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OOwasa BpemeHHan cTpyktypa nmnynbcoB XFEL

Hard X-ray (SASE1 and SASE2)

Wavelength: 0.05-0.16 nm
Bunch charge: 0.02 — 1 nC !!

Photons/pulse: (0.1 —20)x10
Pulse Energy: 20 — 23500 pJ 20-

Average power: 0.7-70 W
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Table 6: Hard X-ray (SASE1 and SASEZ2) FEL radiation parameters for selected settings.

Parameter

Photon energy
Radiation wavelength
Electron energy
Bunch charge

Peak power

Average power
Source size (FWHM)
S. divergence (FWHM)
Spectral bandwidth
Coherence time
Coherence degree
Photons/pulse

Pulse energy

Peak brilliance

Average brilliance

Unit Value
keV | 7.75
nm 0.16
GeV 14
nC 0.02
GW 46
W 2
Mm 31
grad 2.8
1E-3 |23
fs 0.16
0.96
1211 (0.6
uJ 76
1E33™ | 2.38
1E23%|1.1

0.25
37
23
39
2.3
1.9
0.20
0.96
7.0
864
2.41
12.1

15.5

0.08

14

1 0.25 |1 0.02 025 |1
24 35 24 12 29 15 9
69 2 15 34 1 9 27
46 29 37 49 29 35 54
19 (19 |15 (13 |18 (13 |1.0
14 (19 |14 (10 |16 (1.3 |0.8
0.27 (0.13 (017 |0.23 |0.12 [0.15 (0.23
091 095 091 0.71 096 0.84 0.57
20/ 03 28 64 02 14 |40
2570 m 49 347 991
1.96 |3.54 16 426 246 16

568 16 199 464 1.9 155 46.2

* In units of photons/(mm” mrad”0.1% bandwidth s) Ty Tschentscher, XFEL.EU TN-2011-001
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~30- 50 pm T
Z~500-900m ~ 0.5-1 mm

YriaoBas pacxoauMocTh: ~1- 3 prad = 0.2-0.6 arcsec
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..[Ana cpasHeHus:

1. YTior - 5 Br/em?;

2. TBOJIb1 Ha ADC - 200 B1/cm?

3. XFEL -3-10 kB1/cm?
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Qae 3aAQ4U .

1. Kak umnynbkcbl PJICO (XFEL)
HarpeBakT Kpucrtann ?

2. Kak 3TOT HarpeB BnudaeT
Ha AU pPaKLUIO UMNYyJNbCOB ?

(MOHOXpomMaTu3sauus, self-seeding)

OCHOBHas
npoobnema:

-)Ia Ta da eB =f(ra t)




TTpocTtbie oueHku (Ana anmasa):

1. QOI'IYCTHMEIH HEOAHOPOAHOCTDL paclpenesieHnd
TeMrepdatTypbl B PA3HbIX TOYKAX KPpUCTAJlTlA.

AT. = ABctgd, /20, | — AT, ~1-70 K

rae Oy - IMHEHHBIN KO3 PHINEHT TeII0BOI'0 PaCIINPEeHHs].

2. OueHKa TeMnepaTypbl Harpesa oAHUM UMIMYJ1ILCOM:

AT, = nQ,/(rcpr®). — AT, ~ 0.05-2 K

Ay=0.1 nm, N=2.8-1011, Q, =556 nJ, nornorurcsa nois n = wl/y,,
w=3.15 em’l, /=50 um, reomerpusa bpsrra, C(400), n = 0.03,
Q=nQ,=1557ul, p=3.52r/em’®, 2=500 m, r,,, = 597 pum,

¢ = (vaeJabHasl TEILI0eMKOCTh) = 510 JIx/(xr-K) mpu 300 K,
AT, = 0.24 K, =» 71, = 0.24 K x 2700 =630 K !1??




3. XapaKkTepHoe BpeMs OCTbIBaHUS

(BpemMs, 3a KOTOpoe TeMmnepaTtypa B MakCuMyme
CHU3UTCA B 2 pa3a):

Tp= rlch/41<.

rae x - TennonpoBoAHocTb (K, /K ~14—4)!!
|~ ajJiMas  MEJl

TUNMYHbLIE 3HAYeHUsA anAa ayima3a
Ty~ 1-700 mKkcC

Paccrosnue Mexa1y UMITyJIbcaMu B mauke Af, = 0.6 ms/2700 = 0.2 S,

O,I[HELI{G T MHOTO OO0JIbIIIEC HHTCPpBAJIa BPCMCHHA 0-1 C MCIKAY TIaYKaMU.



. 6 1,701
KoadduimenT nmuueitHOro pacmuperns o - 10°, TenmoeMKocTs c, (JIx-xrt-K1),
TEIIONPOBOAHOCTE ajiMasza tuma [ K (Br-m™-K™) u Bpems ocTeIBaHUsA T.. B 3aBHCHU-
MOCTH OT Temmeparypel; AT, — KpuTudeckas remueparypa, AT, - TemnepaTtypa
HarpeBa 1o BJHsIHHEM OHOI0 UMITyJibca, P = 3.52 r-cm™ ; A=0.1 HM, oTpaxkeHue
(400); N =2.8-101, z = 500 M, pazMep uMnyJibca r, = 800 MKMm.

7, K 100 200 300 400 600

—

or, K 0.05 0.45 1.0 1.80 | 3.09

5 29 214 514 854 1342
K 3050 1400 900 650 400

T7, MKC 1.9 31.0 115.8 | 266.4 | 6380.2
AT., K 75.4 3.4 3.8 2.1 1.2
AT, K 2.4 0.32 0.13 0.08 0.05




C ysenuueHue temneparypbl Kpucranna:

TeMnepaTtypa Harpeea UMNyJibCOM:

AT, = pQ,/(rcpr,?) 1 XOpoIIOo
Bpemsa oCTbIBaHUA:

T, =r*cpldx t J10X0

Kpurnuyeckas remneparypa:
»Ir IJI0XO

AT .= AO,ctgb /20,

Paccrosuue mexny umiyibcaMu B nauke Af, = 0.6 ms/2700 = 0.2 LLS.

T, >> Al

pulse




NTor Takom:

TennoBble napamMeTpbl - IMHENHOEe
paclimMpeHue, TenI0eMKOCTb U
TENNoONnpPoOBOAHOCTbL BeAyT cebs
“NPOTUBONONIOXHLIM” OOpPa3oOM
(npumep — KOPOTKOE oaedAno).....

TeM He MeHee, Marnble BpeMeHa TenynooomeHa
T U GonblMe 3HAYEHNA KPUTUYECKOWN Temne-

paTtypbl AT_Npu HU3KUX TemnepaTtypax
CBUAETEeNbCTBYIOT O HEOOXOAUMMOCTU UCNOJIb-

30BaHUA HU3KOU HAYaJNiIbHOU TeMnepaTypbl



YpaBHEeHUe TennonpoBOAHOCTH

c,p(0T/0t) = div(x-gradT) — s(T — T,) + F,

rae K - KO3 GUIUEeHT TenJI0IPOBOAHOCTH, S — KO3(PHULIHCHT
TeriooOMeHa, F(x,),z,f) — IVIOTHOCTH TEILJIOBBIX HCTOYTHHKOB.

F(x,y.1)= fﬁ' g(x)gW) f(1)
1
2 2
g(x) = exp( ::2) 2(y) = exp(—2 >)
X I

i 4

£(6)= (17" %0y) Y expl—(t 1,2/ 2]
Jj=1




T(x:y:t) — ATl i i ian(l(_tj)Smn(x:y)

Jj=lm=In=1

Qn(t —1,) =exp[—a’(q,, +q3)(t —1,)]

Sy (%, V) = &gy €08(4,,X) c0s(q,,))

Li2

gim=2/L) |gi(&)cos(q,s)des

-L/2
Hauanbnoe u rpannunble yenosus: 1(x, y, 0)=1, , T(+L/2, £L/2, 0)=T .

3necs AT, = LLQF/(ncpprf) - TeMIlepaTypa HarpeBa B Touke x, y = 0
I10]1 JEMCTBUEM OJHOTO UMITYJIbca, a* = K/c,p - KoadppuumeHT
TeMnepaTtyponpoBOAHOCTWN, g, =n(2k—1)/L,k=m, n,i=x,y.



3aBUCUMOCTb TemMnepaTtypbl KpUcrtarnsia oT BpeMeHu
80r~7. K

0 | 500 1000 1500 2000
BpeMs, MKC

B roukex=y=0mnpn 7, =100 K (1), 200 K (2), 300 K (3);

N=2.8-10!1 kB/ummn, r,=1.2 mm.
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3aBHCHMOCTh TeMIIEPATyphl B ToUKax x = 0 (/) u x = Xx; (2); pa3HOCTE
remueparyp AT(?) (3). Anmma3s tuna [la, N= 0.3-10!1, Q, =60 mxJlx, T, =
200K, c, =214 Toxkrl K, k = 4000 Br-m!1- K1, r, = 800 MM, 7= 10.8 mxe,
AT =84K,AT, =0.034K,7 . =10.1 K, pasnocts Temueparyp A7(?)
BBIXOIUT Ha maaTo ¢ AT~ 2 K.



IIpocTpancTBeHHOe pacnpenesienue remueparypsl 1(x, 0, 600 mxc)

so~7,K g.

1. 1lpn I, =100 K
... =38K<AT =
=75 K,

2. 1lpu T,=300 K
cuTyanus oOpaTHas:
L. =71 K>>AT =
=4 K.

N= 0.3-10"1 por/mmn

-4 -2 0 2 4
Koopaunara x, MM

IIpocTpancTBeHHOe pacnpeaeaeHne Temnepartypbl 1(x, 0, 600 mxc)
npu 1, =100 K (Z), 200 K (2) u 300 K (3); 4 — mpopuin
HHTEHCHBHOCTH IaJal0lIero HMILY/IbCa g, (MpaBas IIKAaJIa)



BnuaHue Temnepatypsbl (X, y, f) HA MHTEHCUBHOCTb
OTpPaXeHHbIX U NpoxoaAaAlWUnxX UMNYyNbLCOB

YcaoBue “cuiabHoN” Audpakuun: o < 2|y, |
o=[k*—(k +h)*]/k*

a(AD, QT (x,v),q9,)=
=251 205|A0+ (/0 +arT)tg0s —q,. / kg

HNHaTeHcnBHOCTH oTpaxkeHHoro (C' = R) n npomeiero
(C=1) M1y IHCOB:

I-(F,0)=1,(F)[[C(a)C™ (") < 4, (Q) 4, () > x

e e e

< exp[—i(Q — Q) 1dQdQ’



Kapra pacnpeaesieHuss HHTEHCHBHOCTH R-HMITYJ/IHCOB
I,(x,y, 1, C2=0)B pasjinuHbIe MOMEHTHI BpeMeHH /

t=0fs Rmax=0.95
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N=10" ¢poron/nmn, 7'= 200 K, anma3s Tuna Ila



Kapra pacupene/ieHnss HHTEeHCHUBHOCTH R-HMIIYJ/ILCOB
I,(x,y, %, C2=0) B pasjinuHbIe MOMEHTHI BpeMeHH /

1.5.: =100 fs Rmax=0.53 -

Y Axis Title

-1.5 <

Tmax=212 K
I—*II,E | —1I,D | —L".II,E . DI,EJ | DTS | “l,ID | ’l|,5 |

X Axis Title

N =101 ¢poron/umn, 7= 200 K, aisma3 tuna Ila



Kapra pacnpene/ieHusI HHTEHCHBHOCTH R-HMIIYJ/IbCOB
I(x,p, 1, C2=0) B pasjim4abIe MOMEHTBI BpeMeHH /

t= 300 fs Rmax=0.16 -EIZZ‘EZZ

01128

. 0,1350

0,1200

—
n
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Y Axis Title

Tmax=220 K
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X Axis Title

N =101 ¢poron/umn, 7= 200 K, ainma3s tuna Ila



Kapra pacnpene/ieHusi HHTEHCHBHOCTH R-HMIYJ/ILCOB
I,(x,y, 1, CQ2=0) B pasiH4HbIe MOMEHTHI BPEMEHH /

1,5.:i=600 fs Rmax=0.09 -ELZ:?E

0, 05000
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Tmax=226 K
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N =101 ¢poron/mmn, 7= 200 K, aama3s Tuna Ila



CnekTpanbHbIN KO3 dPULUUNEHT OoTpaXeHUnA

B Pa3JiniHbié MOMeHTbl BpeéMeHMU

Kos(puiueHT oTparkeHus

1.0

0.0

CrekTp t=0 ¢c
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N= 28101, T,=200 K, AT .= 8.4 K.




CneKkTpanbHbIN KO3 (PULUNEHT OoTpaXKeHUA
B pa3fityHble MOMEeHTbl BpeMeHM

Crexrp t =100 ¢gc
1.0 —— —

I'=232K

Koa¢dunueHt orpakeHus
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N= 281011, T,=200 K, AT = 8.4 K.




CneKkTpanbHbIN KO3 PULIMEHT OTPpaKeHUs
B pa3Jiu4Hble MOMEHTbl BpeMeHH

Crekrp t =300 ¢c

1.0

I'=257K

Koa(duruenr otpaxkeHus
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N= 28101, T,=200 K, AT =8.4K.




CnekTpanbHbIN KO3 PULUUEHT oTpaXeHUsA
B pasJfiuyHble MOMEHTbl BpeMeHU

Crekrp t =600 ¢c
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KoadPumuenrt otpakenus

N= 28101, T, =200 K, AT, = 8.4 K.




CnekTpanbHbIN KO3 PULUUNEHT OoTpaXeHUsA

B Pa3J/iniHblé MOMEeHTbl BpeéMeéHMU

Ko pumueHrt otparkeHus
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N= 28101, T,=200 K, AT =8.4K.




NIHTerpanbHble KO3(p(PULIMEHTbI OTpaXeHUa P, (x)

1.0

0.8

0.6

0.4

-1 0 1
KoopauHara x, MM

e = QIANQ:
I--2,

2--3,

3 - 3.5,

4 - —4,

5-—-435

6-—5

7 - npopuiin 1,(x)

T, =200 K,
t = 600 MKc




-1, -10 -05 00 05 1,0 1,5
X, MM

Kapra pacnpeesieHusi HHTEeHCHBHOCTH oTpaskeHusl I (X, y) B 00/1acTH
CclieKTpa € = -3 B KOHIIe NaJJeHusl NaYkH HMNYy.abcoB (Z = 600 mkc).
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1 0 T B P “7—ﬁ - - _
30 K/
0.8 31 1 - ua.KpHCTAILI,
P T 2., =T0K,

0.4 T, =200 K.
0.2 l
0.0 ‘s=e=leozanr - .““l_n ______
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HTerpanbHble crieKTpasbHbIe KO3(DPUIMEHTHI oTpaskeHUs Py(L2) oT
uaeajgpHOro kpuctauia (/) moramvasatuna llac 7, =70 K (2) n
T .. =30K(3),4- crnexrp magaronux umnyiabeoB G(); 7, = 200 K.



Self-seeding scheme with wake monochromator
for narrow-bandwidth X-ray FELs

[1] G. Geloni, V. Kocharyan, E. Saldin, DESY 10-053 (2010)

weak chicane

T cells

PE

i

shot

SASE
undulator

wake monochromator

noise

k, X

Noncoher. [
incident :
pulse

ulse

Coher. part

B S | S
| B | 55 | e
Bl [ | R | R
il B "' g g g
I B L B et
x o I LA

o Y
U : U Y

h

Noncoher.
T-pulse

of T-pulse

12 cells

-

coher. undulator
X-ray
signal

self-seeded
X-ray pulse

output

Bandwidth down to 10-°

Weak chikane operates as a tunable
delay line.



Q/w,, 107

3D-mHTEerpanbHble KpUBbIe JU(PPAKIIMOHHOTO MPOX0XKACHHUS ITPH

HauaJIbHBIX Temneparypax kpucraya [, = 300 K (7), 200 K (2)
u 150 K (3); 4 — kpuBasi MpOXOXKICHUS JJIs1 HleaIbLHOro KpHUcTaslia.




Kapra pacnpene/ieHusi HHTEHCHBHOCTH R-HMIIYJIHCOB
I,(x,y,t, 2= 0) B pasiHYHbIe MOMEHTBLI BpeMeHH 7

1,5.: =100 fs Rmax=0.53
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N=10" ¢poron/mvmn, 7= 200 K, a;sma3s Tuna Ila



OCHOBHbIE pPe3yJibTdTbl U BbIBOAbl. 15

1. B pamkax gBymMepHoOro ypaBHeHUA TENMONPOBOLHOCTU C

pacnpeieneHHbIMU UCTOYHUKaMU paccynUTaHbl pacnpeneneHns
Temnepatypbl 7(x,y,t) noa gencrenem nmnynscos PJ1ICS.

2. B cny4yae nvnynbcoB 60nbLWon 1 cpefiHen MOLHOCTHU
TemnepaTypbl pasorpeBa gocturatotT 100-300 K, ogHako
OCHOBHOW NMpobriemon siBnsieTca 0onbLUOW rpagueHT TemMnepa-
Typbl, NpeBbIaoWnn Kputnyeckne sHavermna 1.~ 1-10 K

3. [Onsa umnynescoB manow mowHocTtu (N ~ 101° do/umn) ycnosus
AndpakLMm BbIMOMHAKTCS Npu paccToaHuax z ~ 800 m.

4. XXenaTenbHo “paboTaTh’ NpU HavanbLHOM TemMnepaType
T, ~100-200 K ¢ onTumanbHOM CKOpoCTbiO OTBOAA Ternna.

5. Heobxoammo paccMoTpeHe 3ajadnm C y4eTOM TeMrepaTypHO I
N BPEMEHOMN 3aBNUCUMOCTU BCEX TEMNOPUNINYECKUX
napameTpoB.
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