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Outline

« Overall system design approach for <10fs

* Subsystems
— Clock requirements
— Stabilized link
— Laser oscillator timing control
— Downstream monitors and feedback

 Conclusions




<10fs pump/probe experiments
drive timing requirements

« <10fs photon pulses from LCLS, SACLA, FLASH...

« Want timing uncertainty < pulse width, otherwise...
— Pulse is statistically widened
— Timing range is statistically sampled (then “binned” if measured)
— Shots are wasted, reducing effective reprate

detect timing,
probe “bin” data by time
pump
jitter wasted
statistics shots

\ /
—>I valid data range l«——
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X-ray

Y Y
<10fs 10s to 100s of fs currently

« Carry stabllity of clock down stream
— Minimize jitter added by subsystems
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Laser synchronization path

XC
clock \
experi X-ray
A e T <

control opticat” ment

izer
\ J \ J

Y Y
<10fs 10s to 100s of fs currently

« Carry stabllity of clock down stream

— Minimize jitter added by subsystems

— Feedback at maximum bandwidth for each stage
« X-ray jitter assumed to be low (Byrd et al, TUPD29)
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Clock distribution methods

mod. correlator

E;d MAN g

correlator
CW: |
laser laser Y f ferometer

ferometer

« CW carrier : continuous signal (fringe counting),
no fiber nonlinearity

— Analogous to RF clock, but 10° higher
frequency

— At = A¢/2nf = 1rad/(2r*200THz) = 0.8fs
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7ANGLS

eneration light source

Linking CW and pulsed lasers

clock transmitter link receiver
A A A A
| | \ | \ \ ]

1 i carrier
stabilized link

reprate

CEP stable
pulse train

- f ¢
JJ

J
single frequency

i

« Timing always transferred via optical
phase detection
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next generation light source

Clock and distribution via links

U.S. DEPARTMENT OF Ofﬁce of
@ ENERGY ‘ Science



. ‘/NGLS

neration light source

How good does the clock have to be?

« Determined by delay difference ty=t, — tg
» High frequency: differential noise with period <2t,
« Low frequency: phase delay change At=t, Af
« Example: 200m fiber /
— 15 is 1uS
— High frequency noise above 500kHz < 1fs
— Long term frequency drift < 10-°
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ANGLS

n eneration light source

Optical clocks are good enough

1.0
10° ... <0.1fs jitter above 500KHZ 05 . ~1015freq. stability
. = 06
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 NGLS

next generation light source

Lock CW to clock

« Optical phase-locked loop 4 N

. . g '\'w'. ‘ l‘ | h
— Beat CW with nearest comb line £ li'ui »u A ‘l’lJ
. : £o kRO “"‘w""\ b
» 8kHz bandwidth piezo tuner '|| '\'um ".‘ I h\ \‘h I w,"‘
n . | | M Ll
— 1.8fs RMS jitter l 00 aee s
Output 51 | 1 |
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Lock CW to clock

» Optical phase-locked loop

— Beat CW with nearest comb line ¢,

« 8kHz bandwidth piezo tuner
— 1.8fs RMS jitter

* >1MHz EO phase modulator
— 320as RM%tter o 0.05 0.1 ) 0.15 S 0.2 0.25

« Fast extracavity

A A control becomes

possible when jitter
is <10fs
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next generation light source

Interferometric link stabilizer

mirror\&\ﬁ g -
((ZE) frequency outpu
CW laser shifter Ef >
tune ‘ 150m 7\
optical
frequency ‘ ‘ l ’ ’
reference (Rb) RF controller
* Pd() rT1()\/ir1gJ F)Eirtfs b S ESEEIES S REHEESE
 Similar device demonstrated | ;”tsigratfd L‘ttder m
. _ = = .5fs unlocke
over 500km fiber (Science 336, l £ 0as locked
441 (2012)) £1.E-16 ™
- Tracks phase continuously  * i N
— Nanosecond error range
— SUb-fS preCiSion 1.E-1‘|8E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Frequency, Hz
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Link transmission jitter

YNG LS

next generation light source

jitter A .
0.95fs §
\

100m

] jitter B-A

time, sec.

jitter B
1.1fs

« Transmission over 100m fiber adds ~400as to optical jitter
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next generation light source

Control of laser timing
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‘XNG LS

Lock pulsed laser to CW

piezo tune only, 0.52rad

-60

-65

70 EO mod added, 0.34rad

| 't“ y r‘,

-80
-8

w

-90

I [
-95 | i
-100
\ 0.E+00 2.E+04 4.E+04 6.E+04 8.E+04 1.E+05 1.E+05
frequency, Hz

15

« Control reprate based on CW laser .  In-loop: 280asRMS

. Fnhc?::se control BW with EO WMWMWMWHWMWWWM

 Pulsed laser not CEP stable

-1.5
0 0.05 0.1 0.15 0.2 0.25
time, seconds
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ANGLS
CEP-stabilized fiber laser locked to CW
( ) ) eléo::%iir(:gcsq—l = — 1 = lF i
yont ~C @ rservolel 25eT
15;(;/nm EDFASGNO P—
i oy
é gz 260 nm .,/ Baumannetal

X S D Attenuator %'E Opt. Lett. 34, 638 (2009)
o % Lo %) 02 X
E *-\EP_E{&,/ [ > LLLL T
Ioiﬁicr:g :“\/V >

15.0475 MHz  |electronics ? 1010 nm

* 0.138 radian envelope-to-CW phase (113as at 1550nm)
— With intracavity electro-optic modulator
* Envelope synced to CW phase with 113as RMS jitter
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next generation light source

Cross-correlation of locked lasers

« <8fs RMS difference, 10Hz .

to 1MHz
. 8fs/\2 = 5.6fs

 Most noise below 100kHz

 Limited control bandwidth 3
— Increase BW to 1MHz with

EO crystal in cavity

stab. aser 2
10 '

waw

S |
_ 7 jitter spectrum
g 6 mrm | '0‘1 .m] F-equrnw[”l]m‘ 3 .""
£ s integrated jitter
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ration light source

VCO or laser

@-q

WRF

Need to first “coarse” lock at 10s of fs
— transmitterg receiver ORe RF phase
laser [| AM S @ S T Ss:fecct';
bl /1\“ "\ [rs] ~
Rb ®(D _T_ optical
ref RF — dela
— @ ¥ sensing

 RF clock controls rémote oscillator
« ~10fs is the limit

Out-of-loop resuts:

L
(=]

— 0.01 degree phase error

| Controlling VCXO, 200m fiber

8.4fs, 20 hours to 2kHz (loop BW)_

A

— 10fs at 3GHz .
» Currently used in LCLS and & -mw} ,
Fermi@Elettra 0 ’

10
time, hours

15 20
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next generation light source

Optimizing RF lock for ti:sapphire laser

* Determine open loop transfer function
« Add filter to prevent oscillation with high gain (30kHz LPF)

Transfer function:

” P
e e IW’” |
amplitude 39kHz W‘@

resonance

[ step - \M\M\‘ " M

§ ool
reSp0nse & phase
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next generation light source

RF locking results with tisaf

* In-loop measurement compared with difference between
two externally referenced measuements

FFT of noise

In-loop: : [EEERAESIE

1Hz to 170kHz

: u;"
(SU).E e
30
Int t d -70 Ji ZMEF ctr NS
ntegrate -80 -
" &t w0 of laser and reference
- I -90
Out- ., RMS jitter g 1
g 2-100 I
Of- é15 3 110 g&l L C( m—n;‘l
&£ g L b T
. g g 120 panawiatn
loop: £o  26fs RMS W
s 30Hz to 170kHz -140 n
-150 | l e PR e
0 -160 |
1.E+01 L1.E+02 1E+03 18404 1.B+05 1.B+06 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
: ﬂ frequency, Hz frequency, Hz
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next generation light source

Downstream monitors and
feedback
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NG LS

n light source

Noise measurement and control depends
on repetition (sample) rate

« High reprate enables high bandwidth feedback
— Control BW = sample rate/10
 Integrated jitter above sample rate is “shot to shot”

-40

100Hz
100kHz

-120
-140

-160
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

— Axis Title
L B
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Effect of amplifiers on CEP Bl

NOPA
cerioced |\ iomer | v, ’
oscHator — - amplifier oem
compressor 3 HJ
stretchor Schultze et al, 6fs
> Opt. Exp. 18, 27291 (2010)
H oA 100kHz
characterization
time [s] time [s]
0 2 8 10 0 20 40 60 80 100
=2 (a) 0= 0.21 rad1 =2| (b) o= 0.57 rad
©
= N
. 88as Sol 240as ;
513 L R13 . . . .

« CEP thru example optical parametric amp, 240as long term
— Measured with a nonlinear interferometer after the amp
— Variations due to air turbulence in compressor?
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Optical pulse timing detector " =

time:
3 >
| 10us
100kHz A i A Al —
pulse train JL JM W 4\]\‘ W

= - i

100kHz
—

<€ >
Ins 1GHz (10* lines)

CW from link . <1kHz
pulse train

O linewidth
“ }}( to be timed

heterodyne beat
« Same heterodyne scheme at low reprate

« Beat frequency is down at ~20kHz
. — More noise, narrow bandwidth
)
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n light source

Cross correlating with optical radiation

To pump-probe

SASE undulator S;T’g;r:zion Radiator experiment experi
LLLTLLTTT T I [ ffemmmemmmeme- N2 [T,

To electron
beam dump

« 2-color or “optical afterburner” concept

— Saldin et al, PRST AB 13, 030701 (2010)

— Optical synced with X-ray to 30as (10”-4 energy jitter)

— Cross correlate with experiment laser, sub-fs uncertainty
« X-ray/optical cross-correlators 5-10fs currently

« Use to correct long term drift
— No need for passive thermal stability in other subsystems
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Timing system block diagram

experi
P ment

ensor
information

laser S
, processing

_________________

optional

transmitter
cathode, heater

data binning
clock laser

~
A
i
rrrrrrr
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ANGLS

ration light source

Conclusion: robust <10fs sync is likely

* All subsystems capable of <1fs short term jitter
— Optical phase lock provides fine timing sensitivity
— Well developed technology for optical metrology

 Slow drift corrected based on cross-correlation at
experiment

« Experiments to further demonstrate capabilities
are ongoing

U.S. DEPARTMENT OF Office of
® ENERGY | Scoo




<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ABSALOM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /ALIBI
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /BankGothicBT-Medium
    /BaskOldFace
    /Batang
    /BATAVIA
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CASMIRA
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CharlesworthBold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DauphinPlain
    /EdwardianScriptITC
    /ELEGANCE
    /Elephant-Italic
    /Elephant-Regular
    /ELLIS
    /English111VivaceBT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EXCESS
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GENUINE
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HELTERSKELTER
    /HERMAN
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISABELLE
    /JOAN
    /Jokerman-Regular
    /JuiceITC-Regular
    /JUSTICE
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /Lithograph-Bold
    /LithographLight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MANDELA
    /Mangal-Regular
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MATTEROFFACT
    /MaturaMTScriptCapitals
    /MICRODOT
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /NATURALBORN
    /NEOLITH
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OPENCLASSIC
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /PosterBodoniBT-Roman
    /PRETEXT
    /Pristina-Regular
    /PUPPYLIKE
    /Raavi
    /RADAGUND
    /RageItalic
    /Ravie
    /REALVIRTUE
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /SHELMAN
    /ShowcardGothic-Reg
    /Shruti
    /SimSun
    /SnapITC-Regular
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /Stencil
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TRENDY
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


