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Decelerated Beams for Atomic Physics s = II
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Decelerated Beams
for Nuclear Astrophysics

;;'ﬁ'*?.‘ To investigate the origin of elements
in stars, nuclear astrophysics aims for
challenging reaction studies on "

%

4 1. 8
Fsupernovag
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quadrupoles

| o rare ion beams. i)
o ¥ E@BS"
¢ 60°
. . 90°
Heavy ion storage rings at GSI X-ray

detectors

provide unique possibilities and
unrivalled conditions for such
experiments.

high energy production & separation of radioactive beams in FRS
» most efficient and versatile technique available

deceleration to energies below 10 MeV/u

50x50 mm?2
double-sided
silicon strip det.

Experimental setup f the reaction
study 124Xe(p,y) in the ESR at beam
energies as low as 5.5 MeV/u.

» access to the famous Gamow window relevant for nuclear physics of stars

cooled beam in combination with a thin gas jet target

» inverse kinematics studies at unmatched energy resolution

storage and recycling of the rare ion beam

Jan Glorius

» extremely efficient technique for studies on beams of limited intensity
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HITRAP and CRYRING@ESR ESI
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11.4 MeV/u 400 MeV/u 400-X MeV/u

UNILAC )

Slow, heavy, highly charged lons
stored and well controlled

Energy range 10 MeV/u to sub eV/ion
10° to 107 highly charged ions. e.g. U%'*

stripper/
production target

4K 4 MeV/u /
HITRAP

linear decelerator

4 MeV/u ... 100 keV/u
4-10 MeV/u /
CRYRING@ESR

ring decelerator
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Goals for Deceleration in the ESR gz =11

good beam quality of stored beam = high precision experiments

high luminosity with internal target for internal experiment

long lifetime of stored beam = vacuum pressure 10-'" mbar or below
fast extraction at 4 MeV/u for HITRAP, defined by the HITRAP linac

fast extraction below ~10 MeV/u for CRYRING, defined by bending power
slow extraction employing charge changing processes (cooler, target)
maximum intensity (particles per time interval) to HITRAP/CRYRING

I.e. large particle number, short cycle time
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The Heavy lon Storage Ring ESR

injection from
to HITRAP SIS/ FRS
i
\ qhadrupole /\/
\ e Ve

circumference 108.4 m
bending power 10 Tm

Schottky
resonator
electron
FCT cooler
O
T

beam profile monitor

Schottky
pickup

gasjet target =g

BTF exciter —
)

HV terminal

dipole \\/

bending magnet

5 3 MWPC detector
T = MWPC detector
avity /\

RF-C\—/

to CRYRING
and target hall
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== 1l
Fast injection (stable ions / RIBs)
Stochastic cooling ( > 400 MeV/u)
Electron cooling ( 3 - 430 MeV/u)

Laser cooling (C3* 120 MeV/u)

Internal gas jet target

Deceleration (down to 3 MeV/u)

Fast extraction (HITRAP/CRYRING@ESR)
Slow (resonant) extraction

Ultraslow extraction (charge change)
Beam accumulation

Multi charge state operation

Schottky mass spectrometry of RIBs

Isochronous mode (TOF detector)
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Beam Cooling at the ESR =1
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stochastic pre-cooling on the injection orbit electron cooling

energy 400 (-550) MeV/u m
. plck— '

bandwidth 0.8 GHz (range 0.9-1.7

e\
op/p =£0.35 % — op/p =x0.01 % . / paasNy .
e=10pm — €=2pum |
» - 5\ n S'r"; -
LA electron energy 1.6 — 250 keV
m trace every 0.125 - electron current 0.001-1A
\“”“" S beam diameter 50.8 mm
T . . Cectron eooling magnetic field 0.01-02T
T collection efficiency 0.9998
o transverse temperature 0.1 eV
longitudinal temperature ~0.1 meV

vacuum 1 x 101" mbar

power amplifiers
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Cooling after Injection ==
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* The injection energy of the ESR is flexible (30- 500 MeV/u)

» the production rate of highly charged heavy ions increases with energy, but the
larger energy reduction conflicts = the production rate needs to be traded off

« electron cooling can be applied for any energy < 430 MeV/u

+ stochastic cooling is presently available at 400 MeV/u
but could be extended to higher energies (up to 550 MeV/u)

« at 400 MeV/u stochastic cooling is initially faster than electron cooling

protons 400 MeV stochastic cooling

electron coollng (1.=0.25 A)

(=] gﬂ T :wi Frequency: 2447788 MHz  RefLev: -24.00 dBm @ | @ Replay D Ru
RRRRRR 4O MBI Select All Select... | 20855 7/31/2014 9:3:59.50

Stopped Not aligned Free Run
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14,7788 MHz : © Span: 200.0 kHz
o [ Jws  (ecms) (k) (¢ 3] &) )
Ref: Int Atten: 10 dB

v
alianed Real Time  Free Run
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Typical ESR Deceleration Cycle pmesr
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Ni2%* 400 > 30 > 4 MeV/u

1100 pA —> 180 pA — 25 pA
45% 37 %

cycle time 45 s

1) injection (at 400 MeV/u)

-~ 2) stochastic/electron cooling
(controlled ramp of cooler HV is difficult)

o 3) deceleration to 30 MeV/u

4) electron cooling

o, magnetlc | 5) changing rf harmonic 2 —> 4

field . _ _
: . 6) deceleration to final energy

7) electron cooling, bunching, extraction

Ch1 SOOmV CI‘IZ SOOmV -H{4 OOS Al Ch1 v 270mv

200mvV__ |Ch4[ 1.00V
Mathl 1.00 V 4.00 s
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maximum change of p (Bp): 13




deceleration efficiency

Efficiency of Deceleration I
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Relative losses increase with increase of the initial
stored particle number most likely due to Intrabeam Scattering

1
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¥ Pb** 46 MeV/u
A Ca™" 50 MeV/u
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>

7
10 10°

number of 10ons

lower energies than 15 MeV/u require
a change to a higher rf harmonic
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in a bunched beam during deceleration
transverse emittance is growing
due to intrabeam scattering

 NO cooling,

o larger emittance of bunched beam
and
due to adiabatic emittance growth (« 1/By)

during deceleration the beam is also
approaching the space charge
dominated regime
2

A — 'T’pZ Ng

Qa: WA.BQ'YSB(Em+\/EmEme/Qy)
rpZ° N

AQx — QWA%Q,YBB% )

g= 1€, =€y, Qr = Qy
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Beam Parameters of Decelerated lons =1
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Emittance of Extracted Decelerated Beam gz =5 11

horizontal profile

horizon tal projections of beam profile (extracted from one spill)
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vertical profile

Intermity jard. = |

vertikal projections of beam profile {extracted from one spill)

width jmm)]

the increase of the beam emittance with intensity due to IBS
reflects in the beam size of the extracted cooled beam
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Low Energy Beams — Vacuum ps=s1I

measurement of beam half life with
an average pressure of p ~1 x 101 mbar
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V. Shevelko

LIFETIMES OF BARE NUCLEUS

10" 4 g
1065 Z + rest gas: ,‘/1 /
5? Y(H2) = 90 % e
10”2 Y(N2)=9.5% e ‘@»
: Y(Ar) = 0.5 % LW
) 4 — 10 * T TT
= 10§ P=10" mbar /,—"‘, M
10°4 A
107
10 100

E [MeV/u]

lifetime in the residual gas and
cooling time can be of similar value
= excellent vacuum and fast cooling
are crucial for low energy

highly charged ions
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Deceleration to 4 MeV/u =1
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Ni2* 400 — 30 — 4 MeV/u Main losses:
End of ramp
1100 pA = 180 pA > 25 puA Storage and coolmg at low energy
45% 37 % cycle time 45 s T T T T

xtraction

9‘tm éoom)- : -chz £ 200mv - H 110009

10.o0mv Ch4 1.00V - » . :
’ Math 500mV 1 00 s, 1 :

{4
) // beam half life (vacuum dominated):
30 MeV/u: T,,, ~480 s

4 MeV/iu: T,, = 2s

Chi SOOmV Ch2 SOOmV - H| 4. 005 A| Ch1 v 270mV
k| 200mV Ch4| 1.00V
Math | 1.00 V 4.00s |
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J| from
SIS/ FRS

\ to HITRAP

Connecting ESR to CRYRING@ESR gz == 1

Liauue

MWPC detector

..
HV terminal

"7 MWPC detecto

RF-cavity

¥
T / beam profile monitor
\

% quadrupole
bending magnet L

gasjet target «9
{ dipole

Schottky
pickup

ﬂ& g

to CRYRING
_and target hall

CRYRING
max. rigidity 1.44 Tm 15 MeV/u U%2*
min. rigidity ~ 0.054 Tm 21 keV/u U%*

electron cooling with magnetic
expansion factor 100

ESR decelerates cooled highly
charged ions or rare isotope beams
from 400 MeV/u to 4-15 MeV/u

GSI Helmholtzzentrum fir Schwerionenforschung GmbH
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goal:
stored, cooled highly charged
ions at lowest energies
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Fast Beam Extraction from
ESR to CRYRING B E‘-Aclcl

fast beam extraction from ESR to CRYRING is employing a sophisticated scheme
with a distorted closed orbit for the circulating beam before extraction to CRYRING
consequence: no cooling during extraction, risk of unacceptable heating and
emittance growth, particularly for highly charged ions

] | m il ]| m Bl n 1
140 North. Extraction
Septum —* 1

120 I |
© . . ' /I E-Cooler
100 ~ £ Extraction Orbit | Inj. Septum .
i - (to HITRAP) /A oy i B _
£ 4% s NS mmmm angle in the cooler
9 8 . ' oo B
=i 60 | 1 ' does presently
£ 40\ not allow cooling
—
X 20

" ramped electron orbit

’, M - I
\___\ A :
’ \\ // ‘\\ . .
O / "I \ / "I  operation might solve

Injection orbit \ l/' L - this problem in the future

s 18 Bumped orbit ‘ 1
-40 i i Extraction Or‘bi‘r\v,/ 4 _ dv:
w0 | | | (to CRYRING) SUElisive el
0 20 40 60 80 100 additional kicker in the
path length [m] & 1 firay Northern arc
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Heating by Intrabeam Scattering == I
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Growth of Beam Emittance due to Intrabeam Scattering

1.6 T T T 1.6
e o Measurement : : : + = Measurement

Simulation T=0.3pA4 r I I 14 Simulation T=0.3p4

== Simulation T=0.94 12| mm  Simulation F=0.0gpd [hoe

1.0| === betacool 0524

betacool 0,34

£, 'mm mrad)]

52CrZ?’"4 MeVlu ]

;-
.. ...A"
' " - ".

-
-l

-i'i..v-'-m-..-'-' -*'* ""'

(a) Start from 30mA cooler current (b) Start from 15mA cooler current

P. Gérgen, Master Thesis, 2011

stronger (faster) cooling
results in faster IBS heating

for highly charged ions IBS

is expected to scale with Q4/A2

= highly charged uranium heats
up 10 times faster than Cr23*

It is an open issue whether an
efficient beam transport from
ESR to CRYRING can be
achieved with the present
extraction mode.

Similar observations at LEIR
with Pb33*at 4.2 MeV/u:
heating time of order of 10 ms
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Space Charge Limit == I
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Space charge limit due to incoherent tune shift
2

A _ rpZ°Ng

@ T AB2Y3 B(esty/€reyQu/Qy)

2
lr.pZ N = 1 €E,. — € =
AQ:E J— 27TA/62’73B63:7 g y =X yan Qy

¢

at 4 MeV/u, for AQ,=0.1 and ¢, = | mm mrad:
N<87x1084% B

Coasting (B=1): ~ Ne'?*: 1.8 x 10® Bunched (< 1us, B=1/5): Nel0*: 4 x 107
Kr36*: 5.8 x 107 Kr36*: 1 x 107
U2t 2.5 x 107 U222+ 5 x 10°

For bunched beam the intensity limit is reduced by the bunching factor.

Experimental observation: with rf amplitude 100 V (h=1) the bunching factor i1s B = 1/20.
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Loss during Bunching a Low Energy Beam pg=wz 3
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Growth after Bunching the Cooled Coasting Beam

12 " . . 4.5
4.0} I
i 1 1 L™
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5 7% T 25| seastes
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0 . 4 |
. ’ horizontal ! ;
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5 10 15 20 0.0 5 3 a 3 5 Master Thesis, 2011
'RF on time [s] RF on Zeit [s]
(a) Beam loss: bunching of {2Ar'®* (b) No beam loss: bunching of 55Cr™*

= Precise control of cooling, tune and rf amplitude down to small values
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Slow Extraction by Charge Change I==1I
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Additional Options I
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important for low intensity primary beams and secondary (rare isotope) beams

cooling in the storage ring allows accumulation of higher beam intensity

various methods are available, all based on cooling
rf stacking (stochastic/electron cooling on injection orbit, electron cooling on stack orbit)

barrier bucket stacking (fixed barriers, moving barriers, h=1 unstable fixed point)

||| Trace 300
{before start

I‘"M&NJ “’M‘wﬂ‘!}l\\ Ji,"‘q‘fw J|I Wl’ﬂ of phase
]l‘1 N ull "I.\J\F shifting)
Trace 1050

W‘Hl ;‘.I‘W‘;'.W,WH\‘. N 'l""”'m |l ‘c :m;rd

phase

Yy M || S

Trace 1100
(during

o e el fdrng _ .
ey ““"‘W‘ / M\ww* ey bunch compression
i i, = and decompression
ww Yo WW g of an uncooled beam

P Ay iy
\wn\ﬂ

“downwards™

er W“'ﬂ" phase

shifting)

Tmc 1200

new ESR barrier bucket cavity MM“WM WM m =Y

also suitable for flexible creation of bunches at very low energy
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Outlook == I
Optimization of the deceleration cycle of the ESR mainly means optimization
of the parameters of the cooling systems (reduction of cooling time)
in addition: faster ramping is supported by the hardware
new controls should be seminal to employ this feature
Main goal of the coming re-commissioning of the ESR is short cycle times
optimization of cooling
flexible ring operation.
The main tool is the new FAIR-type control system LSA (LHC software architecture)

It should provide increased flexibility in tuning the subsystems.
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and to my collaborators
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