COBPEMEHHbIE J1IA3EPbI:
HOBble rpaHu ceeTa

Nekuuna 13

APYIME NPUMEHEHUA NA3EPOB. YHUKAJIbHbIE
NA3EPHbIE CUCTEMBI.

Na3epHO-3NEeKTPOHHBIN reHepaTop PEHTFEHOBCKOrO W3My4YeHUs — npumMep
nasepHoON CUCTEMbl C YHUKamnbHbIMM XapakTepucTukamu. WamepeHue
OCHOBHbIX  XapaKTepucTUKk nasepHoro. [lpeobpasoBaHne nasepHoro

n3ny4vyeHuA no 4yacToTe, NPOCTPaAHCTBEHHbLIM XapakKTepucTtmnkam,
nosidpm3auunn.



NA3EPHO-3JIEKTPOHHbIN TEHEPATOP
PEHTTEHOBCKOIO U3JNTYYEHUAL.




PeHTreHoBCKOE nany4yeHuve m ero npummMmeHeHusA
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FeHepauusi peHTreHOBCKOro U3ny4YeHuUs: CUHXPOTPOH
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FeHepauusi peHTreHOBCKOIro U3Ny4YeHUs: CUHXPOTPOH

Need for short X-ray pulses

® BGoster
Synchrotren

Synchrotrons:
100 ps (fs)




eHepauunsa peHTreHOBCKOro n3ny4eHus: obpatHoe
KomnToHOBCKOE paccesiHne

O6paTHoe KomnTOHOBCKOE paccesiHue:
B pe3ynbTaTte BCTPEYHOro
CTOSTKHOBEHWSI PENATUBUCTCKOTO
3NeKTpoHa 1 POTOHa 3HEepruns
nepegaeTcs NocneaHeMmy.

CeueHune npouecca KoMnTOHOBCKOro
hv < m,c?

paccesHus B criyyae
CTPEeMUTCS K ceyeHnto TOMCOHOBCKOIO
paccesHus:
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XapaKTepucTUKM Na3epHO-3JNIeKTPOHHOro reHepaTopa
PEeHTreHOBCKOro U3ny4YeHus

X-ray photon energy 20—40 keV
X-ray beam size on a sample <5u
X-ray beam divergency on a sample <1 mrad—
Average X-ray photon flux density on a sample :blO“ph/sec-nm19
X-ray photon flux stability +10% 11 hour
Size, approximate (L+W<H) Tede1 8 m’
Electric power consumption <100kW
X-ray line

Ring laser system




OueHKa napameTpoB reHepaTopa

LEXG > Photon - Electron Collider

Number of photons per unit time: deh = ol
dt

a1 = 6.65%X10% cm? SThomson scattering cross section, L- Luminosity

o _ Goal 1.5%103%¢ s'lecm2
Luminosity: L = fTEPNeNPhG LHC Tuminosity is 1034 s'lcm™2

frep - frequency of collisions,

N, -number of electrons in bunch,
Npn - number of photons in pulse,
G - geometrical factor

frepNe — average beam current

LHC — Large Hadron Collider



OueHKa napameTpoB reHepaTopa

Parameters, defining luminosity are tightly connected with each other

c
frep = ENIJ C - ring orbit circumference, c — speed of light,
N, - number of bunches in ring

N, = %, Q,, - bunch charge, g =1.6x101°C

Bunch charge defines numerous parasitic phenomena in the injector and ring.
(=1 nC—is upper limit for bunch charge. Thus, limit for N, = 6.25%x10°

W,
Npp = E—":‘, Wpn - laser pulse energy, Epy, - photon energy
ph

Wy is limited by mirrors of laser resonator. Wy, = 20 m], £}, ® 1 eV
Thus, limit fo @



OueHKa napameTpoB fla3epHOM CUCTEMbI reHepaTopa

Wavelength ~ 1052 nm
Laser pulse energy in the resonator More than 20 mJ
Laser pulse duration Less than 30 ps

Full width half maximum laser beam diameter in the interaction zone | 40+/-10 microns

Non-uniformity of the fluence distribution over the focal spot * < 20%

~ 79 MHz

Laser pulse repetition rate **

(P ) =20 1/ -79 My =1,58 MBm



HakonneHue [«ycuneHue»] nasepHbIX UMNYNbLCOB

Pulse stacking
‘ Fabry-Perot cavity ]

Pulsed .*I'lg. ..|||.||,. IJ'L. —
laser I 'I' I c 4|| 1 ~
Finesse and Gain: High reflectivity mirrors
A R F 2FL
podve TR F 60210000 T=
ov T T Tc

G=1000 = 1,58 kBr — 1,58 MBt



HakonneHue [«ycuneHue»] nasepHbIX MMMNYNbLCOB
Hannune ancriepcun n HENMMHENHOCTU 3NEMEHTOB pe3oHaTopa HenpepbIBHbIX
nasepoB C CUHXPOHM3aUMEN MO NPMBOAUT K NocreoBaTesibHOMY CABUTY
(*)aSbI onTUYecKux KkonedaHnm OTHOCUTENbHO OFVI6alOLLI,VIX nMnybCcoB
BbIxogHoro nanyyenus. (Carrier Envelope Offset — CEO)

Fabry-Perot cavity: pulsed regime

Temporal domain Freauency domain

— =nf
w ﬂ . I__ WV' I - /LL‘/ vp=Nn /ep+ Vo

n=10°6

= A®_ /2 f,,

Locking : matching each tooth of the frequency combs

Feedback with 2 degrees of freedom : Dilatation & translation




Cxema 3aparoLlero reHeparopa n BOJIOKOHHOM 4YacTu
na3epHoOn cUcCTeMbl
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Cxema ycunurtesbHbIX KaCcKkagoB Jfla3epHON CUCTEMDI
HaKayky onTU4YecKoro Hakonurtens
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Cxema ctabunusauum cpasbl orndbarowien n HecyLen

Intensity _3: rep _I
f1 =fCEO+mfrep

2f1=2fceo+ 2Mfrep
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In-loop f-2f-interferometer
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L- nnH3a - HWP — nonyBonHoBas nnacTuHka
M - 3epkarno NLC — HenuHenHbI KpucTann (2m)

PCF — hOTOHHO-KPUCTANNYECcKoe PBS — nonapusaunoHHbIn genuters

BOJOKHO (criekTparbHoe ywmperne) — MydKka
DCM — anxpounyHoe 3epkarno VDS — nuhns sanepxku



Pound-Drever-Hall meToa ctabunusauuu gnvHbl

pe3oHaTopa
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YcuneHue YNPNUPOBAHHbLIX UMNYJILCOB

Initial short pulse A pair of gratings disperses

the spectrum and stretches

j\_ / the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l
and low power, safe
for amplification

/ High energy pulse after amplification

— .

Power amplifiers

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.



YcuneHue B TOHKOM CTepxXHe U TOHKOM ANCkKe
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USMEPEHUE NAPAMETPOB JIASEPHOIO
U3NYYEHUA




XapakTepuCTUKN Na3epHOro n3ny4eHus

1. DHepreTUYeCKMe XxapaKTepUCTMKN
MouwHocmb, aHepeusi, MomHOCMb MOWHOCMU/3Hepauu, cyem ¢homoHo8
2. CnekTparnbHble XapakTepUCTUKK
HnuHa sonHbl, yacmoma, ¢hopma criekmpa
3. [poCTpaHCTBEHHbIE XapaKTEPUCTUKN
LupuHa nyyka, pacxo0umMocmsb, Ka4ecmeo r1yyka, npogusib UHMEHCUSHOCMU,
cmabunbHoCcmb HarnpasneHus, OnuHalpaduyc KoeepeHmHocmu
4. BpemeHHble xapakTepuCTUKK
LnumensHocmb umnyrnsca, hopma UMryrbca, 8peMsi KoecepeHmHocmu
5. ®a3oBble XxapakTepUCTUKK
®opma 80/1H08020 (hpOHMa, Huprn
6. MonapusaumoHHble XapakTepPUCTUKN
lMnockocms nonsipusayuu, 3AUNMUYHOCMb MospU3ayuU, cmeneHb nonaspudayuu



N3mepeHne aHepreTU4YeCKUX XapaKkTepucTmk

1. Tennosble MeToAbI

TepMoaneKkTpuyeckme: Tepmonapa, TEPMOCTONOUK - HECKOMNbKO
TepMornap, CoeiMHEeHHbIX NOCneaoBaTeNbHO AN YCUIEHMS
TepMoaneKTpmyeckoro acpdekTa. Bbicokas 4YyBCTBUTENBbHOCTb,
N3MepeHne MOLLIHOCTU/3HEPTM, LUMPOKUIA CNEKTPanbHbIN
amnanasoH, H1U3koe BGbiCTpoaencTBume.

MupoaneKkTpuku - KpUCTanIM4eckne AUIANEKTPYKK, COCOBHbIE
K CMIOHTaHHOW Monspu3auny, B TOM Yucne, Npu N3MeHeHUM
Temnepatypsbl. Ans uamMepeHus aHeprum MMMNynbCoOB, LLUNPOKUN
cnekTpanbHbIi Anana3oH, ObICTPOAENCTBUE BbILLE, YEM Y
TEPMO3EKTPUKOB.

2. ®oToanekTpuyeckme meToapl

doToanogHble NPUEMHUKN — LUMPOKUIA ANanas3oH JIMHENHOMN
XapakTepPUCTUKM MPU U3MEPEHUN MOLLIHOCTHU, BbICOKOE
OblcTpoaencTene

3. NMoHOepoMOTOpHbLIE METOAbI
,El,aBneHme CBeTa Ha KpYTUJIlbHbl€ BECHI
4. CyeT poTOHOB

®3Y, naBMHHbIE hoTOANOAbI
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VlsmepeHMe CNneKTpalibHbIX XapaKTepUCTukK
1. HTepdepeHUMOHHast CNeKTPOCKOMNUS
WHTepdepomeTp ®abpu-lepo

2. [lncnepcnoHHas crnekTpoCcKonus
[Mpr3MeHHbIN MOHOXpOMAaTOP

3. AndpakymoHHasa cnekTpockonus

MoHoxpomaTop ¢ AMpPaKLMOHHBIMI peLLeTKamm

4. CpaBHeHI/Ie C 3TaJ1IOHHbLIM NCTOYHUKOM -

PRc. 2. Yimscpcanhanil MOBOXpoMATOp YM-2

a) i s, 6)



N3mMepeHne NnpocTpaHCTBEHHbIX XapaKTepPUCTUK
1. CKaHI/IpOBaHVIe J1iy4a ONHOYHbIM (bOTOI'IpI/IeMHI/IKOM

2. MaTpuyHbIn OeTeKkTop




N3mMepeHne BpeMeHHbIX XapaKTepucTukK

« v &
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1. doToamoaHbI NPUEMHUK
2. CTpuk-kamepa
3. ABTOKOppENATOP

OPERATING PRINCIPLE

Sweep electrode
(where electrons
are swept in the

Trigger signal direction fromtop gy 004 ima
ge
o bottom) on phosphor screen
lmenslty %%
Ar 0000 R
Tlme e ,"‘ Time

Phosphor screen S

Slit Accelerating electrode
Incident light (where electrons (electrons — light)
are The intensity of the incident light

(light — electrons) (wmhMg:mp‘m can be read from the brightness
electrons)

of the phosphor screen, and the
time and space from the position
of the phosphor screen.




MU3mepeHune paszoBbIX XapakKTepUCTUK

Distorted Wavefront Displaced Dot

1. aTtymnk BonHoBoro ppoHTa Laka-aptmana ToT™

(NpocTpaHcTBeHHasn dasa kornebaHui) (/ e %

2. CnekTparnbHble N3MepPEHUsI C BPEMEHHbIM NEERY
L L

paspeLueHnem npu perncTpauum aBTokop- Rl ' K,ﬂ
PENAUNOHHBIX (PyHKUMI (dhasa konebaHun "
BO BPEMEHM).

SPIDER (Spectral phase interferometry
for direct electric-field reconstruction)

FROG (Frequency-
resolved optical gating)
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N3mepeHune/npeobpasoBaHue NONApPU3aLlMOHHbIX

XAdpPaKTepUCTUK
MonspmnsaumoHHas
1. BpalueHue nnockoctn nongpusaunm npuama

,D,Bynyt-lenpenomnﬂ oLline nosiyBoJIHOBbIE MITACTUHKN

BonHoBbIe NNAcTUHKM Ha adhdeKkTe ONTUYECKON aKTUBHOCTU

Avenka Papages
2. AameHeHne cocTosiHuS nonapusauum )K
,D,Bynyqenpenomnmou.l,aﬂ YeTBEPTbBOJIHOBAA NMNiiaCcTuHKa

Avenika NMokkenbca

KomneHcaTtop babuHe-Conenns
KK nonspusaunoHHbIn
BpawaTenb
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Mpeo6pa3zoBaHue NasepHOro Usny4yeHus nNo 4Yacrore

1. MpeobpasoBaHne U3ny4yeHnUst co COBMUIOM Mo 4YacToTe BHU3

MapameTpuyeckuii reHepaTop cBeTa

w, =, + .
— — —
k =k +K
H c X Kpn(’Tann WHipaKpacHae M3y eHHe

2. MNpeobpasoBaHue U3ny4YeHnss Co CABUIOM MO YacToTe BBEPX

"eHepaLma cymmapHOn 4acToThl ["eHepaLma BTOPON rapMOHUKM
2 ﬂg{zw)? LHECHAT OCh
i ¥
Q. + a, = ) = Q). A~ Hanpasnenue
o Lo gy

K +k, =k, 2k, =

Frequency Doubling Inside a Nonlinear Crystal
Warning: Science Happening Inside

Invisible Light ‘ ’ Blue Light

wavelength: 980 nm wavelength: 490 nm
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Mpeo6pa3zoBaHue NasepHOro Usny4yeHus no
NPOCTPAHCTBEHHbIM XapaKTepucTukam

1. NMpeobpasoBaHue Npomna NHTEHCUBHOCTH

PedpakTnsHble Wwennepsbl
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