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Introduction

Shanghai Hlgh repetitioN rate XFEL and Extreme light facility
(SHINE)
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FEL-11l : 10-25keV
—iIHHH- _—b--l

Energy 8 GeV
i 0
Slice energy spread <0.01 % FEL-I FEL-II FEL-III
Frequency 1 MHz
3-15keV 0.4-3keV 10-25keV
Peak current 1.5 kA
20-50fs 20-50fs 20-50fs
Norm. emittance 0.4 um
>1E10 >1E12 >1E9
Pulse length 8 um
Ver. Hor./Ver./Cir. Vert. SCU
Charge 100 pC Planar  Planar+Helical



Scope of the SHINE project I

¢ ~3km long, 8GeV cw linac, TMHz rep-rate, 3 FEL lines
+ 3 beamlines, 0.4-25keV, ~10 stations, multi-PWs laser

¢ Cost/schedule: ~1.1B Euros, 7 years(2018-25)
o R&D: 0.1B Euros, most for scRF tech./ infrastructures

+ Potentials: 6 undulator/beamline, ~30 stations,
100PW laser vs. XFEL collisions, gamma ray physics,
etc.
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I SHINE location
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Injector
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I SHINE accelerator parameters

Linac parameter Injector parameter
Energy 8 GeV
Slice energy spread | <0.01 % Energy 10071 90 - 120"\ Mev
Frequency 1 MHz
Peak current 1.5 kA Charge 1001 10-300 ) pC
Nor. Emittance 0.4 um
Pulse length 3 im Pulse length | 1 0.3-3 mm
charge 100 pC
Peak current | 12 4 -50 A
Frequency | 0.6 0-1 MHz
Nor. Slice
emittance | 0.4 | 0.2-0.6 | pum
(rms, 95%)
Slice energy 1 1.5 keV
spread(rms)




I Injector layout

GUN Lband
buncher TDS
NN
uuﬁ
SOL SOLH SOL
&) DUMP
DUMP DUMP Lband

¢ VHF gun: 162.5MHz, 0-750kV, NC, CW

¢ buncher: 1.3GHz, 0-2.4MV/m, NC, CW

¢ L-band: 1.3GHz, 9-cells, 0-12MV/m

¢ L-band: 1.3GHz, 9-cells, 0-16MV/m

¢ TDS: 2998MHz, 0-3MV, NC, 5Hz

¢ solenoids: 0-0.15T, movers

¢ Beam diagnostics: charge + position +energy + emittance
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Parameter optimization ..

[ ]+

Genetic algorithm + ASTRA

® 100pC
18 Pareto 3 200pC

‘/ front _

emittance(umrad)

I

0.6

objective Bunch length (a) , emittance (b)
constant
Gun volt=750kV, phase=90°
cathode Thermal emittance=1pmrad/mm
variable
Drive laser Beam spot size (1) , pulse length (2)
solenoid (X3) Mag. field (3-5) , position (6-8)
Buncher volt (9) , phase (10) , position (11)
Single cryomodule volt (12) , phase (13) , position (14)
Cryomodule 1# volt (15) , 1# phase (16) , 2-5#volt. (17) ,
position (18) *
e ) B s S S rﬁlﬂiﬁ SRNIP B P*Hﬁ*ﬁﬁ e

24055,92
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Injector beam parameters

Parameter evolution:
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Injector error study

X (mm)

Y (mm)

Yaw (mrad)

Pitch (mrad)

VHF gun

0.075

0.075

0.15

0.15

Buncher

0.075
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0.5

0.5

L-band
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Solenoid
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Drive laser
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Injector long. stability analysis

Stability of peak current, beam energy, arrival timing with the
jitters of drive laser, gun, buncher, accelerators.

dI(%) dE(0.01%) dt(fs)
Qbunch 2 % 0.759 -0.185 -46.4
Toff 20 fs 0.007 -0.017 -5.6
Trms 2 % 2.130 0.254 -7.7
Phi_gun 0.04 deg -0.036 0.003 6.7
E_gun 0.02 % 0.161 -0.143 -61.8
Phi_buncher 0.02 deg 0.046 -0.096 -36.8
E _buncher 0.02 % 0.044 0.000 -6.2
Phi L0-0_1 0.02 deg -0.028 0.007 1.7
E LO-0_1 0.02 % 0.005 0.148 71.7
phi_LO0-1_1 0.02 deg -0.001 0.007 -35.5
E LO-1.1 0.02 % 0.000 0.304 -57.8
phi_L0-1_2 0.02 deg 0.000 0.010 15.4
E_LO-1.2 0.02 % 0.000 0.377 -34.0
phi_L0-1_3~5 0.02 deg 0.000 0.011 0.0
E LO-1 3~5 0.02 % 0.000 0.378 0.0
‘ - 2.268 1.114 136.6
&) 7 som SHINE



Main Linac
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I Main Linac

CM#:2 )
V=64, TMV A4 &2 18
B=-152° Vp=2 168MY Ebeam=B.653GEV
Eoue=269MeV =307 0,=0.085%
o2 I=85A
VHF gun LO LH L1 HL BC1 L2 BC2 L3 L4 Dechirper
(Rl
RENN
Epqun=100MeV Ehj;.%-iiﬂ\l' E?*‘_—zigmmnfv Eppam=2-15GeV CM # ;30 Ch ;24
05=0.041% . 210 f o Rse=-36.5mm Vp=3614MY Vo=2891MV Ebeam=8.644GEV
$=12.1 =14 a5=0.365% G=0e =0 05=0.03%
Eour=326MeV I =1000 1,=10004A
1=124A

Electron beam energy (GeV) 8

Bunch charge (pC) 10-300
Rep. rate (MHz) 0-1
Normalized slice emittance in transverse (mm-mrad) 0.2-0.7
Peak current (A) 500-3000
Slice energy spread in rms <0.01%
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I Bunch compression scheme

The locations of the BC1 and the BC2 are determined based on the optimization
of the beam stability and the beam brilliance with the collective effects taken into
account. The first stage compressor (BC1) is closed to the injector in order to
minimize the effect of the transverse wakefield by compressing the beam as
earlier as possible when the beam energy is low. On the other hand, in the low
energy regime, the beam is more sensitive to the collective effects such as space
charge. To compromise, the beam energy at BC1 is chosen as 270 MeV.

Beam jitter VS E_BC2

—e-dE/E(0.01%) o dI/I(4%) -e—dt(20fs)

1.4
1.3
1.2

The energy at the second bunch compressor

BC2 is chosen as 2.1 GeV to suppress theOGESR \_/
effect during compression and to opt|m|2e> the [
05

beam stability performance
1.4 1.6 1.8 2 2.2 2.4 2.6

@

‘é A som SHINE



I Linac Lattice and beam transport

Win32 version 8.51/15 O8/10/18 15.05.23
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I L1 section

Three 12 m long standard cryomodules (CM01~03)

Two 3.9GHz high harmonic cryomodules (CMH1 and CMH?2)
Phase advance per cell: 45 degree

Total length of L1 linac: 55 m

* & o o

Win32 version 8.51/15 30/11/18 14.23.29
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I BC1 section

Unit BC1
Nominal beam energy MeV 250
Energy spread % 1.44
Compression factor 7 ﬂ—H | 0o H
R56 mm -55 | | | I
Total length (B1-B4) m 7.466 BCl
Drift length between 1st m 2.45 55 Wi}ft32lver:9iorlz 8.§l/ll5 o _3.0/],1/]8 2;4@36 0.0
& 2nd (3rd & 4th) § LB i el D\ 0.0 N
Drift length between m 1.75 =804 - S
2nd&3rd 1 ST -0.04
Length  of  chicane m 0.2 . | X
dipoles 01 0,08
Bend angle = 5.9 o 010
Magnetic field T 0.42 35,1~ L
Maximum dispersion m 0.28 ' \ _"0-12
30. 4
_ --0.14
25. : ; : . . . ‘ -0.16
106, 110 114. 118 122.
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I L2 section

+ Eighteen 12m long standard cryomodules (CM01~03)
+ Phase advance per cell: 30 degree
+ Total length of L2 linac: 230 m

Win32 version 8.51/15 30/11/718 14.23.29
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I BC2 section

Nominal beam energy
Energy spread
Compression factor

R56

Total length (B1-B4)
Drift length between 1st
& 2nd (3rd & 4th)

Drift length between
2nd&3rd

Length of chicane
dipoles

Bend angle

Magnetic field

Maximum dispersion

Unit
MeV
%

m

=

EHIO

BC2
2150
0.62
15

-36
23.686
9.87

1.75
0.55
2.4

0.547
0.44

B (m)

110,
99,
88. -
77
66.
55. -
44 -
33 -
2.
11

BC2
Win32_ vel:sior% 8.5|]/15_ - ,'?0/1 ]/18 21:40.36
BX | | B\ IIIII l)\T | | | I

0.1
0.2

0.0

D (m)

--0.03

004

--0.05
- -0.06
--0.07
--0.08
--0.09
--0.10

0.1

0.0 | T T T T T T T T T T T T
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I | 3&14 section

L3: 24 cryomodules (CM22~45)

Break: reserved space (third bunch compressor or an extraction line)
L4: 30 cryomodules (CM46~75)

Phase advance per cell: 30 degree
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Dechirper with Passive Structures
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I Longitudinal orbit feedback

Laser Heater B

BC2

L0 joomev L1 270MeV
Mol —~ S~ cM02-03 — 3

Lc
.9GHz
G

Sensor Actuator

BC1 BPM

BC1 energy/bunch length BC1 BLM L1 RF I/Q component
BC2 BPM

BC2 energy/bunch length BC2 BLM L2 RF I/Q component

Switchyard BPM L3 RF 1/Q component
BAM RF phase
bunch length at Linac exit Switchyard BLM RF phase

siom SHINE

BPM before BC1 Laser intensity
Laser Heater BPM L0 RF I/Q component




Beam Switchyard
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I Beam SW|tchyard OverV|ew

Parameters Values Units

Beam Energy 8 GeV
Rep. rate 1 MHz
; Norm.

— s — : <0.45 um-rad

"7';_}" ég;‘_;}’,.ﬂ ‘ué&"_a,, % 2l

o s R | Emittance
Bunch Charge 100 pC
Peak Current 1500 A

Energy Spread 0.01%

* Linac tunnel — #2 Shaft (88mx32m) — Three undulator tunnels

» Three FEL undulator lines (extensible for 6 or more):
 FEL-1 & FEL-2 in mid-tunnel;

« FEL-3in one side-tunnel  Two beam distribution system:

e Between LTU1 and LTU3

« Beam switchyard with 3 branches: « Between LTU1 and LTUZ2

e LTUS3: deflection branch, linac — FEL-3
« LTUL: straight branch, linac — FEL-1
LT U2: deflection branch, linac — LTU1 — FEL-2

// s%-m SHINE




Beam Switchyard — Optics design

Requirement: Fast; Stably; Accurately; Efficiently; etc.
Bunch-by-bunch: vertical fast kicker (~1mrad, 1IMHz) + DC Lamberson septum

RRRR A e SRRRRRRRRRRREY A ARRRRRREE
2 Beta Functions and Dispersion Function 12 Bela Functions and Dispersion Function ez Beta Functions and Dispersion Function
25 : 3 | : 02 ; i
Ps 25 T.inae I FEL B 08 0 e T, — B 02
2.0 Limac :f  # : By 204 Tumel Shafe Lunsel By . 1 T Tyl By
—_ onet 3| swat| 3 —_ H ror —_ or -
£ 15 | : g 15 : " g B0 Ik | g
S - . o - B 3 v’ M - l v
2 1.01 : : i3 H i Ay Y I w044 i 4 i
=10 : | i W 1.0 : 5 H A [l 14 H
= 057 | E|t" /(N = : i | 024 { il F\MM T 01 ®
- dN /0 I -1 Undulator 051 ﬂ J \, ] FF o Lin —0.1 ; AR l A
Mol N (0000000000000 AR A WTART AN T s YV N J AL U
004 I W% . 004 VLM e 0.0 -02
-132.5 -88 0 50 100 150 200 250 -132.5 -88 (] 50 100 150 200 250 300 -132.5 -88 0 350 100 150 200 250 300
s (m) 5 (m) 5 (m)
« LTUS3 deflection branch:

_#” Bhgse advance A¢ ~ m between the two bending magnets of DBA for cancelling CSR kigki| N E

» Septum installed ~44.5m in front of the exit of linac tunnel, kickers in 25m upstream;
* Dog-leg style: DBA (3.4°, 32 m) + matching (113 m) + DBA (-3.4°, 32 m);
» Phase advance A¢ ~ m between the two bending magnets of DBA for cancelling CSR kick.

LTU1 straight branch:
* 50 m long space: for kicker-septum of LTUZ2 and bending magnets for beam dump.

LTUZ2 deflection branch:
» Kicker-septum system installed in the first 25 m of the 50m-space in LTU1
*_Dog-leg style: DBA (3.0°, 18.4 m) + matching (48 m) + DBA (-3.0°, 18.4 m);




Beam Switchyard — Tracking results

Particle tracking by ELEGANT:
« 1M macro-particles; CSR, ISR, LSC included; Laser-heater amplitude ~ 6.5e-5.
* From the entrance of LTU3 septum
Cancellation of the CSR induced emittance growth
J'IJ IWIWHJ'|J1J'\J'|J]J'\J'|J1lllljJ'lj IIIII‘\‘IIIII‘\III\‘III‘\‘IIW‘\III\‘III‘\III\‘III‘\III\ ‘LFLIJWJmll_'ﬁL'JTlFF‘TL'HL'rHI‘H J\Iifll\‘ll ‘III‘IIII\III\‘III‘III‘\III\III\‘I
le—1 Norm. Emittance g Norm. Emittance
(y - : N — & . Linac #2 I FEL — &
c@ | l:::: : S:Zﬂ T':S;] & Q 124 Tunnel : Shaft Tunnel &
KR s
S S 0.8
= 41 -
QT“ FEL-3 Undulator Line Q;? 06
3 Lr]l FEL-2 Undulator Line
-13I2.5 -éS (I) SIO l(l)l] l.%O 260 2_%0 S(I)O 350 -13I2.5 -éS (I) SIO I(I]U 1.%0 260 2.%0 360 350
s (m) s (m)
Norm. emittance in LTU3 & FEL-3 Norm. emittance in LTU2 & FEL-2
Micro-bunching instability
Longitudinal Phase Space Peak Current Peak Current
’ 309 —— Exitof LTU3 dog-leg 304 —— Bxit of LTU2 dog-leg
25 Entrance of LTU3 septum 351 Entrance of LTU3 scptun
Ao ot ~ L ALy, = 1.5 m .
é‘ -05 O el ~ 10 W ~ 1o weitilf
-1.0 0.5 0.3
-L3 0.0 - " 004 -
-30 =25 -20 -15 -10 -05 0.0 0.5 1.0 =2 =1 0 1 -2 -1 0 1 2
ct (mm) et ct (mm) le-2 ct (mm) e

Exit of LTU3 dog-leg

Exit of LTU2 dog-leg

. fﬁlrgce of LTU3 septum
) 74" siom
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FEL lines
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Introduction and overview

3 undulator beamlines
PMU + Superconducting Undulator
Covering the photon energy range 0.4-25 keV

Fully coherent X-ray generation based on self-
seeding and external seeding

* o6 o o

I T N T T
SASE/HXSS EEHG/S I-?(S}EI/GSi:(jsScading SASE/HXSS

3-15 keV 0.4-3 keV 10-25 keV
Planar Planar + EPU SC Planar

26 mm 68 mm 16 mm

5 mx 34 4mx(40+4) 4 mx 40
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I Undulator system

Undulator Type Planar Planar Helical SC Planar
Quantity 34 40 4 40
Period (mm) 26 68 68 16
Segment Length (m) 5 4 4 4
Min. Gap (mm) 7.2 7.2 5

Peak Field (T) 1.0 1.5 1.5/1.5/1.06 1.6

WA R

e — 3
AR
CHlid)
Loy s LRAE SR

Chfil)
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Peak Brightness

Average Brightness

FEL parameters & operation modes

| g b5 s15 ke
_ >100 >100
EEHG/HGHG "
; 1 1 MHz
107 ,r SASE ] 20-30 5-200 fs
50 40-100  pm
v 3 25 rad
:' 043 043  keV
N N — >102 >10%
S e T 1 1 MHz
oz 2050  5-200 fs
selfrsesding 60 50-120  pm
- 7 320 rad
of 10-25 1025 kev
- >10° >10v
EEHG/HGHG "
A 1 1 MHz
il ' 2050 5200 fs
- 40 3080  um
,1 2 1-4 rad
S R R SHINE

B oh (keV)



FEL-I baseline: SASE (3-15 keV)

’ Quadrupole mm Undulator |”| Chicane

Matching
11 11

| mmmmmmommummn -

30

2

=}

) 10 ;y 0.0 ’
0 50 100 . 150 200 250
Undulators (34 segments) ,
107
Segment length 5m
Period 26 mm 5 107
Spacing between 1m g 0
undulator segments o
Chicanes for self-seeding (2) T o8
—Normal undulator
Total length 3.6 m —— Taper undulator
10—10 1 L 1 L
Delay 0~250 fs 0 50 100 150 200 250
z (m)
Max. offset 10 mm SASE@12.4 keV, charge: 100pC

(]

) 7 e SHINE




FEL-I baseline: SASE (3-15 keV)

‘ Quadrupole mm Undulator |”| Chicane
Matching
-
11 11
I I
30 0.03
E 20 0.02 E
=% ﬁx =
B
10— Y H0.01
nX
|\ ny
Ll IR \ \ I o
0 50 100 150 200 250

z[m]

Un-taper Taper

Op. Mode SASE SASE
Photon energy = 12.4keV  12.4keV
Peak power 6GW 30GW
Pulse energy 236y] 857u]
Pulse length 37fs 33fs
FEL bandwidth 0.12% 0.10%
Radiation size 50um 50pum
Diffraction angle  4.0urad  4.0prad

GAR =
e //p som

1.4x10° £

1.2x10° F
1.0x10"° |
2 gox10’F
o 5 E
6.0x10° F
4.0x10° F
20x10* F

12x10° |
1.0x10° F
T 80x10° F
= 60x10'F
4.0x10' F

20x10'

0.0989

01000 01001  0.1002
A [nm]

20x10° |-

15x10° |

P(2) [a.u)]

10x10" |

50x10' |

0.0999

01000  0.1001 0.1002
A[nm]



I FEL-I self-seeding

SASE Chicane Seeding

- ~Fﬂ' S
- - -

Diamond wake-field monochromator

10°
Rotational stage
% 3 1L
Crystal changing stage 10

=
2
>
>
-1
210
o
3 —seed 1
10 —selfseeding

(=)

// 50 100 150 200
z(m)

Diffraction order C(111 C(004 Self-seeding@12.4 keV, charge: 100pC
3~7 keV 7~20 keV I—

Crystal thinkness 50~100pum 100pum . "
6x10" 1 B,
4x4mm 4x4mm W\

46.7° 34.1° i
~50 fs ~50 fs d it el g

0.1-1MH 0.1-1MH: o 7
SASE power ~1GW ~1GW -
8.17¢-5 1515 -t oy blblpb
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FEL-I self-seeding

’ Quadrupole mm Undulator |”| Chicane
Matching
47t e e e e e
I I
30 0.03
= 20 0.02 =
= B, E
10— iy 0.01
A i ! ! — o
0 50 100 2 (] 150 200 250
[ET=T13] [ I J=" I ] 20x1o"f-' """" | LRECARARAY TOERARAEE | AAREEEC '-‘j
Un-taper Taper ox10’ - i ]
B 15x10° — ]
Op MOde SS SS §4x10’_— -E 055 E
o B E 1.0x1 :— —:
Photon energy  12.4keV  12.4keV | ..[ CE E
Peak power 4GW 10GW 5 A : :
0 ° 10 " [“f‘m] x & 0.0999 %om]) 01001 01002
Pulse energy 172p] 315yJ
wacte T T IRRRRE R L S [ R T [T R, )
Pulse length 40fs 30fs e : :
x10° - 6x10° — =
FEL bandwidth ~ 0.001%  0.0008% | .t 2t :
o g 5 4x10° — ]
Radiation size 50pum 50um 3 ] e
Diffraction angle 3.7urad 3.8urad | i . N3 [ . o
R — 9 00099 01000 01001 01002
//p SEI'H Hm)
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FEL-II baseline: EEHG (0.3-1.2 keV)

Matching

] " Il 1l I ]
50 T T 0.2
B,
40 | By,
\
'I‘|x
30
E N/ ") oq
= i

10! ,
o oo L 200 ko oo
Modulator 1
Length 3.2m 10"
Period 16 cm o
1566
Modulator 2 :~1_5655-_§
Length 3.2 mm ik
Period 40 cm .
o
Radiator (40 segments) —'[] E
Length/segment 4m T i 3 i E
Period 68 mm ) m ot 7
: S0t - 3
Chicanes (5) ” T e e :
Length 44 m (4),16m (1)

Single stage EEHG@3 nm, charge: 10%{;&
Max. R56 0~0.5 mm (4), 0~8 mm (1) INE



FEL-II basellne EEHG-HGHG

Matching

e Il I I ]
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Photon number: 1.2e12
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FEL-Il baseline; EEHG-HGHG

Matching
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FEL-Il baseline; EEHG-HGHG

Matching
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FEL-Il baseline; EEHG-HGHG

Matching
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FEL-II self-seeding

SASE undulator

vecen T

chicane

plane mirro

r

seeding undultor

plane mirror slit  spherical mirror
| 2 1.265 0.27 1 1 _
% VLS grating plane mirrog
v L
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. Resolution>10000
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FEL-II self-seeding

Chicane Chicane

Grating-based monochromator

=
a
a
a
o

‘im

" T o % Requirements for the monochromator
: Y Cylindrical mirror M2 SHINE SXFEL

215mm

Photon energy 0.4-1.5 keV 0.4-0.6 keV

Resolution >5000@1keV >5000@500eV

Efficiency >1%@1keV >0.5%@500eV

Total length 3.7m

» Will be first tested at the SXFEL
» Two-stages self-seeding for SHINE FEL-II
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FEL-II self-seeding

Chicane Chicane

lGrating-based monochromator
2nd stage

g

M F ol 1
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» Two-stage setup reduces the heat loading on the grating
» The final output bandwidth (FWHM) is about 1e-4
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I FEL-1l polarization control

Modulators

|_a"
=~

Stage-1

0.1-0.4keV

"\..|_a"
=

EPU

0.4-3keV afterburner

Stage-2 J

fl

[

Left plot: the pulse energy growth curve; Right plot: the circular polarization evolution
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Pulse energy /J
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z/m

Circular polarization
]
ey

— PMU

— EPU
10 20 30 40 50 60
z/m

* Two EPU segments is efficient to generate circular polarized FEL pulse at 1.24 keV
* Polarization degree higher than 95%
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FEL-IIl baseline: SASE (10-25 keV)

Matching

0 50 100 150 200 250

Undulators (40 segments)

Segment length 4 m 2

Period 16 mm :

Chicanes for self-seeding (2) 3

Total length 3.6 m e induiator

De]ay 0~250 fs 10790 50 100 150 200 250

z(m)

Max. offset 10 mm SASE@25 keV, charge: 100pC

=

) A oo SHINE



FEL-IIl baseline: SASE (10-25 keV)
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Diffraction angle 4urad  3.0prad °o_ saet £

) //7 SICII11
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FEL-III self-seeding

Matching
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Preliminary S2E results
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FEL-I: beam matching

ele2gen Twiss matching

Input:
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I FEL-I: SASE@12.4keV
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I FEL-I: single stage HXSS

+ Undulator segmentation: 8+26
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I FEL-II: input beam

Current and Gamma

Beam parameters for FEL2 x10*
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I FEL-1I: SASE @12.4keV

Power @ 4m SASE
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I FEL-II: first stage EEHG-54

Echo bunching @ first-stage Total spectrum @first-stage 12m Pulse @first-stage 16m
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FEL-1I: second stage HGHG-5
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FEL3: wake effect

X ](}4 - L] - L] L] >.<r_).l ]:\

=== hunch distribution
16 = wake potential 12

Current [A]

Wake potential [V]

0 10 20 30 40 50 60
Distance [ pum]

O Current spike at bunch head drives a significant energy loss in the undulator
OO0 Wake issue is most serious in FEL-III, due to the large bending angle (3.6 )

in the switch yard and the smallest undulator gap (4mm)
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I FEL-IIl: SASE @15keV without taper
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I FEL-IIl: SASE @15keV with taper
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FEL-I1l: SS@15keV with taper, no wake
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I FEL-11l: SS@15keV with taper, with wake
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I Summary & Outlook

¢ Layout of SHINE (including injector, main accelerator,
beam switchyard, undulator lines) is almost fixed

¢ Various FEL operation modes have been designed
for three undulator lines, while external seeding and
self-seeding will be utilized to generate fully
coherent X-ray FELs

+ Parameter scanning and preliminary start-to-end
simulations have been performed to verify the FEL
performance

¢ Still a lot of work to do and a long way to run...
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