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Outlines

®Development of stochastic cooling components for HIAF Spectrometer-Ring
(High Intensity heavy-ion Accelerator Facility)

» Motivation for stochastic cooling on the SRing requirements by physics
» SRing pickup/kicker optimization and test with beam on CSRm
» Notch filter evaluation for SRing stochastic cooling

» Broadband phase shifter development for stochastic cooling



Layout of HIAF

Mass measurements of short-
lived exotic nuclei, Rare Isotope
Beam (RIBs) experiments, the
internal target experiments.

Accelerator components and experiment terminals
° Radioactive beams

High energy experiment

station HFRS: Radioactive beam line 4@  High précis

* Hyper nuclear physics e - | 2 ® ﬁ
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: s P et [ e-ion recombination
v SRing: spectroscopy
Spectrometer ring

Circumference: 273m
Rigidity: 13-15 T

Fast cycle ring

Circumference: 590 m
Rigidity: 34 Tm

Superconducting
ECR source
Superconducting linac

—

|§ Low energy nuclear structure
and irradiation terminal

BIM (Building information model) of HIAF facility
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Cooling operation on the S-Ring
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Stochastic cooling will be performed to reduce the emittance to less than 5 pi mm.mrad,
and Dp/p of 4.0e-3 to 2.5e-4 within 1.2 s for these RI beams.
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Motivation for stochastic cooling on the S-ring;
requirements by physics

* Precooling of the radio isotope beams

* Beam energy: 400 MeV/u-740 MeV/u (B: 0.71-0.83)

* Number of particles: <1.0e5

« Mass number: 100-200

« Atomic number: 40-80

* Lifetime: seconds

* Before cooling: €.=200 7 mm mrad, &v=40 = mm mrad,

Ap/p=+4.0e-3 (+30)

* After cooling: €xv=6.25 = mm mrad, Ap/p=+3.6e-4 (+30)
env=1.25 T mm mrad, Ap/p=+6.0e-5 (1 o)

e Coolingtime<1.2s
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Comparison of TOF and notch filter momentum acceptance at 400
MeV/u (beta =0.71)

300 E=400 MeV/u

- == TOF coolina1-2- (2H=
U1 ooVl |u =4 O 14

= = Notch cooling 1-2 GHz
= TOF cooling 0.6-1.2 GHz

200 y: & — Notch cooling 0.6-1.2 GHz
' \ ’
100 / \ ,

S Y / s ,
"; 0 2763 7 14 / / /
O 100 7 /

) ’ /
-200

-300

T T T T 1
-0.004 -0.002 0.000 0.002 0.004
dp/p

» For the beam energy below 400 MeV/u, 1-2 GHz can not be used,
the cooling frequency should be below 1.2 GHz

SRing operating bandwidth: 0.6-1.2 GHz
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Outlines

®Development of stochastic cooling components for HIAF Spectrometer-Ring
(High Intensity heavy-ion Accelerator Facility)

» SRing pickup/kicker optimization and test with beam on CSRm
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Layout of the PU and kicker of SRing stochastic cooling

_ From HFRS(HIAF Fragmentation Separato?
Electron cooler m+2m

R L el ) : -.'—‘-ﬁ -
\
PU1 PU2

H cooling

V cooling combiner
L cooling

H pu-k H Q pu-k vV
451.9°  266.4°

kicker
\\ Electron target TOF1 / /
e te—=l— »

2m+2m
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Pickup/kicker structure considered

» Slot-ring structure: standing wave > Faltin structure: travelling wave
Used in FAIR HESR stochastic cooling (beta =0.71)

 Kicker for SRing \

COO0OL’'23, Montreux, 09-13 Oct,2023 9



Slot-ring as pickup for SRing

> Simulation : HFSS

Beam
» Longitudinal shunt impedance glteation
| V2 | £ Signal output port ceramic vacuum tube
— 2 __ Powered Py, in é
Z“(ki“kﬂ) o Z"T _ 2P, the middle cell £
A power of 1 W is input into the kicker and the |
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Y
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Slot-ring as pickup for SRing

» Without ceramic pipe

Kicker shunt impedance (Q2)
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e e . -
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Freq (GHz)

> With ceramic pipe (8 mm thickness) inside slot-ring
60

Kicker shunt impedance (Q2)

55t
50
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40 ¢
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Slot-ring as pickup for SRing

Longitudinal shunt impedance

S
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= _
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= '
= 1200F
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g ;
R
2 ; 0.75 m, 55 cells
; — 06 07 08 09 1.0 11 1.2
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Slot-ring as pickup for SRing

Combiner

Slot-ring

B&Z LNA
Gain = 34 dB

Hol L T N=Tolol N-RN -] n’maa‘:
—
SUM

Spectrum analyzer

beam test for slot-ring
prototype installed on CSR
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Slot-ring as pickup for SRing- 16 way combiner

» Wilkinson 16-way cambiner

i SFSS Sggloaétlon 124k 16-way power splitter, Ro4350B, h=0.762mm :g:{gg{;
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Slot-ring as pickup for SRing-16 way combiner

-12.5 :
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Flatin type as kicker for SRing

Longitudinal shunt impedance (€2)

3-D diagram with 0.75-m-long rails

outer conductor

1400 % 1200
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1.4

Longitudinal shunt impedance (Q)
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> the shunt impedance of the Faltin rail structure is sensitive to the beam velocity beta
» When we decrease d, the shunt impedance at a lower frequency improves, however,wthe
peak value of shunt impedance deteriorates at higher frequencies .o, »: vomew 0912 oc 2073



Flatin type as kicker for SRing

1.4
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Flatin type as kicker for SRing

B&Z LNA 30 m coaxial cable
Gain=34 dB
NF=0.6 dB

e Upstream: 50 Q load
¢ Downstream: pickup signal

F““l'os 3GHZ L onglludinal
[l |

Flatin prototype has installed
on CSRm for the beam test
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Guangyu Zhu etal.,
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Outlines

®Development of stochastic cooling components for HIAF Spectrometer-Ring
(High Intensity heavy-ion Accelerator Facility)

»Notch filter evaluation for SRing stochastic cooling
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Notch filter for longitudinal cooling

® TOF method: is used as a first step to pre-cool
® Notch filter method: subsequently used to attain the lower momentum spread

Short line
Microwave U,,(1)
» Larger notch depth U0 180°Hybrid,
Splitter Long delay line —l
. 1 50 Q load
» Lower frequency drift Trew = 7=

> compact structure Schematic drawing of an ideal notch filter

0 L
~ _ 1 O
£ Tem i jrg L = S}
Num=1 - L + Term Nl
Z=50 Ohm Hybrid180 — COAX — ParSplit2 Term2 _20 -
g HYB{ e PWR1 b~ L L
= Samaas b8 Do=131 O grom  LIEESM 9 4]
PhaseBal=0 L=1000.0 mil e — ~ -
Villosd E;Zblo.ooz - ‘g_‘ I
ﬁ:t%pﬁMONOPOLE Rics E 40+
Length=39370.1 mil L
RatioLR=10 ;t» <
‘ TimeDelay mN _50 i
|"Ul’ SRS I = ?&AX = ggllxyﬂ.ﬁssse-e sec 60
SlBaram Di=36.0 mil ZRef=50. Ohm - B
= L<1000.0 mi —_—
Slopo0.61 61z Ere21_ 600 602 604 606 608 610
Step=0.0001 MHz ;:221:0.002
Freq (MHz)
ADS S parameter simulation schematic diagram Notch depth VS frequency
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Notch filter for longitudinal cooling

» Type I: Coaxial notch filter with an amplitude equalizer

RF
RF Sort coaxial cable Natioblc B output
e Power " attenuator 180°
S— Splitter -------- Hybnd 5

"""" 50Q loadi

Long coaxial cable

» Type II: Optical notch filter with phase-stabilized optical fiber

RF

Variable optic Wgoceiver output
Optical attenuator 180° A

Transmitter gee power e i \ Hybrid

RF Short optical fiber

il Variable optic WM Receiver s
' ong optical fiber M) i

:\in thermostat ) 50 Q load

— RF signal
— Optical signal

Guangyu Zhu etal., Review of Scientific Instruments, 94, 093302 (2023)
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Notch filter for longitudinal cooling

» Type I: Coaxial notch filter with an amplitude equalizer

S,,(dB)

RF
input BELOVE,
splitter

Long coaxial cable

Short coaxial cable

[ long cable ]
equalizer

short cable + fixed attenuator |
= long cable + equalizer .

O ) 1 ' 1 L 1 L 1 N 1 L
600 700 800 900 1000 1100 1200

Freq (MHz)

COO0OL’'23, Montreux, 09-13 Oct,2023

Variable
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-30 -30
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-50 -50
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-70—. — -70
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%00 700 800 900 1000 1100 1200
Freq (MHz)

22



Notch filter for longitudinal cooling

> Type II: Optical notch filter with phase-stabilized optical fiber

RF
RF .
il Short optical fiber gy T output
pu Optical attenuator 180° A
Transmitter gug power —————- —_-—TI Hybrid
splitter ! ' Variable optic MReceiver i )
Long optical fiber esoiicalidlay 50 O load
I\in thermostat I —
L - =
— RF signal
— Optical signal
4
: 3r Long branch =
I short branch j
i} 2t -
Variable optic ~ § I
Electrical delay \ ﬂ} e 1 1
[ N m '
R
C/J(\I -1k i
d Power supply BRI == S 7 " 2+ .
e Al |
-4 . 1 . 1 . 1 : 1 . 1 .
600 700 800 900 1000 1100 1200

Freq (MHz) .
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Notch filter for longitudinal cooling

> Type II: Optical notch filter with phase-stabilized optical fiber

20 20
10 Minimum notch depth: 40 dB 10
0 0
-10 -10
. =20 -20
% -30 -30
5 ~40) - -40
.50 .50
.60 .60
Maximum notch depth: 65 dB |

-70 --70

_80 " 1 " | L | L 1 L I ) _80
600 700 800 900 1000 1100 1200
Freq (MHz)
Notch frequency drift of two types of optical fibers including both 223 m normal and

phase-stabilized optical fiber in the long branch.

Drift Normal optical Phase-stabilized

frequency (MHz) fiber (kHz/°C) optical fiber (kHz/® C)

600 20.99 2.48 at least a factor of
900 28.43 3.56 6 isimproved!
1200 39.76 6.67

24
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Comparison of two type notch filters

CERN AD HIRFL CSRe | HIAF SRing - HIAF SRing

Coaxial-type | Coaxial-type | Coaxial-type - Optical-type

The minimum 20 15 26 : 40 E
notch depth (dB) i :
|
1 ]

|
The maximum 30 35 57 : 65 i
notch depth (dB) i :
1
‘\~ -------- ,’

» Wwe select the optical notch filter with phase-stabilized optical fiber for the SRing
stochastic cooling system with the highest priority

» In the next step of this work, the optical fiber notch filter will be installed temporarily

on CSRe in the beginning of 2024 to investigate the effect of longitudinal cooling and
Is planned to be used for experiments with secondary beams
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Outlines

®Development of stochastic cooling components for HIAF Spectrometer-Ring
(High Intensity heavy-ion Accelerator Facility)

»Broadband phase shifter development for stochastic cooling
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Broadband phase shifter

Vertical and Longitudinal

LNA
(low noise amplifier) Vertical pm————— - J—D—
> AlsmA Combiner f—{ > '-\tt%ir —I:f»— i Bso* [ combine | Di"ide'
Hybrid — ) o ne | |Phase shifter H,vbn‘dB
_D- —1B = Amplifier Kicker
Combiner H Divider _I—D—l_

T

Longitudinal

\

Hybrid Kicker
Y  Bf=——— Divider

ator
180° 180° A A Divider
Hvbrid Hybrid
_D B ¥ B X —| > -\tt?‘ator -1 0-360°
Lne Phase shifter

180° —
Horizontal \

-------

\

]

1

]

1

1

I§

1

=

]

l |

1 Divider

|

: Power a mpllﬁ

|

0-360° i Horizontal

+ Al Ya A_D. Phase shifter : |

[

1

1

1

V

Vg

» Broadband phase shifter is one of the critical devices for SRing stochastic cooling
system

» because it is essential for the correct sign of the momentum correction signal at
the kicker
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Broadband phase shifter

® 0.15 - 2 GHz phase shifter consists of:
» a3 dB 90° Hybrid Coupler

» two 180° Microwave Hybrids
» two program-controlled attenuators (DSA)
» two microwave switches (SPDT)

> combiner

- 180° Hybrid

R SPDT Switch 1
| AAA 0° I1 J1 O\C A

Hybrid Couper 0° DS
ombiner
I 180° [ 52 7 Combi

Inpute—-I_
>< Output
—
=< 0o |Q1  JF— a
{ R 207 <>\(; DS.)/
O

| HETS 7
= R SPDT Switch 2
180° Hybrid

Block diagram of proposed method for the 0°- 360° broadband phase shifter
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Broadband phase shifter

© Attenuator - -

o T . . . loss=0dB . . S
- S : o SWRA o e S
Term
- o ¢ & 3 ) s B & X B e e S U e ) Term?2
¥ o o W SR HYBAdOR e | R R R e e Num=2. -
HYB1 =
- 3 |lea e © gor=oz07 - - Z=50 Ohm .
- | PR s | (R A T R PR
GainBal=0 dB
o Term o L phaseBal=0 - | - ; I & : : S S
< s eml R e e | 7o oo o o e s o
Num=1 A
7 750 Ohrf TG e T e
OOl e i T D .[ﬁl.s.-PARAMETERs.I. .
© G 3 g Gt e B Loss=3175d8 . . . . . . . | —————
Antoad VSWR=1 S_Param
R -
§ % AntType=MONOEQLE S e oo g0t GHZ T ¢
At Length=39370.1 mil Stop=2 GH
= i B R Sl 2 e
- SiEEs L e ; Vo e s o . .Step=0.0001 MHz. . . . . .

ADS phase simulation of S,, schematic diagram

Vegtor network analyzer
: ‘1_83"- Hybrids
| 90 ° Hybrid

coaxial

-t ' cable
- e e 1204 B Broadband phase shifter [ aai®s

Sy o -~ '
|
attenuators combiner
. .

power PLC
supply controller

Photogragh of the fabricated 0° - 360° phase shifter phase shifter test block diagram
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Broadband phase shifter

120 b ——— Simulated 0.7 1.4 2.8 5.6
- ——— Measured 11.2 22.4 44 .8 89.6
o 100
8 L
an &80
O .
B 60
= .
&~
=
N
O
0p)]
o
=
Ay
200 -

O | I IR RN BRI RENI EE SEI SR S
02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Frequency (GHz)

Measured and simulated main states phase shift of the 9-bit phase shifter
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Broadband phase shifter

-4
) —~ i
3 2 Insertion loss
on o
2 Y
S 2
= _ ’
5 g -10
Z 5
£ &
e~ = 12t
702 04 0.6 08 1.0 12 14 1.6 1.8 2.0 7702 04 06 08 1.0 12 1.4 1.6 1.8 2.0
Frequency (GHz) Frequency (GHz)

Measured phase shift and insertion loss of the 9-bit phase shifter with total 128 phase shift
states and each phase shift step 0.7°in the range of 0°- 90°
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Broadband phase shifter

RMS Phase Error (Degree)

o0
T

..................

702 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0

Frequency (GHz)

Phase (Degree)

100

AL ST ENON
S S o & = 3
T T | " 1 J T

o0
S

/\/\/—\/
90°microwave hybrid

phase=0 ’

phase=90

IIIIIIIIIIIIIIIIII

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Frequency (GHz)

» From 0.15 GHz to 2 GHz, the RMS phase errors were less than 5°
» And the RMS phase error is mainly determined by the phase unbalance of the
90°microwave hybrid

v' Bandwidth: 0.15 GHz - 2 GHz

v" Phase shift; 0° - 360°
v  Insertion loss: 9 dB + 2 dB
v Minimum phase step: 0.7 °

v Phase balance:< + 10°
v Phase errors; < 5°

v S,:< -15dB

v S,,:< -10dB
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Signal transmission&Jprocession

PU station

Combiner station

Kicker station

Vertical+Longitudinal pick-up
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Diagnostics

ﬁ—HL kicker

-----
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Signal transmission&procession

Partial combiner station hardware

low noise = .
ampllflers e ek
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Cooling simulation parameters for SRing

* lon 1325n50+

* Kinetic energy 740 MeV/u, 400 MeV/u
« Total number of RI 1.0e5, 1.0e8

* Initial momentum A p/p +4.0e-3

Y 3.317

* Local vy, 2.568

« Bandwidth 0.6-1.2 GHz

* Number of slot rings for Pickup 64

» Number of slot rings for kicker 128

» Number of Faltin pickup (0.75m) 2

* Number of Faltin kicker (0.75m) 4

» Temperature (physical) 300 K
* Distance from pickup to kicker ~ 75.25 m
* Dispersion at pickup/kicker 0.0m
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SRing TOF cooling simulation

740 MeV/u, 1325030+ (0.6-1.2 400 MeV/u, 1325n°%*+  0.6-1.2 GHz
2.0x10" - R
5F E=740 MeV/u, Sn’ 2.0x10" —
1.8x107 F N Yy T e g0 [ ET400 MeViu, sn
N - =1.UCs, . , Slotrl g OX = _ 1 s L X -
1.6x10” | ——N=1.0¢8, G=113 dB, Faltin L éx10° E s b e
1.4x10° - - = N=1.0e5, G=130 dB, slot ring X RN Py ‘I‘““.
af — N=1.0e5, G=130 dB, Faltin 1.4x10" === N¥1.0¢3, G=130 dB, slot ring
é 1.2x10° é | 94107 S . —— N=1.0e5, G=130 dB, Faltin
1.0x10” R
= _ :
= 8.0x10"} £ ;'3"13-4'
© 6.0x10°} S 8.0x10 |
4.0x10™* F 6.0x107"
DU - 4.0x10™
2.0x10™F o [
0.0 [ ¥ —I PR R RO BRI SRR B 2‘0){10-4 _ &‘\
0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 1) P Y i Sl il oM i
Time (S) 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

Time (s)

RF power requirement for a 132Sn>%* beam momentum cooling simulation in the
bandwidth 0.6-1.2 GHz

Energy (MeV/u) Particle Numbers Gain (dB) Type of Structure RF Power (W)
1%10° 130 Slot ring 50
Faltin 60
400 .
1%10% 13 Slot ring 130
Faltin 290
1%10° 130 Slot ring 50
Faltin 55
740 Slot ri 300
1108 113 o Tns

Faltin 370 36




Summary of SRing longitudinal cooling

Rare isotope beam
400-740 MeV/u,

Rare isotope beam
400-740 MeV/u,

time

1.0e5 ions 1.0e8 ions
Before cooling | A p/p: +4.0e-3 A pl/p: £4.0e-3

ex/ ey: 40 m mm-mrad |ex/ gy: 40 1 mm-mrad
After cooling A plp: +2.5e-4 A plp: £3.0e-4

ex/ ey: 5 m mm-mrad
Total cooling 1.0s 10s
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Summary

® Both a Faltin prototype traveling wave structure and a slot-ring prototype
standing wave structure based on a ceramic vacuum chamber are evaluated. We
select the slot-ring structure as the pickup and Faltin structure as the kicker of
the SRing stochastic cooling system at present.

® A coaxial-type notch filter with an amplitude equalizer in the long branch and
an optical-type notch filter with phase-stabilized optical fiber are discussed and
evaluated. We select the optical notch filter with phase-stabilized optical fiber
for the SRing stochastic cooling system with the highest priority.

® A 0.15-2 GHz phase shifter with 9-bit phase resolution is built. It can not only

be used for both CSRe and SRing stochastic cooling system but also could be
used for phased array systems.
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L_astest civil construction for HIAF

2025-Huizhou, HIAF welcome all of you !
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HIAF construction time schedule

2019

2020 2021

2022

2023

2024

2025

2026

Civil construction

Electric power, cooling water, compressed air, network, cryogenic,

supporting system, etc.

ECR design & fabrication

SECR installation and commissioning

e

. . .. iLinac installation and Day one
Linac design & fabrication commissioning exp *
Prototypes of PS, RY cavity, chamber, fabrication BRing installation & commissioning Day one
magnets, etc. exp *
HFRS & SRing installation & commissioning Di:;;ne
Terminals installation
» The ion source SECR will provide first beam early next year
» The low energy CW ion beam of iLinac is expected at the end of 2024
» The high energy pulse ion beam from BRing is in September of 2025
» The Day One Experiment in SRing will be in April of 2026
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* Thank you for your attention!

*Any comments welcomed!
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