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BBEOEHUE. SNEKTPOHHbIE YCUIIUTENW N TEHEPATOPBDI

I sxon CBY BbiBog CBY ECNHOEDLHEIA

BLIEOM, IHEPTHK

coneHova nornoTuTens

_ _ Patent FR1035379 (A) : B. Epsztein, "Backward flow travelling
R. Kompfner. The traveling wave tube. Wireless wave devices", 1959-03-31

World LII. 1946. P. 369-372.

OCHOBHOW IPUHIHT PAOOTHI 3aKITFOYACTCS B
TeHEpaIliH JJICKTPOMArHUTHOTO M3Ty9ICHUS
AIIEKTPOHAMH, CTPYIIIIHPOBAHHBIMA B CTyCTKH
(6aHuM) U B3aMMOJICCTBYIOIIIUMHU B
pe3oHarope (3aMeJIAIoIIeH CUCTeMe) C
3aMeICHHBIMHA 3JICKTPOMAarHUTHBIMH BOJTHAMU.

* Madey J. M. J. Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field. J/ Appl. Physics. 1971. Vol.
42. P. 1906-1913. Colson W.B. Theory ot a Free Electron Laser. Physics Letters. 1976. Vol. 59A. P. 187-190.
** Deacon D. A. et al. First operation of a Free-Electron Laser. Phys. Rev. Let. 1977. Vol. 38. P. 892-894.




MoTmBaLuS

IHdpopmMaLMOHHbIV B3PbIB

Obwasa cymma yenoseyeckmx 3HaHuM K 1800 r. yaBamBanacb
kaxkable 50 neTt, Kk 1950 r, kaxable 10 net, Kk 1970 r, Kaxable
5 net, k1990 r, exxerogHo.

O6wunm obbem 3HaHUK - nopsaaka 95 % - coctout

N3 HECTPYKTYPUPOBAHHbLIX AaHHbIX.
5 % obLero ob6bema 3HaHU COCTaBMAT pasfindHblie basbl

OaHHbIX — TEM UMW NHbIM 06pa3oM CTPYKTYpUpPOBaHHas
NHpopmaums.
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Booster Linear accelerator+XFEL Control room

AnvHa 3,4 KM, reHepupyeT Ype3BblHanHO MHTEHCUBHbBIE PEHTFEHOBCKME MMNYIbChI 4S8 onpeaeneHna atToMHON
CTPYKTYPbl BUPYCOB, UCCNEOBaHUS XUMUYECKUX peakLnii, U3y4eHUs npoLeccoB BHYTPU MiaHET. 5




YcKopuTenbHble CUCTEMBI
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[porpammbl MOIENMPOBAHMS ANEKTPOHHbIX YCUIUTENEN U FEHepaTopoB

Code Description Platform Parallel Source
Parmela (UCLA) Particle Tracking Linux, Mac no yes
Homdyn Particle Tracking Linux, Mac no no
Tredi Particle Tracking Linux yes yes
QUINDI Particle Tracking and Lienard-Weichert Linux yes yes
Genesis 1.3 Particle Tracking Linux, Mac no yes
Elegant Particle Tracking Linux, Mac, Win no no
Spur Lienard-Weichert Linux, Mac yes yes
LELISYE Lienard-Weichert Linux yes yes
Ampere Maxwell Solver Win no no
Poisson/Superfish Maxwell Solver Linux no yes
Gdfidl Maxwell Solver Linux no yes
Radia Maxwell Solver Mac, Win no no
HFSS Maxwell Solver Win no no
Magic Plasma Dynamics Win no no
OopicPro Plasma Dynamics Linux yes yes
https://en.wikipedia.org/wiki/Accelerator_physics codes
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[porpamMmbl MOAENMPOBAHMS YCKOPUTENbBHBIX CACTEM
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EMATHYECKOE M HPOBAHHME 2017 roa, Tom 29, Homep 7, ctp. 109-

MOJIEJITMPOBAHHE HEYCTONYHBOCTEN
B PEJSITUBUCTCKOM 3JEKTPOHHOM IIOTOKE
B CPEJIE CST PARTICLE STUDIO

201 C.A. Kyprun, A.A. Badapun, A.A. Koponoecxuii, H.C ®@ponos, A.E. Xpanoeg*
*CapaTOBCKHIi TOCYIApCTBEHHEIH TeXHHYeCKuil yHHBepcHTeT uM. [arapuna, Capatos

CapaToBCKHH HallMOHAIBHEIN MCCIIE0BATEIBCKHIA TOCYJapCTBCHHBIH YHHBEPCHTET
uM. Yepneimesckoro, CapaTtoB hramovae

Pabota BeinosiHeHa npu nojyiepxke Poccuiickoro (onaa (yHIaMeHTaIbHbIX HCCIEI0BaHUI
(rpant Ne 17-52-04097), rpauta [lpe3znnenta PO ama MoToIbIX pOCCHIICKHX YUEHBIX — KaHIH-
natos Hayk (MK-1163.2017.2) u MunoOpHayku P® (Ne 3.6723.2017/BY).

Hacrosmras paGoTa mocesiena 0coGeHHOCTAM CO3JaHM MOJEIH BHPKATOPA HA TPOICTHOM TOKE
B cpeae CST Particle Studio ans uccnemoBanna (H3MHECKHX MEXaHH3MOB Pa3BHTHA, CO
IECTBOBAHHA H B3aHMOAEIHCTBUA 0yPCHAHOBCKOI/MHPCOBCKOMH H AHOKOTPOHHOH HEeyCTOHYHBOC
Teli B peNATHBUCTCKOM dIeKTpoHHOM notoke. [IpoBenen 4ncieHHbl aHanu3 AaHHOH CHCTEMEI ¢
ucnonb3opanneM makera CST Particle Studio. O6mapyxeHO pa3sBHTHE UHCICHHOH HeycTOH-
YHBOCTH, TIPHBOJSIIEH K JOTONHUTENBHOH MEIKOMACIITAGHOH MOTYIISIHH 31EKTPOHHOTO HOTO-
Ka TI0 IIOTHOCTH MPH €T0 ABIKEHHH B cicTeMe. Haiinen xapaktepHslil BpeMeHHOI MacmTal He-
YCTOHYHBOCTH H BBIABIEHA €r0 CBA3bL C NMPOCTPAHCTBEHHLIM CETOYHEIM InaroM. I[IpoBexeno me-
TalbHOE HCCIeJOBaHHE JaHHOH YHCIEHHOH HEYCTOHYHBOCTU W MpENIokKeH MeToj e¢ IoJaBile-
peant CST Particle Studio. B paGoTe Taxoke NpeicTaslieH psil BajKHBIX 3aMe-




[prMepHast oLieHKa 3aTpaT Npy MOAENMPOBaHWM
\CKOPUTENbHbIX CUCTEM

PelweHne cncTeMbl MOJIHbIX TPEXMEPHbIX YPaBHEeHUM MakcBesla pa3HOCTHbIMW METOAaMUN Ha CETKAX U
MOZE/IMPOBaHME METOAOM YACTML, MYYKa 3aPSAXKEHHbIX YACTUL, TONKAEMbIX B 3/1€KTPOMArHUTHOM MoJie
cunon JlopeHua:

* MOJe/NMpoBaHMe A0 10° YacTUL, Ha NPUMEPHO 5003 AYyenKkax Pa3HOCTHOW ceTKK 3a Hbosbloe (Kak
MWHUMYM HECKO/IbKO COTEH) YNCJI0 LLAroB No BpeMeHY;

* onepaTuMBHadA NamMATb nopaaka o,5 Th;
* BpeMms BbINOJIHEHNS Aaxe Ha CynepKoMMbloTepe — OT HECKO/IbKMX YaCcoB A0 MecsLeB paboTol;

* obbem NOJYHYEHHbLIX YNCNEHHbIX AdHHbIX — 40 1 Tb namaTn.

[lOHATHO, 4YTO ANA CO3A4aHWUS, HanNpuMep, MHOMOMWUJ/IJIMOHHBIX YCKOPUTE/NbHbIX KOMMJ/IEKCOB W
YCTaHOBOK W NMPOBeAEeHMS SKCMEePUMEHTA/IbHbIX NCCAEA0BaHMN HA HUX TaKoe MOAEe/IMPOBaHME J0/1XKHO
ObITb BbIMONHEHO, HEB3Mpas Ha MaTepuasibHble 3aTpaTbl, HO MpPeABapPUTEbHO C/leAyeT BbINOJHUTb
aKcnpecc-pacdemsl no bbicmpbim 1-D u 2-D npozpammanm C Lesblo NpeABapuUTeIbHOrO CYyXeHUa U
YTOUYHEHWSI MapaMeTpoB A1 nocaeaytowero 3epdeKTMBHOro NOJIHOMEPHOro MOAE/IMPOBAHUS.
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MODELING AND SIMULATION — M&S
VERIFICATION AND VALIDATION - V&V

1. Department of Defense, Instruction number 5000.61: *“Modeling and Simulation (M&S) Verification, Validation, and
Accreditation”, 1996, 15 p.

2. AIAA, "AlAA Guide for the Verification and Validation of Computational Fluid Dynamics Simulations,” AIAA
(American Institute of Aeronautics and Astronautics) Report Go771988, 1998.

3. |EEE Std 610.12-1990 - IEEE Standard Glossary of Software Engineering Terminology ISO/IEC/IEEE 24765:2010(E),
Systems and software engineering —Vocabulary

4. 1012-2016 - |[EEE Standard for System, Software, and Hardware Verification and Validation (1998, 2004, 2012)

5. Boehm, B.W. 1981 Software Engineering Economics, Prentice-Hall

6. Blottner, F. G. "Accurate Navier-Stokes results for the hypersonic flow over a spherical nosetip”, AIAA Journal of
Spacecraft and Rockets, Vol. 27, No. 2 (1990), pp. 113-122.

7. Mahaffy J. Verification and Validation of Codes and Results
http://www.personal.psu.edu/users/j/h/jhm/MEs4o/lectures/VandV/VandV.html

8. Oberkampf, W. L. and Trucano, T. G., “Verification and validation in Computational Fluid
Dynamics", Sandia National Laboratory Report SAND2002059, 2002. 122 p.

9. Roache, J., “Verification and Validation in Computational Science and Engineering,”
Hermosa Publishers, pp. 403412, 1998.

10. Sargent R.G., “Verification and validation of simulation models”, Proc. 2011 Winter Simulation Conf. (Proc. IEEE),
pp.183-198, 2011.

11. Carson J.S., Il, "Model verification and validation”, Proc. 2002 Winter Simulation Conf., pp.52-58, 2002.

12. C.K. Birdsall, A.B Langdon. Plasma Physics via Computer Simulation. CRC Press, 2004 11




1 MOJENVPOBAHYE - M&S

Model. A physical, mathematical, or otherwise logical representation of a system, entity, phenomenon, or process.

Modeling and Simulation. The development and use of live, virtual, and constructive models including simulators,
stimulators, emulators, and prototypes to investigate, understand, or provide experiential stimulus to either (1)
conceptual systems that do not exist or (2) real life systems which cannot accept experimentation or observation
because of resource, range, security, or safety limitations.

Simulation. A method for implementing a model over time.

Verification. The process of determining that a model implementation accurately represents the developer's
conceptual description and specifications.

Validation. The process of determining the degree to which a model is an accurate representation of the real-world
from the perspective of the intended uses of the model.

Department of Defense, Instruction number 5000.61: “Modeling and Simulation
(M&S) Verification, Validation, and Accreditation”, 1996, 15 p.

12



[1 MORENVPOBAHVE - M8S

Steps in M&S*
1. Determine appropriate mathematical model

2. Classification of partial differential equation
3. Transformation of mathematical model

4. Select grid pattern

5. Formation of finite difference equations

6. Solution algorithm

. Perform auxiliary calculations

8. Verification and Validation

*Mahaffy J. Verification and Validation of Codes and Results
http://www.personal.psu.edu/users/j/h/jhm/MEs4o/lectures/VandV/VandV.html 13




BEPUOUKALWA N BAITMOAUNNA - V&V

Software verification asks the Software validation asks the
question, "Are we building the question, "Are we building
product right?"; thatis, does the right product?”; that is, is

the software conform to its the software doing .
,,, what the user really requires.
specification.

IEEE Std 610.12-1990 - IEEE Standard Glossary of Software Engineering Terminology
ISO/IEC/IEEE 2476572010(E), SYyStems and sofrtware engineering -- Vocabulary

14



BEPUOUKALWA N BAITMOAUNNA - V&V

2-9 ARE THE RESULTS CORRECT? TESTS

The simulator, in demonstrating correctness, has many of the problems
of a theorist or experimenter. The latter two may be questioned, for exam-
ple, on their approximations and on their instruments. The simulator uses
an unpublished program, with a restricted set of physics (e.g. forced to be in + :
one dimension, or to be electrostatic or lacking collisions, radiation, etc.), C.K. Blrdsall,
with carefuli?' chosen initial conditions -'fmd a iin_‘:itad amuuf:t of output. How A.B Langdon.
can he tell himself and the world that his work is to be believed? .

He can compare his results with those obtained in theory and or in Plasma PhyS|CS
n:xperi_rnenl_. obtain t?le desired results for pr_oh]cms with known answers, \ViF: Computer
show invariance of his results as the nonphysical computer parameters (A, ) i
Ax, NP, NG, etc.) are changed, and so on. Even so, he may leave some Simulation. CRC
doubters. Problems that are fundamental may byychecked by simulators at
different computer centers, using separate prngr#ﬁ; an example of such a PI’GSS, 2004
problem is plasma diffusion across a magnetic field.

The simulator himself must have confidence in his program and know
the bounds within which it should work: The :onﬁdencia must be rea[.

15



OBBbEMHBIE TASEPbI HA CBOBOAHbIX
ANEKTPOHAX (OCJ)

HoBas 3akoHOMepHOCTb* a5 MHKpeMeHTa G n3nyyaTesibHOM HEYCTOUYMBOCTM

NyyKa penaTMBMUCTCKMX YacTuL, NPOoaeTatoLero Yepes npoCcTPaHCTBEHHO-
MepuoAnNYeCcKyo MULLEHDb B YC10BUSX andpakumm bparra B6imsm obnactu
nepecevyeHusi KOpHEW AUCMEPCMOHHOIO YPaBHEHUS, MPUBOAUT K paauKaibHOMY
N3MEHEeHMUIO NOPOroBbIX YCJI0BUU reHepauumn (S —Yncio ONOJAHUTENbHbIX

BOJIH, BO3HUMKAIOLWMNX B cucTeMe brarogapa Andpakumn) :

*V.G.Baryshevsky, I.D.Feranchuk, Phys.Lett. 102A (1984) 141,
B.lBbapsiweeckuu, JAH CCCP, 299(1988), 1363 16



(] OCHOBHBIE MPYHLMMbLI PABOTbI OfC3

OJ1C3 MoXeT NCNoab30BaTb Pe3oHaTop
pPas/IMYHble MEXaHU3Mbl CMOHTAHHOIO

N3nyyYeHns — AndpakLMOHHOE UK IﬂlllllllL
yepeHkoBckoe, Cmut-lapcenn, T

OHAYNSITOPHOE, N3/TyYeHME B
NIA3epPHOWN BOIHE U T.4,.

Ycnosue andpakunm:

YcnoBume CMHXpOHU3Ma:




CUCTEMA ONA ABYXBONHOBOIO OJIC3*

oE oE k’c’ —o’s 22— Py Lot
— +7,—+0.5i———2E —0.5iwy,E, =@ e VhtP) 4 e ?he7P ) dp,
8’[ 7/0 az W )(T T .[ ( ) p

Et0)=E, E.(tL)=E, E(0,2)=0, E(0,2)=0

Yp; — HaNpaBAAoLLME KOCUHYCbI,
=1+ )0, Xor Xse— Pypbe-KOMMNOHEHTbI AN3/1EKTPUYECKON MPOHULLAEMOCTU CPeAb

*bampakoes K.I., Cbimoea C.H. XKBM u M® 45: 4 (2005) 690-700 18



YPABHERWA ONA SNNEKTPOHHOIO MYYKA*

o°0t,2,p) _ \{J(k _Mj Re(E(t—2z/u,z))e" >,

0z° 0z

00(t,0, p)
0z
t>0, ze[O,L], pe[-2r2n]

=k-w/u, 6(,0,p)=p,

(W BY)] — da3a 371eKTpOHOB NyyKa MO OTHOLLEHMIO K 371eKTPOMarHMTHOWN BOSHE

Ucnonb3oBaH MeToa ycpeaHeHUA no ¢pa3am BaeTa PeNATUBUCTCKUX
3/1eKTPOHOB B 06/1aCTb B3anMoAenucTems (N0 MOMEHTY U MO NornepeyHoM
KOOpAUHaTe B/eTa 3/1eKTPOHOB B 061aCTb B3aumogeicTeus )

*bampakoe K.I'., Cbimoea C.H. XKBM u M® 45: 4 (2005) 690-700 19



Komnnekc nporpamm VOLC (“VOLume Code”)
nns akcnpecc-moaenuposanus OJIC3

BBeog, BXxoaHbIX NapamMeTpoB U
npoBepka Ux NpaBUIbHOCTH
BbiuncneHue koacpuyueHToB

cuctembl AE =

ObpalyeHune matpulbl A

Bbiuncnexune npaeblX YacTen

cucTembl F
* [ o] Bbiuucnenne amnnutyg nons
¢ VFEL simulation, E=A'F
— Bbiuncnenune as o un
nHTerpana |
Mcnonb3oeaHue pasnuyHbIX KOMMEPYECKUX YHUBEPCabHbIX
Kodo8 He sceada rnodxooum 0Orisi peweHUs rnocmaesieHHbIX n/\i
3aday, m. K. HEBO3MOXHO KOHMPOUPO8amb UCHOb3YeMbIe 8 %ﬂ
aa

HUX ariecopummbl U Mamemamu4yecKue OCHOBHbI.

MpoBepka KoHUa Lukna
—_[0 napameTpam—
\P P

Aa




CpaBHeHMe aHAIMTUYECKMX PELLEHNIM CUCTEMBI B C/y4ae CTALLMOHAPHbIX M HEKOTOPbIX MEPUOANYECKUX
pexumoB paboTbl OJICS ¢ pe3yabTaTaMmn YNC/IEHHOIO MOAENVNPOBAHMS

[poBepka OCHOBHbIX 3aKOHOMepHOCTeN PpyHKUMOHMpoBaHMs OJICS, B TOM YMC/ie MOPOroB reHepaLmm
M NOAaBAEHMS NAPA3UTHBIX MOJ, NPU MPOXOXAEHUM My4YKa 31eKTPOHOB Yepes pe3oHaTop
MogenvpoBaHue paboTbl 3KCNeprUMeHTaIbHbIX YCTAHOBOK

j, Acm?  BbINONHeHMe NOPOroBbIX yCNoBUM
ONC3
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BbIBOJbI

[locToBEpPHOCTb pPe3ynbTaToB AOMKHA 00ecneYmBaTbCs UCMOMb30BAHNEM MPUHATHLIX B
Hayke WCXOAHbIX YPaBHEHWUW, KOPPEKTHOCTbIO MpPUONMKEHWUA, aaeKBaTHOCTLIO
COPMYNMPOBAHHbLIX MaTeMaTU4yecknx Moaenen, nNpUMEHEHNEM MPOBEPEHHbIX
YUCMNEHHbIX METO/OB.

Bce paspaboTaHHble MaTtemaTuyeckue MOAENU W MnporpamMMbl  AOMKHbI  ObiTb
BCECTOPOHHE NPOTECTMPOBAHDI.

,D,OCTOBepHOCTb NOJTy4EeHHbIX YNCIIEHHbIX Pe3yJibTaToOB AOO0J1KHa ObITb noaTBepXXaeHa
nxX coorBeTcTBnemM COBpEMEHHbIM CbI/I3I/I‘-IeCKI/IM npegcraBieHndamMm 1 CcornacoBaH-
HOCTbKO C aHaJiIMTU4eCKMMnM OLUEeHKaMN, a TakKXKe XOopownmMm CcooTBeTCTBNEM C
n3BeCTHbIMU, B TOM HYUCIIE C SKCNepUMeHTalibHbIM JaHHbIMN.

[aHHaa wHdopMaumsa BakHa ANS CTYOEHTOB (U3MYECKOro M MaTemMaTU4ecKoro
npodunen, koTopble B OyayllemM MNaHUPYKT CBsA3aTb CBOK OEATENbHOCTb C

MaTeMaTU4YeCKUM  MOJENMMPOBAHNEM  PA3HOOOPA3HBIX — (PU3NYECKUX HABMIEHUA U

npnbopos.
23
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