towards the detectors

Hew rin

fé\ 0.05 Win32 version 8.51/15 13/02/17 16.22.23 Second experlmental Stralqht Sectlon II
= %0471 vertical kicker
0.03 - ~_, detector
ggi gas target plane 60 b
b.o 197165+ l > " 40
.01 Tl _ detector
002 £ 20 plane
-0.03 - < o
-0.04{ 196 |65+ 0 - ———————
-0.05 . Hg e stored ion beam
0.0 5 10. 150 20. 25 30. 35. 40. 45  50.
-20| 4
- s(m) 50 kVA
In the equilibrium 00 05 \1.0 15 20 25 3.0
1T S (m
number Nyoof 96T1%*: N, =Lt,0 =

_ vertical kicker
example: lifetime daughter nuclei: t;=3.5 s

average luminosity: L=10"cm™s* - N, =70
Cross section: 0=0.02 barn




Multi Charge operation of the TSR

- Storing also daughter nuclei after production needs a relative large momentum acceptance
of the storage ring
- Atthe TSR it was shown that several beams with different rigidities can be stored at the

same time Confirmation of the multi charge operation at the TSR

Schottky noise measured 12 s after injection

Res.Bu 864.8Hz[3dB]  Vid.Bu 1kHz
@ RF.ALL 18dB
< Ref .Lev Marker -185.98 dBm CF.Stp 5.0408 kHz
dispersion in the cooler: A . Ui b
' g | E |
98 2 ,
= 63/~ 25+ b3, 24 !
) ||
+~
. yp— |
=
—
)
—
N’
e
injected ion beam . |
Sueep St
E=266 MeV 674 iz Bl 6 SBBns 67374 HHz
f (MHz)

produced by stripping

produced by electron capture detectable 8 s after injection
visible already 2-3 s after injection

26



Possible location of the new storage at HIE-ISOLDE

transparency from Erwin Siesling and Stephane Maridor, CERN

-60000 -55000 -50000 -45000 -40000 -35000 -30000 -25000 -20000 -15000 -10000 -5000 : 5000

service tunnel

extension of HIE ISOLDE hall

4 -25000
I

-35000

27
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ISR lattice for S=4

R functions

LN ahine iy

S=4
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Target thickness profile of an gas jet

R.,- counting rate ion detector reaction microscope

schematic assembly Rgpy CoOunting rate beam profile monitor
ion (ion beam intensity normalization)
detector 10N beam measured at TSR with 50 MeV 12C¢* for an
Ne gas jet target
gas jet Ry O§ _[ - ds \target thickness
|
|
< > T 1 T T
lonized scanning gas Jet by 0.30¢ fit i __Measurement ;
gastarget  shifting the ion beam !
|

atom < ,
fit function for homogeneous 37 0.20 :
gas density distribution: @ B2 |
\N 1
2 2 O _ |
Rex/RBPM D \/R _(X_XO) = 0.10 :
0.05} X, !

fits very well for a homogeneous = e el 5 =2 i

target density distribution B ' N




Life time 86Kr3¢* with H, target

electron cature gas target

g = 7.85863x18 % 1/cm®

high reduced energles o = 8.14653x18 2 1remt
A = 86 £ = 36
fahl der Elektronen = @

F - 860 MeV  beta = 0.145361 Target Lebensdauer
11 12 -
= = A h
p=>5. 18 mbar n = 1.19457 18 1/m"3 ot =03
Lebensdauer Vielfachstreunung = 27987. s _Wj.z*fkiﬂflﬂﬁﬁl
Lebensdauer Einzelstreung = 884129. s N A«0938.5

Lebensdauer Capture = 581.893 s

€0 =42.4; (= Umfang =)
fo=zfF+3«108/7C0;
nt = 1+10"14; [+ target density «)

13
Elektronen Dichte = 1.88878 16 1/m"3
Elektronen Strom = 8.85 A

1
Expansion = 9.3 Tt = taotsfo’
T(REC) = 139.476 s
Lebensdauer mit ECOOL = 112.494 s ) ) ) ) )
Lebensdauer ohne ECOOL = 569.64 s Print[" 0 = ", 0, " 1/57]

Print[" Lifetime: T = ", Tt, " 5"]

f8 - 1.83289x«18° 1/s

D:\Dokumente\\Vortrage\2019 Lifetime: T - 13.716 s
CERN\Lumi\86Kr836+



Life time 238U7?* with a He target

electron cature gas target

| o = 1.88374x18 ° 1/cm’
A = 238 L =172

high reduced energies o = 2.23519x18 ¥ 1/em?

Zahl der Elektronen = 28
E = 2388 MeV  beta = 08.145361

-11 12 Target Lebensdauer
p=>5. 1@ mbar n=1.19457 18 1/m"3

450]=
Lebensdauer Vielfachstreunung = 47797. s ot = o
6
2 % Eki 16066
Lebensdauer Einzelstreung = 1.69283 18 = ﬁ::wf'—i——iii————j
Lebensdauer Capture = 96.7844 s A*938.5
13 €0 =42.4; (+ Umfang +)

Elektronen Dichte = 1.88878 18 1/m"3 fo = f+3«10~8/C0;
Elektronen Strom = 8.85% A nt =1%10~14; (+ target density =)
Expansion = 9.3 - 1 i
T(REC) = 32.1738 s T ntsotsfo’

Lebensdauer mit ECOOL = 24.1464 s

Lebensdauer ohne ECOOL = 96.5833 s Print[" f0 = ", f@, " 1/s5"]

D:\Dokumente\Vortrige\2019 CERN\Lumi\238U72+ primt{” Lifetime: T= % T © =)

f@ - 1.83289x18° 1/s
Lifetime: T = ©.8513954 =

Remark: 1:1+1+1+1

T T T, T. T

total cap strip rec target

Q=72+ is aequilibrium charge state, therefore Ty, =T.,,
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The ISR electron cooler

based on the very compact electron cooler at LSR storage ring

to cool ions with up to 10 MeV/u an electron cooler with electron energies up to 5 keV is

required
should be reduced for 10 keV/u

parameter of S-LSR cooler, Kyoto unlver3|ty/ S-L SR cooler

Electron Energy 1-5 /BéV]
Electron Beam Current 0.05-0.4 / IA]
Gun Perveance 2.2 [LP]
Cathode Radius 15 [mm]
Expansion Factor 1-3

Max Field at Cooling/Gun 0.5/1.5 [kG]
Solenoid

Field quality in cooling solenoid 104

Toroid Angle 90 °
Toroid Radius 0.25 [m]
Cooler Solenoid Length 0.8 w_ [m]
Effective Cooling Section Length 0.5 \fmj\
B-function at cooling section 1.7/2.4 [m] should be increased to 1.5 m

remark: ELENA (CERN) cooler is also based on the S-LSR cooler 3



The S-LSR Ring

'k
i
S-LSR cooler

parameter of S-LSR ring

Ring Circumference 22.557 m
Length of Straight Section 1.86 m
Number of Periods 6
Maximum Bending Field 095T
Curvature Radius 1.05m

—> cooler should fit in a straight section of L= 3.5 m.
-to decrease cooling time length of cooler solenoid should be increased.
-two beam position monitors may be possible to place in the same straight secticn.




Cooling time T, of a multiturn injected ion beam

TSR measurements

4 cm inverse cooling time 1/T_,,, as a function of 3

< > COO
40 - T .
| after multiturn normalized to ¢?/A and n,=108 cm-3
2 | injection
3207 60 T |
L)10 =
il
%0 -20 i ) - 20 40 o0 - O HeH™ N
500 ; 7 = 1:]::
w0 cooled ion = 40 ¢ + oo n
+
Zs0 1 beam — e OF
g S & C1o*
9200 |_8 30 % g Qe+ N
9 S
100 L | a I/TCOO]NI/B A (:pH_
%50 —20 «° [mm] 20 40 20 X =

cooled region

definition of transverse cooling time 0T J
| |

The cooling time is the time it takes to cool 80% 0.02 004 006 008 010 012 014 0.16
of the particles outside the cooled region into the B

marked region

= for a,,=9.6 and per =1 pperv
2

T. ., =const- s (0.03<R<0.16) A

cool ~ ' ' T — .35 because n, oc B

2
gn cooI
° q°
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Dispersive cooling



Principle of dispersive cooling

A - horizontal betatron oscillation of an ion
X
. Ap positive momentum transfer
g —> Ap. at x>0 damping of the
outward : —
X/T horizontal betatron oscillation
- TRV -
ring S new closed orbit
inward
AX=D,-Ap,/p, D,-dispersion
< A
ring negative momentum transfer
outward Ap. at x<0 damping of the
, RY Axs_horizontal betatron amplitude
ring
inward
A<p_v \/ AN new closed orbit

—gradient dF /dx of the longitudinal friction force
can damp or excite the horizontal betatron amplitude



Realization of dispersive electron cooling

gradient of the longitudinal friction force F

4F

velocity distribution v,(x) of the electron beam

te(x)
E <V >
E —
ring L_X
: : ring
mward ; outward
: \ X
' 1on beam
center of electron—

beam

creating a horizontal gradient
of the longitudinal electron
cooling force by displacing the
electron beam by X,

x>0: <v> > v

x<0: <v> < v,

chanqe_of the horizontal cooling rate:

A :—ld—G:AO,XMD

X c dt

X
AD,X ocn, D, x,

oy — longitudinal cooling decrement:
o
R I
OAv,

D..- dispersion in the electron cooler
for dispersive cooling D,=1.63 m



Multi turn Injection



Magnet system for multi-turn injection

dipole sector

magnet
¢ BM4
B quadrupole BM3
= vertical fast bump vV
corrector magnet extraction
= DS slow bumb %
[] bumber magnet septum
slow bumb
HAgRal fast bum injection
| valve p

magnet

\\A’BMZ

slow bump magnets: providing a time independent closed orbit shift towards the
electrostatic septum of Ax=~2.5 cm

fast bump magnets: providing a fast shift of the closed orbit towards the electrostic
septum of Ax = 2.5 cm, BM1,BM4 large fast bump magnets,
BM3,BM4 small fast bump magnets
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Injection orbit (standard mode)

injection

BULLEER I Aen i

ISR | | ]
ij’Zlversmn 8 5!/115 21/]1/19 14 32 49
E 0.050 : g :i .I - b.
0_045 | | slow bump magnet l'll ‘ BM4
: : i | - providing time independent
0.040 - | | deflection of the closed / "BI\/IS
0.035 - : : I : orbit towards the septum I
" | : | : : fast bump .
0.030 A | | 1|1 fast bump magnets: magne: " e""ac"‘m
1 I slow bumb ——
0.025 i | | i i zl\l\ﬁ, smzz%jlvls,:w i < e
) | - 5,=27.4 mra ;
0.020 1 [ s | BM2: 8,20.00028 mrad I N
0.015 | | BM3:3,=0.00028 mrad fast bump "‘Jec‘"’“
1 BM4: §,=27.4 mrad MIABHES s
0.010 - | | 4 ' BM2
| BML] | BM4 v\’
0.005 ’ — smmm}— g BMI
0,0 T T T T T T T T T :
0.0 5. 10. 15. 20. 25 30. 35 40. 45. 50.

s (m)

D:\Dokumente\Vortrage\2019 CERN\S=2\12.11.2019\f I"\Injektionsorbit 11 21.11.2019



Place requirements of injection and extraction straight section

determination magnetic septum r=2000 mm  remark:

: : 250
Istralghht il o _ extraction section
engt \ Injection orbit similar to injection

200 \ sean widih section

slow bump
magnet (C-Magnet)

/

/
slowbump N A electrostatic septum:
magnets for ca) deflection angle 50 mrad
closed orbit = T
SATEZO%]; cm\* 2 = .
| —1.0 —0.5 E 0.0 E| 0.5
3 8| !
> - :
g = E S (o) ‘1| center straight
2l | 2 'section
S| S| S ea. 1.5 m |
* >

length of injection extraction straight section: L > 3 m= minimum length =3.5m
a4



Preliminary data of the injection components

length

gap

max voltage U
deflection angle

U for 10MeV/u and
Alg=3.5

600 mm 175 mm
25 mm o ~ 80 mrad
150 kV BPax 1.5Tm
50 mrad Bfor1l.5Tmand 0.66T
147 KV AX=2.5 cm

number 4

E for 10 MeVV/uand 5.88 MV/m

A/q=3.5

instead of using two magnetic septum's

_ (like TSR) to simplify the injection

a

BPmax
B for 1.5 Tm

2000 mm Minimum Length of injection and
~ 350 mrad extraction straight section = 3.5 m
1.5Tm
075 T
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Multiturn injection at TSR@Isolde

transverse phase space

0.004

0.002
E 0.000
™
-0.002
—-0.004
-0.02 -0.01 0.00 0.01 0.02
X [m]
Q,=2.8 Intensity increase:
2.
e=4 - 1=30-1;
mrﬁ-mrad efficiency

Hie Isolde beam
typically emittance
at 10 MeV/u

~ 0.5 for injector
beam with pulse
length t=60 turns

acceptance
A:1120 mm-mrad

o W
W O

intensity (1 /fiyj)

= = =
A (o)) o]

capture efficiency

S
<o

3]
(=)
()

Intensity increase

Iz30'Iinj/.}.ﬁ‘.w

[
n

t = 60 turn

_.
o
..

turn

capture efficiency

. : v o5

collisions with ] | “\

the septum foil- 1a+** N
- (WA

\ o
) collisions with, . 1
the acceptance \:

0 10 20 30 40 50 60
turn

—_——




Multiturn injection at TSR@]Isolde

= S o
-~ (o)} oe}

capture efficiency

=
o
'.

=
e}
([ ]

£~0.8 o
....... '!".;.:.'.3'. o ...._._._
1 At=length -

Injector pulse ;| °

.
< n
< ”]

10

closed orbit at
the septum foil

20 30 40 50 60

turn

At = 25 turns
typically =~ 30 us (10 MeV/u)

transverse phase space

0.004

0.002

0.000-.-.

X'[rad]

-0.002

—-0.004

-0.0/ -001 0bo 001  0.02
X [m]
1

€= 4 mm-mrad
Q,=2.8

closed orbit 2

If At £ 25 turns = = 80 % of the injected ions can be captured



Proton Pick-up reaction



Proton pick-up reaction at ESR

96RU44++p—) 97Rh45++y

H, Quadrupole Pocket
doublet

%Ruw_.g-_-_-_-_-_-. horizontal residue distribution
400—— Experiment at 11 MeV/u
Ge X-ray - == Simulation at 11 MeV/u
detector 300~ —— Simulated for (p,p)

21.5 mm Simulated for (p,n)
- —— Simulated for (p,o)

vl
et
§200F — Simulated for (p,7)
v

|

detector detector

Silicon Il Silicon

— M = =
40 60 80 100 120
X_position (mm)
Disadvantages: - no separation of different reactions
-very broad Rutherford scattered ion distribution with interfere

with daughter nuclide from p,y reaction

To improve the situation

-To separate Rutherford scatted ions from daughter nuclei a focal point
at the detector position is required
- Large separation of different reaction products at the detector location 49



Initial parameters for proton pick-up reaction

Residue
PDGID = 1888378878 86 K 36+ 87 37+
> +p— ""Rb*" +

ir = 37 p y
Ar@ - 87 (# main beam &)
Ionen Masse = B86.8931 AB = 865 (+ Massennumber =)
Main beam q = 36j
7 - 36 Z=ai

EuA = 18; (= in MeV/u %)
q = 3b6
AB - BB EX=0.5%10"(-6); (= horizontal emittance of stored ion beam in m=rad =)
Ionen Masse = 85.8969 Ey=0.5%10"(-6); (+ vertical emittance of stored ion beam in ms#rad =)

E, - 858.009 Mev px = B.189; (+ horizontal beta function in m at target position =) (% S=4 *)

117547 Hey By = 3@; (% vertical beta function in m at target position =) (+ 5=4 =)
p = . eV /c

o =Y pAuxex «1000; (& rms value of x in mm =)
% /P = 2.35034 MeV/c c}r:‘\fﬁ*l@@@; (# rms value oy y in mm =)
Bo = 1.88315 Tm cax:'\m_; (# rms value of x' in rad =)
Proton Referenz Beam cay:'\m; (# rms value oy yv' in rad =)
proton momentum p = 326.519 MeV/c opup = 2. #10~ (-4} ; (* rms value of momentum spread =)

Ring setting
xshift = @; (+ horizontal shift ion beam =)

Dipol field - -@.347088 T yshift = @8; (= vertical shift of ion beam =)

Quadrupol Gradient Q1 = -2.4522 T/m
Quadrupol Gradient Q2 = 3.13873 T/m
(= Target =)

Target: R = 2 mm Rt = 2; (+ Target Radius in mm =)

Target: xt = & mm Dispx = @« 1000; (+ Disperion in the target position in mm )
Target: D, = 8. m ¥0T = @; (» Target Position in mm =)
. (# Ring )
fahl der Teilchen - 18 R=1.15; (+# Radius Dipol Magnet =)
Memi = 8.552688 Leff = 8.25;

K1 = -2.251478; (+ Quadrupol Familie 1: QDX1 =)

Version - 13.7.7819 K2 = 2.881817; (+ QuadrupolFamilie 2: QFX1 =)



Proton pick-up reaction
with stripped 1on beam



gas target

Proton pick reaction with stripped ion beam

example: °Ru%* + p — 9’Rh*%* + v proton pick up reaction

96Ru39+ + gas N 96Ru40+

second experimental
straight section

Uﬂmﬂuluﬂmﬂ”

stripping reaction

second experimental straight section

AX=6.2 mm

electrostatic
100" septum with
E=6 MV/m

stripped ion: ®°Ru*0*

septum foil

new ring

Win32 version 8.51/15 15/02/17 10.37.56
0.08 e 200
0.06.0as target -envelope of injected

-ion beam €=100 mm-mrad
0.04 - é 150
0.02 1 =
0.0 septums foil §
-0.02
-0.04 50
electrostatic| ———
-0.06 1 septum 0
-0.08 : . — ; . . ;
0.0 5.0 10.0 15.0 20.0 25.0 0.0
s (m)

[

\

97TRKA0+ + 9BR 40+

daughter

P

stripped ions

nuclei

0.5 1.0 15 2.5 3.0

S (m)

2.0

deflection of 6Ru%* + 37Rh40+

out the ring with a magnetic septum
and separation with an external
spectrometer ?



Proton pick up reaction with 1%Hg*



Proton pick-up reaction with Hg

before injection Hg ion beam will be stripped in the HIE ISOLDE stripper at 10 MeV/u
charge state distribution of Hg after stripping at 10 MeV/u

— -/ calculated with LISE

— — 1-Leon

——————— 2-Shima

—-— 3-GLOBAL+W
—--—- 4-GLOBAL+L

§F'ragment'energy =10.0 MeV/u

equilibrium charge state
q=62-66

assumption

optimum charge state
g=64

Hg is not bare !
number of electrons: 16

fraction (%)

yield of the production of 1%Hg*
at ISOLDE ~ 7-10° ions/uC

| ; = ring can be filled up to
25 52 56 ;6“0 54 56 72 76 the space charge limit:

charge state g N, ~ 2.2-108 1%Hg64* jons for
E= 10 MeV/u >4



Time averaged luminosity

Parameter: beam '%Hg%* E=10 MeV/u target: H,_

cycletime T,=2s )

p=5-10"1* mbar vacuum life time with ECOOL :T,=10s
t-=0.3 s start of the measurement after injection

43¢ 1O

electron capture target: o = 6.505 <10 21 cm?

~3x10" A mﬂ“’“—z} reasonable values
]:4 n o= 0.7

T target Life time: <t©. = 5.33837 s

g/ 2% 101() vakuum + ECOOL time: <©. = 1@ s

Z: total life time <t = 3.477 s

= 1x10"Y C/Ng = 1.77865x10 cm2s™?

fg= 1.83 MHZ

0 2R 10" 4210 610" B8x 10" 1x 10"
n, (atoms/cm?)

Lifetime should not depend on resonances: Ng<<N, ~ Ng=2-10°
choose N,=5.65-10" = L=10*1/(cm’s)



Storing of the daughter nuclel



Proton capture reaction for the astrophysical p-process

AXa++ p— A+LY (g+1)+ 4 Y AXa* - stored main_ ion
g- charge state main beam
A- mass number
ALY @D+ _daughter nuclide
p- proton from hydrogen target

1. Nuclear reactions
momentum conservation A myv, =(A+1) mgv

AV

v=—2"

(A+1)

rigidity daughter ion Aty @)+ = Bp= P

A mv
Q (a+le, °° %
2. lonization projectile: AXa+ — AX@)* + ¢
rigidity stripped ion AX@D+  Bp=P = A mv m

Q (g+le, °° S.ﬁﬁ
= rigidities of AX(@*D* and A*1Y(@++ are equal 0
= AX@ )+ and ALY @D+ can not separated with magnetic fields !
= AX@*D*+and ALY @D+ jons are at same detector position
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Proton pick up reactions by storing daughter nuclei

example: Hg®*" +p — TI%*
daughter nuclei T1%5* should be kept and accumulated in the storage ring

—> storage ring has to operate in an achromatic mode with D,=0 m in the gas target to
avoid excitation of betatron oscillations of the daughter nuclei:

+7v 16 electrons are left !

production of daughter with ABp/Bp
betatron oscillation betatron oscillation

Achromatic mode

of primary ion gasljet of daughter nuclide D max smaller compare to TSR
lnnl — Inpl 1
Ax=D, ABP HHH—HHH
Bp 2 50 Vr\]/?r%élggersilon 8'5.1/15 , . . 113/02/17 1.2'43'09
\ \i S 225
-fo = 2.00-
I : A 1.751
1.501
closed orbit of \/ / 1.251 gas
primary ion 1.00- target
closed orbit of il
: 0.50-
daughter nuclide 0.25
for Dx0 m 0.0

0.0 5. 10. 15. 20. 25. 30. 35. 40. 45. 50.
S (m
(m)



Shift of the 1on orbits by electron cooling

reaction:

direct after injection: V(TI®Y) < v,

V(TI®) > v,

AB 1
change of the rigidity of TI%*: P_.

with electron cooling:

%
Bp q+l

Hg*" +p>T

V(Hg™") =v,
V(Hg®") =v,

- A(1+q)

I 65+

Ty

v, -electron velocity
65+

v(Hg**) — velocity of Hg
v(TI%®*) - velocity of TI1®*
A- mass of main beam

g- charge of main beam

A-q

new ring
Win32 version 8.51/15

13/02/17 12.43.09

main beam after
electron capture

horizontal position (m)
o
o

daughter nuclei
aftcr @tnppmg L

scraper

measurement of luminosity
detector i

ghter nuclei
after e- capture

daughter nuclei
after cooling |

daughter nuclei after
production +
stripped main 1ons

00 5. 10.

15. 20. 25. 30. 35. 40. 45. 50,
s (m)
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Beam rigidities

for electron cooling with D,=0 m

m,- Mass unit
e- elementary charge

ion rigidity relative rigidity v- electron velocity
Bp=p/(g-e) ABp/Bp main beam:

A- ion mass
: m,Av
stored cooled ions 0 0 g- ion charge state

€q

stored ions after myAV 1 used to measure
electron capture e(q-1) q-1 luminosity
stored ions after myAv - same beam rigidity
stripping e(g+1) q+1 / = same orbit
daughter ions after m,Av 1 _ separation of stripped
production e(q+1) q+1 S & main bear_n and
daughter ions after m,(A+1)v A-q |28 / daughter ions by

: — © O electron cooling !
cooling e(q+1) A(l+Qq)

- m,(A+1)v

daughter ions after o(A+Y) 1 <« scraping if possible
cooling + e capture €q A
daughter after cooling m,(A+1)v —2A+0q  «— scraping easily

+ stripping e(q+2) A(2+0) possible
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