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Diffraction Limited Storage Ring (DLSR)

• 4th Gen. Light source with MBA lattice 
and pm emittance, electron beam 
emittance < εr

• Key feature is larger number of 
magnets with smaller magnet pole tip 
radius ~ 15mm

• Small magnet radius creates 
challenges for vacuum system – small 
vacuum chambers limits pumping 
conductance
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DLSR Vacuum Challenges
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3rd DLSR Workshop SLAC 2013: Accelerator Session Close-Out Report: Vacuum
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3rd Gen. to 4th Gen. Storage Ring Vacuum System
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Large Ion 
Pump

Cater, J., et al. MEDSI (2018)

TUYBB3

APS / APS-U

ALS / ALS-U

NEG StripNEG Coating

NEG Coating
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DLSR Vacuum Technology Trend
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ALS-U
70% NEG
Cu, Al, SS
Keyhole, 

Antechamber
6-20mm ID

SOLEIL
100% NEG
Cu, Al, SS
Keyhole, 

Antechamber
10mm ID

SLS
100% NEG
20mm ID
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ALS-U: nine-bend achromat with reverse 
bendsALS today : triple-bend achromat

εx ≈  2000 pm-rad at 1.9GeV εx < 70 pm-rad at 2.0GeV
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ALS-U Project: Motivation – Lower 
Emittance & Higher Brightness

Large increase in coherent fraction due to lower 
emittance and smaller β-functions

75
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ALS-U Swap-Out Injection
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Stored Beam
kicker

Injected Beam

SeptumSeptum
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Beam

Injected Beam
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Septum

Injected Beam

Stored BeamStored 
Beam

Injected Beam
Swap-out enables:

• MBA lattices with smaller dynamic 
apertures  higher brightness

• Small round apertures 
improved undulator performance

Bunch train swap-out with 
beam recovery in accumulator:

- Lower demand on the injector
- Very small (~nm) injected 

emittance

Off-axis injection + accumulation On-axis swap-out injection
(initially proposed by M. Borland)

requires larger
apertures

can use smaller
apertures

Allows for 
small 

(~6mm) 
round

apertures

Delta/Apple-X 
undulatorPermits higher 

performance 
polarizing 
undulators

Allows lattices with 
stronger focusing + 
higher brightness

Storage-ring bunches 
transferred to accumulator
Accumulator bunches 
transferred to storage ring

New ALS 
storage ring

New 
accumulator 
ring

Fast kicker 
magnets



Existing ALS ring New ALS-U ring
New accumulator ring

ALS-U Accelerator Systems Scope
Replacement of the existing triple-bend achromat storage ring with a new, high-
performance storage ring based on a multi-bend achromat. 
Addition of a low-emittance, full-energy accumulator ring in the existing storage-
ring tunnel to enable on-axis, swap-out injection using fast magnets.
Addition of 3 new flagship undulators and beamlines
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ALS-U Accelerator Systems Complex
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Reuse of existing 
infrastructure
• Building & Utility
• LINAC, Booster
• Photon Beamlines
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ALS-U SR Parameter  and Vacuum Requirement

11

102 103

Ephoton  [eV]

1019

1020

1021

Br
ig

ht
ne

ss
 [P

h/
se

c 
0.

1%
 B

W
 m

m
2  m

ra
d2 ]

ALS EPU38, 2.07 m, 10 mm
ALS-U (v20rs): EPU31, 4.5 m, 6.5 mm
ALS-U (v20rs): Delta28, 4 m, 8.5 mm
ALS-U (v20rs): cryo IVU17.6, 4 m, 4 mm

ALS, linear 
polarization

ALS-U, Delta28

ALS-U, EPU31

ALS-U, cIVU18

ALS, circular 
polarization

Storage Ring Design actual
Energy 2.0 GeV
εx (full coupling) 70 pm
εy (full coupling) 70 pm
Δp/p 1.04 x 10-3

σx/y @ ID 12 μm/14 μm
σx/y @ Bend 
sources

7 μm/10 μm

Bunch Length 
(FWHM)

110 ps

Current 500 mA
Lifetime >1 h
Vacuum <1e-9Torr
Min. Physical 
Aperture

13mm
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ALS-U SR Vacuum System Layout
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Std. 
Sectors



NAPAC’19 Lansing , MI

NEG Coating of Narrow Vacuum Chambers

• Non-evaporable getter (NEG) coating of 
vacuum chambers pioneered at CERN LHC. 
6km of vacuum chamber NEG coated.  

• 1 µm Ti, Zr, V alloy film applied to inner 
chamber wall using physical vapor 
deposition process
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C=O H2

Substrate

NEG

Vacuum

C=
O

H+



Using discharges to obtain gettering effect 
for residual gases, a means of pumping

Exploiting discharges producing gettering effects is long known
• Evaporative getters
• Non-evaporative getters 



Deposition by 
Wire Sputtering

1
5

R. Valizadeh, et al., J. Vac. Sci. 
Technol. A 28 (2010) 1404.

Space between wire and 
inner wall needs to 
accommodate:
• sheath
• presheath & plasma 

Challenging for narrow 
chambers ~15mm
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Alternative NEG coating method for narrow 
vacuum chambers
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Lain Amador, L., et al. JVST (2018)
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ALS-U NEG R&D Motivation

• NEG coating of small ID chambers below 15mm using 
classical twisted wire PVD process is possible but 
challenging.

• Pumping performance of these small ID NEG coating 
are yet to be fully characterized.

• Very few commercial vendors capable to coating small 
ID NEG chambers.

• Handling and operation of NEG coated chambers 
requires specialized knowledge. ALS’s first NEG coated 
chamber installed in 2017.
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ALS-U Pioneered NEG Coatings of Narrow Chambers 
using PVD
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• Use twisted wires
• coating ~ 1 µm thick
• no adhesion issues on Al 

and Cu chambers
• we find some local 

composition variations

Optimal parameter set:
• 1000 V, 50 mA
• pulsed (10 µs on/ 50 µs off)
• mag. coil current 200 A dc
• original base pressure in 

low 10-8 Torr range
• 0.54 Torr (72 Pa) pure Ar, no 

flow to get uniformity

1.2 meters long
6 mm ID
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Parasitic discharge at wire ends

at high pressure, discharge is enabled,  even without magnetic field 

using breaks and ceramic 
insulators,
we minimized exposure of biased 
parts
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Structure Zone Diagram extended to plasma-assisted 
deposition 

A. Anders, Thin Solid Films 518 (2010) 4087

Generalized Structure Zone 
Diagram, derived from Thornton’s 
diagram, 1974

E* = normalized kinetic energy

t* = normalized film thickness

T* = normalized temperature and potential energy
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ALS-U NEG Coating R&D – Pumping Measurement
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• Activation: 240oC for 12 hrs
• Pumping test: Throughput

21

• MCTP simulations used to 
determine corresponding 
sticking coefficient to 
measured PINJ/PINJ

• Test carried out using CO & H2

CERN Data based on 60mm ID tubes,
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ALS-U NEG Coating R&D – Coating Setup #1
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• Ti, Zr & V 0.02” dia. twisted 
wires from ESPI 

• Solenoid 114mm ID, 
1200mm Length, Mag. field 
is 250Gs 

• Pumping systems (Turbo + 
TSP) capable of 5e-10mbar 
base pressure. Equipped with 
RGA, MFC and Baratron.

• Pulsed DC power supply 
capable of 1kV, 500mA

Coating Process
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ALS-U NEG Coating R&D – 2m long setup

23

• Ti, Zr & V 0.02” dia. 
twisted wires 

• Permanent Mag. 
>500Gs

• Pumping systems (Turbo 
+ TSP) capable of 5e-
10mbar base pressure. 
Equipped with RGA, 
MFC and Baratron.

• DC power supply 
capable of 1kV, 500mA

• Coating duration 
targeted for 1 micron.

Coating Process
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ALS-U R&D NEG Samples
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• LBL 6mm ID x 1.2m
• LBL 9mm ID x 2m
• LBL 20mm ID x 0.6m
• Vendor A 6mm ID x 0.5m
• Vendor A 9mm ID x 0.5m
• Vendor B 10mm ID x 0.5m
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ALS-U NEG Coating R&D H2 Pumping
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Larger columnar  growth has superior pumping, dense fibrous 
growth structures has inferior pumping

Non-uniformity structural morphology

9mm ID

6mm ID

ALS-U
CERN
Vendor A

ALS-U highest 
pumping 
sample 
matches CERN 
= 8e-3  

ALS-U highest 
pumping 
sample = 7e-3
CERN = 8e-3  
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NEG Coating R&D – Best Performing H2 pumping 
films SEM Images
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9mm ID

6mm ID

900nm to 300nm size round columns Patches of angular columns Interface between the two morphologies

300nm size round columns Pitting likely caused by prolonged 
acid etch
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ALS-U NEG Coating R&D CO Pumping

Appears to be a common issue:
• STFC - 9mm ID– 0.01
• IHEP - 35mm ID – “promising”
• SIRUS - 24mm ID – not reported
• MAX-IV - 21mm – not reported

27

Vendor A
Vendor A
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NEG Coating R&D CO Pumping Capacity 
Comparison
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NEG Coating R&D: TOF-SIMS, EDX analysis of 
NEG samples

Element
Mass 
Norm.[%]

Atom
[%]

abs. error [%]
(2 sigma)

rel. error [%]
(2 sigma)

45 deg tilt

Carbon 2.2 8.4 0.26 11.6
Oxygen 6.6 18.9 0.66 10.0
Aluminum 0.21 0.35 0.06 29.5
Silicon 3.9 6.3 0.25 6.5
Titanium 35.8 34.3 1.8 5.1
Vanadium 14.7 13.2 0.79 5.3
Zirkonium 36.6 18.4 1.9 5.2

100 100
29
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NEG Coating R&D: CO performance issue

• Narrower chambers shows worse pumping performance
• Replicating CERN results for CO pumping speed is challenging
• Discussions with CERN casts doubt on validity of comparing to CERN 

data.
– Flat samples may have been used. 
– Experiments show CO capacity is enhanced by regeneration by 

synchrotron radiation.
• Low conductance could reduce efficiency of activation process
• Vacuum simulation of ALS-U SR arc using NEG R&D CO performance 

shows acceptable pressure profile.
• Surface engineering

– Long chemical etch of substrate increases roughness which leads to 
improved CO pumping.

– Surface reaction post NEG coating to reduce surface carbides?

30
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ALS-U NEG R&D Next Steps

• Short term plan for internal NEG R&D program.
– Improving / understanding CO performance
– New NEG coating rig
– PSD measurement collaboration
– Impedance characterization on ALS
– Collaboration with vendors and institutions
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Summary

• Space constraints is a major driver for the vacuum technology 
for ALS-U .

• NEG coating technology is essential for achieving vacuum 
requirements with the small apertures of the ALS-U vacuum 
chambers.

• The in-house NEG R&D efforts has showed promising results 
and pushed the boundary of the technology down to 6mm ID 
chambers.
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